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Sepia pharaonis, the pharaoh cuttlefish, is a commercially valuable cuttlefish species across the southeast coast of China and an important marine resource for the world fisheries. Research efforts to develop linkage mapping, or marker-assisted selection have been hampered by the absence of a high-quality reference genome. To address this need, we produced a hybrid reference genome of S. pharaonis using a long-read platform (Oxford Nanopore Technologies PromethION) to assemble the genome and short-read, high quality technology (Illumina HiSeq X Ten) to correct for sequencing errors. The genome was assembled into 5,642 scaffolds with a total length of 4.79 Gb and a scaffold N50 of 1.93 Mb. Annotation of the S. pharaonis genome assembly identified a total of 51,541 genes, including 12 copies of the reflectin gene, that enable cuttlefish to control their body coloration. This new reference genome for S. pharaonis provides an essential resource for future studies into the biology, domestication and selective breeding of the species.
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INTRODUCTION

Sepia pharaonis Ehrenberg, 1,831 (pharaoh cuttlefish) is commonly distributed in the Indo-Pacific from 35°N to 30°S and from 30°E to 140°E and is present in shallow waters to a depth of 100 m (Minton et al., 2001; Al Marzouqi et al., 2009; Anderson et al., 2011). S. pharaonis exhibit behaviors beyond those of ordinary aquatic animals, such as inkjet, camouflage, clustering, sudden changes of color in reaction to excitement and escape (Hanlon et al., 2009; How et al., 2017). This remarkable ability depends on their skin structure and a unique protein, the reflectin, expressed exclusively in cephalopods (Crookes, 2004; Cai T. et al., 2019).

The population is scattered into five groups (Anderson et al., 2011) forming a species complex. Anderson et al. (2011) identifies five S. pharaonis subclades depending of the geographical locations: Western Indian Ocean, North-eastern Australia, Iran, Western Pacific Ocean and Central Indian Ocean. No extensive population genetic study has, to date, been conducted. Population structure, size and extent of the potential species complex is unknown.

Sepia pharaonis is also an important species economically for local fisheries, especially in the Yemeni Sea, Suez Canal, Gulf of Thailand and the northern Indian Ocean (Al Marzouqi et al., 2009). It is also economically important along the southeast coast of China, with an annual catch of approximately 150,000 tonnes. As a giant cuttlefish species, it can grow up to 42 cm in mantle length and 5 kg in weight. S. pharaonis is the largest, most abundant, and exploited species of cuttlefish in the Gulf of Thailand and Andaman Seas, accounting for 16% of the annual offshore cephalopods trawled and 10% of the offshore fixed net catches (Iglesias et al., 2014). S. pharaonis fisheries are in constant increase while the real conservation status of S. pharaonis is still classified as “Data Deficient” (Barratt and Allcock, 2012), only Yemen have an annual fishing quota (Reid et al., 2005). Efforts have been made over the last few years to develop S. pharaonis commercial production methods. S. pharaonis species have been successfully cultivated in China since 2012; the rearing methods include cement pond culture, pond culture and tank culture (Li et al., 2019). The development of farming protocols to breed, feed, ensure good health and welfare of farmed stocks requires a good understanding of the species biology, behavior and adaptations.

The lack of genomic resources coupled with limited understanding of the population structure and size, molecular basis of gene expression and phenotypic variation have limited advancements in environmental conservation and aquaculture-based development. To keep up with global demand and to fight disease and environmental stress, appropriate management of wild stocks and farmed S. pharaonis is necessary to promote the production, sustainability and biosecurity of the industry. An assembled and annotated genome sequence for this species is required to support future selective breeding programs, environmental stress and adaptation research and fundamental genomic and evolutionary studies.

In this study, we report the first draft genome assembly for S. pharaonis using a hybrid assembly technique, with Oxford Nanopore Technologies PromethION, a long-read platform for genome assembly, and Illumina HiSeq X Ten short-read for precise correction of sequence errors.



MATERIALS AND METHODS


Material Collection

The S. pharaonis used in this work was obtained from a male S. pharaonis (Body length 21.5 cm, Weight 1.205 kg) cultured in a farm located along the coast of Ningbo City, China (29°35′N, 121°59′E). Muscles were collected and instantly frozen in liquid nitrogen and preserved at −80°C. Genomic DNA was extracted using a TIANamp Marine Animal DNA Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions.



Library Construction and Sequencing

High-quality DNA was used for subsequent library preparation and sequencing using both the PromethION and Illumina platforms (Biomarker Technologies Corporation, Beijing, China). To obtain long non-fragmented sequence reads, 15 μg of genomic DNA was sheared and size-selected (30–80 kb) with a BluePippin and a 0.50% agarose Gel cassette (Sage Science, Beverly, MA, United States). The selected fragments were processed using the Ligation Sequencing 1D Kit (Oxford Nanopore, Oxford, United Kingdom) as directed by the manufacturer’s instructions and sequenced using the PromethION DNA sequencer (Oxford Nanopore, Oxford, United Kingdom) for 48 h.

For the estimation and correction of genome assembly, an Illumina DNA paired-end library with an insert size of 350 bp was built in compliance with the manufacturer’s protocol and sequenced on an Illumina HiSeq X Ten platform (Illumina, Inc., San Diego, CA, United States) with paired-end 150 read layout.



RNA Isolation, cDNA Library Construction and Sequencing

The total RNA was extracted using the TRIzol reagent (Invitrogen, Waltham, MA, United States) according to the manufacturer’s instructions. RNA purity and concentration were measured using a NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States). The preparation and sequencing reactions of cDNA library were done by the Biomarker Technology Company (Beijing, China). Briefly, the poly (A) messenger RNA was isolated from the total RNA with oligo (dT) attached magnetic beads (Illumina, San Diego, CA, United States). Fragmentation was carried out using divalent cations under elevated temperature in Illumina proprietary fragmentation buffer. Double-stranded cDNAs were synthesised and sequencing adaptors were ligated according to the Illumina manufacturer’s protocol (Illumina, San Diego, CA, United States). After purification with AMPureXP beads, the ligated products were amplified to generate high quality cDNA libraries. The cDNA libraries were sequenced on an Illumina Hiseq 4000 platform (Illumina, San Diego, CA, United States) with paired-end reads of 150 nucleotides.



De novo Genome Assembly

Reads from the two types of sequencing libraries were used independently during assembly stages (Figure 1A). Long-reads were filtered for length (>15,000 nt) and complexity (entropy over 15), while all short reads were filtered for quality (QC > 25), length (150 nt), absence of primers/adaptors and complexity (entropy over 15) using fastp (Chen et al., 2018).
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FIGURE 1. Genome assembly. (A) Genome assembly workflow. *Deposited genome sequence. (B) Genome size, the 31-mer distribution used for the estimation of genome size and heterozygosity.


Using Jellyfish (Marçais and Kingsford, 2011), the frequency of 31-mers in the Illumina filtered data was calculated with a 1 bp sliding window (Vurture et al., 2017) to evaluate genome size.

Long-reads were then assembled using wtdbg2 (Ruan and Li, 2020) which uses fuzzy Bruijn graph. As it assembles raw reads without error correction and then creates a consensus from the intermediate assembly outputs, several error corrections, gap closing, and polishing steps have been implemented. The initial output was re-aligned to the long-read and polished using Minimap2 (Li, 2018) and Racon (Vaser et al., 2017), first with filtered reads, to bridge potential gaps, then with the filtered reads to correct for error. Finally, Pilon (Walker et al., 2014) was used to polish and correct for sequencing error using the short-reads. The redundant contigs due to diploidy were reduced by aligning the long reads back to the assembly with Minimap2 (Li, 2018) and by passing the alignment through the Purge Haplotigs pipeline (Roach et al., 2018). This reduced the artifact scaffolds and created the final haploid representation of the genome.



Transcriptomic Data

RNA-seq reads of poor quality (i.e., with an average quality score less than 20) or displaying ambiguous bases or too short and PCR duplicates were discarded using fastp (Chen et al., 2018). Ribosomal RNA was further removed using SortMeRNA (Kopylova et al., 2012) against the Silva version 119 rRNA databases (Quast et al., 2012).



Gene Models

The cleaned RNA-seq reads were pooled and mapped to the genome using the using HiSat2 (Kim et al., 2019). We used a combined approach that integrates ab initio gene prediction and RNA-seq-based prediction to annotate the protein-coding genes in S. pharaonis genome. We used Braker (Hoff et al., 2019) to make de novo gene predictions. We improved the accuracy and sensitivity of the predicted model by applied iterative self-training with transcripts.



Repeat Sequences

The transposable elements have been annotated using a de novo prediction using RepeatModeler (Smit and Hubley, 2017) and LTR-Finder (Stanke et al., 2008). The repetitive sequences yielded from these two programs have been combined into a non-redundant repeat sequence library. With this library, we scanned the S. pharaonis genome using RepeatMasker (Smit and Hubley, 2017).



Evaluating the Completeness of the Genome Assembly and Annotation

The completeness of gene regions was further tested using BUSCO (Simão et al., 2015) with a Metazoa (release 10) benchmark of 954 conserved Metazoa genes.



Annotation and Functional Classification

The predicted coding sequences have been annotated using InterProScan (Jones et al., 2014; Mitchell et al., 2019), Swiss-Prot release 2020_02 (Bateman et al., 2017) and Pfam release 32.0 database (El-Gebali et al., 2019). For classification, the transcripts were handled as queries using Blast + /BlastP v2.10.0 (Camacho et al., 2009), E-value threshold of 10–5, against Kyoto Encyclopedia of Genes and Genomes (KEGG) release 94.1 (Kanehisa et al., 2019). Gene Ontology (Ashburner et al., 2000) was recovered from the annotations of InterPro, KEGG and SwissProt. Subsequently, the classification was performed using R v4.0.0 (R Core Team, 2020) and the Venn diagram was produced by jvenn (Bardou et al., 2014).



Reflectin

Sepia officinalis Reflectin protein sequences were aligned using Blast + v2.10.0 (Camacho et al., 2009) against both S. pharaonis protein sequences (BlastP, Coverage > 75% query, E-value threshold of 10–20), and S. pharaonis whole genome (using tBlastN, > 75% query, E-value threshold of 10–60). The identified reflectin sequences were aligned using GramAlign (Russell, 2014). A Maximum Likelihood (ML) tree was inferred under the GTR model with gamma-distributed rate variation (Γ) and a proportion of invariable sites (I) using a relaxed (uncorrelated lognormal) molecular clock in RAxML (Stamatakis, 2014).



Code Availability

The versions, settings and parameters of the software used in this work are as follows:

Genome assembly: (1) fastp: version 0.20.0, short-reads parameters: -q 25 -y -Y 15 -l 150 -detect_adapter_for_pe; (2) fastp: version 0.20.0, long-reads parameters: -Q -l 15,000 -y -Y 15; (3) wtdbg2: version 2.4, parameters: -x rs -k 23 -p 0 -AS 6 -R -g 4,248 m -rescue-low-cov-edges; (4) wtpoa-cns: version 2.4, default parameters; (5) minimap2: version 2.17, parameters: -x map-ont -r2k; (6) racon: version 1.4.3, default parameters; (7) bwa: version 0.7.17, mode mem, default parameters; (8) pilon: version 1.23, parameters: -diploid -fix all -changes; (9) minimap2: version 2.17, parameters: -ax map-ont -secondary = no; (10) Purge Haplotigs pipeline: version 1.1.1, “cov” mode parameters: -l 5 -m 20 -h 150; (11) BUSCO: version 4.0.2, parameters: -l metazoa_odb10; (12) RepeatModeler: version 1.0.11, parameters: -database cuttlefish; (13) LTR_Finder: version 1.07, default parameters; (14) RepteatMasker: version 4.0.9, parameters: -lib cuttlefish-families.fa; (15) Braker: version 2.1.4, parameters: -gff3 -softmasking; (16) barrnap: version 0.9, parameters: -kingdom euk -reject 0.3.

K-mer analysis: (1) jellyfish: version 2.3.0, parameters: -m 31 -C -s 10G; (2) GenomeScope: version 2.0, default parameters.

RNA-seq mapping: (1) fastp: version 0.20.0, short-reads parameters: -q 25 -y -Y 15 -l 150 -detect_adapter_for_pe; (2) SortMeRNA: version 3.0.2, parameters: -fastx -num_alignments 1 -aligned -m 64,000; (3) Hisat2: version 2.2.0, parameters: -no-unal -k 20.

Mitochondria annotation: (1) MITOS: revision 999, online version, parameters: “Genetic code 5.”

Functional annotation: (1) InterProScan: revision 5.44–79.0, parameters: -iprlookup -goterms -pa -f tsv -dp.

Phylogenetic analysis: (1) GramAlign: version 3.0, parameters: -C -F 1; (2) RaxML: version 8.2.12, mode PTHREADS-SSE3, parameters: -# 10000 -f a -m GTRGAMMAI.



RESULTS AND DISCUSSION


Sequencing Results

After sequencing with the PromethION platform, a total of 14.4 million (338.9 Gb) long-reads were generated and used for the following genome assembly. The N50 length of the sequences was 30,604 nt. The Illumina HiSeq X Ten platform produced 599 million (179.4 Gb) paired-ended short reads (150 nt). The genome size of closely related taxon Euprymna scolopes (also from the Order Sepiida) is estimated to have a C-value of 3.75 pg, or 3.67 Gb (Gregory, 2020); therefore, the average sequencing coverage was 92x and 49x, respectively (Table 1).


TABLE 1. Sequencing data statistics.
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De novo Assembly of the S. pharaonis Genome

Using Jellyfish, the frequency of 31-mers in the Illumina filtered data was determined and followed the theoretical Poisson distribution (Figure 1). The proportion of heterozygosity in the S. pharaonis genome was evaluated as 0.35%, and the genome size was estimated as 4.85 Gb, with a repeat content of 77.3% (Table 2). However, this estimated haploid genome size might be an underestimate, since some portions of the genome (e.g., GC-extreme regions) may have not been sequenced, and/or that repeated sequences may have not been adequately resolved by the k-mer, provided that mollusc genomes are generally known to be repeat rich (Cai H. et al., 2019).


TABLE 2. Statistics of the genome assembly of S. pharaonis.

[image: Table 2]Long-read assembly using wtdbg2, polished with Racon and sequence-corrected with short-read and Pilon, created an assembled genome of S. pharaonis containing 5,642 contigs with a total length and contig N50 of 4.79 Gb and 1.93 Mb, respectively (Table 2).

To date, two octopod cephalopods, Callistoctopus minor (Kim et al., 2018) and Octopus bimaculoides (Albertin et al., 2015), and three decapod cephalopods, Euprymna scolopes (Belcaid et al., 2019), Architeuthis dux (da Fonseca et al., 2020) and S. pharaonis, are available. Their genomes range from 2.7 to 5.1 Gb (Table 3).


TABLE 3. Comparison of size and structure among available cephalopod genomes.
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Mitochondrial Genome

The mitochondrial genome was recovered manually from the genome assembly. The mitogenome, 16,208 bp, has been validated for continuity and circularity and annotated using MITOS (Bernt et al., 2013). The complete mitochondrial genome (Figure 2) was compared to the reference S. pharaonis genome (Wang et al., 2014). Only one haplotype was recovered, which is similar at 92% with the reference genome (EBI Accession AP013076).


[image: image]

FIGURE 2. Genome comparisons. S. pharaonis annotated mitochondrial genome.




Repeat Sequences and Gene Models

Transposable elements and repeated sequences have been annotated using RepeatMasker and LTR-Finder. In total, we found 3.11 Gb (64.89%) of repetitive sequences (Table 4).


TABLE 4. Repeat Masker statistics.

[image: Table 4]We used a hybrid approach that combines ab initio gene prediction and RNA-seq-based prediction to annotate protein-coding genes in S. pharaonis genome. A total of 51,541 distinct gene models and 30,131 rRNAs (almost all seem to stem from 5S rRNAs) were annotated. Both numbers are consistent with the recently assembled A. dux draft genome (da Fonseca et al., 2020) which reported a genome of 2.7 Gb with 51,225 candidate gene models and more than 24,000 loci derived from 5S rRNA.



Evaluating the Completeness of the Genome Assembly and Annotation

In order to estimate the quality of the genome assembly, short readings were mapped back to the consensus genome using bwa (Li and Durbin, 2009) and a cumulative mapping of 96.6% rate was reported, suggesting that the assembly contains comprehensive genomic information.

The completeness of gene regions was further assessed using BUSCO (Simão et al., 2015) and a Metazoa (release 10) benchmark of 954 conserved Metazoa genes, of which 79.5% had complete gene coverage (including 5.9% duplicated ones), 10.2% were fragmented and only 10.3% were absent (Figure 3A). These data largely support the high-quality of the S. pharaonis genome assembly.
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FIGURE 3. Gene composition and annotation estimations. (A) BUSCO assessment (Metazoa database; number of framework genes 954), 89.7% of the gene were recovered; (B) A five-way Venn diagram. The figure shows the unique and overlapped transcript showing predicted protein sequence similarity with one or more databases (details in Table 4); (C) Level 2 GO annotations using the gene ontology of assembled transcripts [Blue (top): Biological process, Green: Cellular component, Red (bottom): Molecular function].


BlastP similarity searches against SwissProt, Pfam, InterPro, KEGG and GO databases were performed on the predicted proteins. Of the total of 51,541 gene models, 30,724 (59.6%) were annotated in at least one database and 5,481 (10.6%) were annotated in all five databases (Table 5 and Figure 3B). A total of 11,097 predicted transcripts were reported in three major Gene Ontology (GO) classes: “biological processes,” “cellular components” and “molecular functions” (Figure 3C). A total of 20,812 gene models are supported by a least one transcript and two unrelated protein databases, indicative of likely genes, while the remaining 30,729 are supported by only one database and are a more putative set of gene.


TABLE 5. Summary of annotation results for S. pharaonis gene models using a range of databases.
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Comparison Against Other Cephalopods

Only four other cephalopod genomes are available, allowing very little genomic comparisons (Table 3). While all genome sizes range from 2.7 to 5.1 Gb; S. pharaonis tends to have a greater number of protein coding genes and repeats (64.89%). However, the number of rRNAs and, in particular, 5S rRNAs are high but comparable to A. dux. The 3,743,300 potential microsatellite markers (covering 4.75% of genome) identified in the genome will be very useful to decipher the genetic variability and population structure of S. pharaonis subclades.



Reflectin

A total of 12 reflectin copies/loci were identified in S. pharaonis genome, including three new classes (Table 6). Compared to S. officinalis, where 16 reflectin genes have been identified, S. pharaonis appears to have only 12 genes. The phylogenetic analysis shows that while reflectin genes 1 and 9 have orthologs in both organisms, the majority of the genes do not have a shared history and had an independent gene expansion/duplication (Figure 4A); S. pharaonis introduces three new class: reflectin 12, 13, and 14. The photopeptide (YMDMSGYQ) is present in all proteins except reflectin 1 where the peptide is degenerated, in both S. pharaonis and S. officinalis (Figure 4B).


TABLE 6. Reflectin genes class and location.
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FIGURE 4. S. pharaonis reflectin classification and structures. (A) Gene-tree showing the distribution and grouping S. pharaonis reflectin genes compare with the S. officinalis. Protein accession number are provided between brackets. (B) Schematic diagram of the architecture of reflectin (REF8). The coded amino acid sequence (YMDMSGYQ; here named photopeptide) appears to be a highly conserved motif in the reflectin family. Photopeptide (red boxes, or hashed for a degenerated peptide), core sequences, and domains (D1–D4) are shown in orange (adapted from Guan et al., 2017).




CONCLUSION

The genome was assembled into 5,642 scaffolds with a total length of 4.79 Gb, a GC content of 33.21% and a scaffold N50 of 1.93 Mb. In addition, we found 3.11 Gb (64.89% of the assembly) of repeat content, 51,541 protein-coding genes, 30,131 rRNAs and a heterozygosity of 0.35%. This high-quality reference genome will serve as an important resource for future studies in fundamental genetics and biology, such as their body coloration, as well as domestication of the species through selective breeding programs. In addition, a transcriptomic data set was created and assembled to enable more refined gene prediction, adding to the currently limited transcriptomic tools available for cephalopods. This work provides new genomic resources for future evolutionary, genomic, phylogenetic and population studies of pharaonic subclades.
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