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			ABSTRACT

		

		
			In this study, we generated the whole transcriptome of Penaeus penicillatus from four combined tissues (eyestalk, muscle, intestinal and viscus) using High-seq sequencing technology. A total of 65,703,216 high-quality clean reads were generated to produce 27,850 non-redundant transcripts with a mean length of 918 nt using Trinity and Tgicl software. For homological alignment, 13,083 unigenes had significant hits in Nr database. And then, 10,467 unigenes were annotated into three ontologies: biological processes, cellular components, and molecular functions. Moreover, 18,621 unigenes were mapped 25 different clusters of eukaryotic proteins. In addition, a total of 17,671 unigenes were classified into 311 KEGG pathways. Finally, we predicted the coding sequences of 13,072 unigenes and obtained 9,222 SSRs in the present study. The whole transcriptome is an important foundation for future genomic research on the P. penicillatus and can provide comprehensively understanding and further characterizations of transcriptomes of non-model organisms.
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			Introduction 




			The red tail prawn (Penaeus penicillatus) is mainly distributed from Paki­stan to Indonesia in the Indo-West Pacific. It was considered one of the most important commercial marine shrimps in the East and South China Seas in the 1980s and 1990s (Zhang et al., 2010; Cao et al., 2012). Increased market demand and pressure from over-fishing has led to an expansion of penaeid shrimp culturing (Saoud et al., 2003; Navakanitworakul et al., 2012). Despite the commercial significance, only limited genetic information is available for many species of penaeid shrimp (Powell et al., 2015). What’ more, limited information is available for the gene expression of P. penicillatus. Large quantities of literatures on P. penicillatus have focused on growth, reproduction, population genetic structure and so on (Chen and Jenn, 1991; Cao et al., 2012). Understanding the genetic basis underlying the regulation of traits in this species can provide information for selection programmes that can enhance the development of quality broodstock (Santos et al., 2014). 

			Recently, high-throughput RNA-seq have been widely used in the biology research and provide abilities to capture a global gene expression profile for non-model organisms (Dittel et al., 2009; Stillman and Tagmount, 2009; Smith et al., 2013; Xia et al., 2013). In early work, studies based on transcriptome scan have also discovered adaptively important candidate genes and genomic regions in non-model aquatic species including Astacus astacus (Theissinger et al., 2014), Eriocheir sinensis (Li et al., 2014),  Nibea albiflora (Zhan et al., 2016) and Procambarus clarkii (Du et al., 2016). However, relatively no data set is available for transcriptomes of P. penicillatus.

			In the present study, RNA-seq technology was used to capture a significant portion of whole transcriptomes of P. penicillatus. This information was used to generate expression profiles and to estimate the transcript abundance. The functions of genes and pathways were annotated and classified by the Nr, Nt, Swiss-Prot, GO, COG and KEGG databases. This study firstly characterized the transcriptome of P. penicillatus, and provided a novel understanding for research on the gene functions, molecular events and signaling pathways related to the regulatory mechanism of P. penicillatus, which further enhanced understanding the mechanism of other aquatic organisms.




			Materials and methods

			Tissue and material

			P. penicillatus were collected from the coastal water of Beihai (China) on April 4th, 2017 (21°32’N, 109°8’E). Female samples were used for lab experiments to reduce the amount of “noise” in gene expression signals (Kammenga et al., 2007). The sample in healthy conditions were acclimated to 6 days in aquarium with fully recirculating aerated seawater (sea water temperature about 28°C and 28 salinity) before dissection (Table I). Then, tissue samples of eyestalk, muscle, sexual, intestinal and viscus of P. penicillatus dissected on-site and preserved in RNA-later solution (Life Technologies) before transportation to the laboratory and storage at -80°C.

			Total RNA extraction and illumina sequencing

			Total RNA was extracted from each tissue using the PureLink RNA Mini Kit (Life Technologies) with a TRIzol step. RNA-seq library preparation and quality control relied on Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System. Subsequently, sequencing was conducted by Illumina HiSeq™ 2000 platform.

			De novo assembly and transcriptome analysis

			In present research, the raw reads in FASTQ format were carried on the quality detection using FastQC and filtered by removing reads with sequencing adaptors, unknown nucleotides (N ratio>5%) and low quality (quality scores< =15). The remaining high-quality reads were used for de novo assembly employing Trinity software and then the redundancy sequences were removed using Tgicl software and further were spliced the unigenes (Grabherr et al., 2011). The expression level of overall transcripts was normalized to determine FPKM using RSEM and Bowtie2 with default settings (Li and Dewey, 2011; Langmead and Salzberg, 2012). Briefly, a total of 65,703,216 clean reads were screened out from 84,667,798 raw reads, corresponding to 6,570,321,600 nucleotides (Fig. 1A). The Q20/Q30 percentage (percentage of bases whose quality was greater than 20/30 in clean reads), N percentage (percentage of uncertain bases after filtering), and GC percentage were 94.23%/83.95%, 0.00% and 48.28%, respectively. All clean sequences were randomly assembled to produce 36,676 contigs with an N50 of 1,517 nt. The contigs were further trimmed into 27,850 unigenes with an N50 of 1631 nt. The result of transcript abundance showed that 3,102 lowly expression transcripts (FPKM<1) and 22,975 transcripts had significant expression signals in P. penicillatus. The summary of assembly analysis is displayed in Table II and the distribution of the unigene length is shown in Figure 1B. In order to further quantitative assessment of the assembly and annotation completeness, we applied




			Table I.- MIxS descriptors.

			
				
					
					
				
				
					
							
							Item

						
							
							Description

						
					

					
							
							Investigation type

						
							
							Eukaryote

						
					

					
							
							Project name

						
							
							Transcriptome for 

							Penaeus penicillatus

						
					

					
							
							Collection data

						
							
							April 4th, 2017

						
					

					
							
							Lat Long

						
							
							21°32'N, 109°8'E

						
					

					
							
							Geo location name

						
							
							Beihai, China

						
					

					
							
							Environment

						
							
							Marine water

						
					

					
							
							Biotic relationship

						
							
							Free living

						
					

					
							
							Trophic level

						
							
							Heterotroph

						
					

					
							
							Temp

						
							
							29°C

						
					

					
							
							Salinity

						
							
							26 PSU

						
					

					
							
							Estimated size

						
							
							6.57 Gb

						
					

					
							
							Sequencing meth

						
							
							IlluminaHiSeq™ 2000

						
					

					
							
							Assembly

						
							
							Trinity and Tgicl 

							software package

						
					

					
							
							Annot source

						
							
							Nr/Nt/Swiss-Prot/KEGG/KOG/ InterPro/GO

						
					

					
							
							BioProject ID of raw reads

						
							
							PRJNA360178

						
					

					
							
							Accession number of raw reads

						
							
							SRR5145906

						
					

					
							
							Accession number of transcripts

						
							
							GFFH00000000
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			Fig. 1. A, classification of raw reads; B, length distribution of CMDX-Unigene.




			the BUSCO v1.22 (Simão et al., 2015) with default setting and downloaded from Ensembl Metazoa as the reference. The result showed that 81.5% protein-coding genes were found in our assembled transcripts, the proportions of mismatching genes were calculated and only 11.5%. The BUSCO analysis shows that this transcriptome assembly will provide a good basis for further transcriptomic research of the P. penicillatus.




			Table II.- Statistics for the assembly of P. penicillatus whole transcriptome.

			
				
					
					
					
					
					
					
					
				
				
					
							
							
							Total No.

						
							
							Total length (nt)

						
							
							Mean length (nt)

						
							
							N50

						
							
							N90

						
							
							GC (%)

						
					

					
							
							Contig

						
							
							36,676

						
							
							29,768,415

						
							
							811

						
							
							1,517

						
							
							307

						
							
							43.09

						
					

					
							
							Unigene

						
							
							27,850

						
							
							25,571,120

						
							
							918

						
							
							1,631

						
							
							358

						
							
							43.30
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			Fig. 2. Gene ontology classification for the transcriptome from P. penicillatus.




			Functional annotation and classifications and predict the coding sequences

			To further analysis the functional classifications of unigenes according on gene annotation, we acquired 15,474 homology searches by comparing all unigenes against the Nr, Nt, Swiss-Prot, KEGG, KOG, InterPro and GO database using the Blastx alignment (E-value < 1e-5). Of all annotated unigenes, 13,083, 6,873, 11,136, 10,887, 10,380, 9,594 and 2,080 unigenes had significant matches with sequences in the Nr, Nt, Swiss-Prot, KEGG, KOG, InterPro and GO databases, respectively. 

			From the annotated information of six databases, 13,083 unigenes had significant hits in Nr database and distributed among 568 other species (Supplementary Fig. S1). In brief, about 1,254 (9.58%), 695 (5.31%), 585 (4.47%), and 436 (3.33%), unigenes were matched with genes from Zootermopsis nevadensis, Limulus polyphemus, Daphnia pulex, and Lingula anatina, respectively. The remaining unigenes (10,097, 77.31%) were hits in the other species. 

			As an internationally standardized gene function classification system, GO classification can provide a control vocabulary with dynamically updating and exactly define the characteristics of genes and their products (Lena et al., 2015; Chen et al., 2015). On the basis of the Nr annotation, GO functional classifications of the unigenes were performed. In total, 10,467 unigenes with BLAST matches had GO categories. Among these functional groups, the biological process assignments made up the majority (4418, 42.21%) followed by cellular component (3909, 37.35%) and molecular function (2,140, 20.44%). The associated functions of transcripts covered a broad range of GO categories. In the biological process category, cellular process (1,007, 22.79%), metabolic process (916, 20.73%) and single-organism process (651, 14.74%) were prominently overrepresented. In the cellular component category, cell (812, 20.77%) and cell part (804, 20.57%) took up most of the categories (Fig. 2). 

			Against clusters of orthologous groups for eukaryotic complete genomes (KOG) database, 18,621 transcripts with BLAST matches (E-value 10-5) were assigned to 25 classifications of four main classes (Information storage and processing, Metabolism, Cellular processes and signaling, and Poorly characterized) (Supplementary Fig. S2). Among these clusters, general function prediction (2656, 14.26%) represented the largest group, followed by signal transduction mechanisms (2206, 11.85%), Function unknown (1560, 8.38%), posttranslational modification (1358, 7.29%) and transcription (1313, 7.05%).

			The research of biochemical metabolic pathway was based on KEGG pathway annotation. Based on a comparison against the KEGG database using Blastx with an E-value threshold of 1e-5, 17,671 unigenes have significant matches and were assigned to 6 main categories including 311 KEGG pathways. Among the 6 main categories, human diseases category is the largest represented class (4,276, 24.20%), the top hit pathway is the signal transduction pathway in environmental information processing category with 1750 unigenes in (9.9% of KEGG annotated unigenes). These results could provide valuable resources for investigating specific processes, functions and pathways of P. penicillatus and the top 30 statistically significant KEGG classifications (Supplementary Table I). 

			Prediction of the coding sequences (CDS) and transcription factors (TFs)

			The CDS in unigene was predicted by TransDecoder software (Lee et al., 2015). Functional annotation of the unigenes was performed using the Swiss-Prot database by using Blastx with an E-value cutoff of 1e-5. When unigenes did not align to any of the above databases, Hmmscan (HMMER) software (version 4.1) was used for annotating though functional domain prediction (Grabherr et al., 2011). The result showed that 13,072 CDSs (Direction of the sequences was 5’-3’) were confirmed based on the maximum value in the alignment results and these coding sequences will be translated into protein sequences according to the standard codes.

			TFs are considered as key proteins and play crucial roles in regulating gene expression by binding to specific DNA sequences. A total of 3,196 putative TF genes from 60 families, were identified in the transcriptome of P. penicillatus. The proportion of each major TF family in P. penicillatus was shown in Supplementary Figure S3. Among these families, the first three largest families were zf-C2H2 (1032), bHLH (530) and Homeobo (306).

			SSR markers identification

			In the present study, we detected SSRs among>1000 bp putative unigene sequences using the MISA software (Thiel et al., 2003). In total, 9,222 potential simple sequence repeats (SSRs) were identified in 6,337 unigenes. Of these 6,337 unigenes, 1,925 sequences contained more than one SSR. Six types of SSRs were detected in the P. penicillatus, and the most abundant repeat type was di-nucleotide repeat motif (4,034, 43.74%), followed by mono-nucleotide repeat motif (2,219, 24.06%), tri-nucleotide (2,194, 23.79%) (Supplementary Table II).

			


Conclusion




			To the best of our knowledge, this study is the first systematic research of the whole transcriptome in P. penicillatus. Our results presented here provide a key resource for future investigations into gene functions, molecular events, and signaling pathways related to the regulatory mechanism of P. penicillatus and we can obtain a comprehensively understanding for the physiological and genomic level of P. penicillatus by characterizing the transcriptome. Finally, the present study adds a substantial contribution to the sequence data available for P. penicillatus, providing valuable resources for further studies.

			Nucleotide sequence accession numbers

			The raw reads of the present study were uploaded to the SRA databases of NCBI under BioProject PRJNA392833, with accession number SRR5798783. The assembled and annotated transcript has been deposited at DDBJ/EMBL/GenBank under the accession GFRT00000000 (https://www.ncbi.nlm.nih.gov/nuccore/GFRT00000000). The version described in this paper is the first version, GFRT01000000.
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characterizations of transcriptomes of non-model organisms.

he red tail prawn (Penaeus penicillatus) is mainly

distributed from Pakistan to Indonesia in the Indo-
West Pacific. It was considered one of the most important
commercial marine shrimps in the East and South China
Seas in the 1980s and 1990s (Zhang et al., 2010; Cao et al.,
2012). Increased market demand and pressure from over-
fishing has led to an expansion of penaeid shrimp culturing
(Saoud er al., 2003; Navakanitworakul et al., 2012).
Despite the commercial significance, only limited genetic
information is available for many species of penaeid shrimp
(Powell ef al., 2015). What” more, limited information is
available for the gene expression of P. penicillatus. Large
quantities of literatures on P. penicillatus have focused on
growth, reproduction, population genetic structure and so
on (Chen and Jenn, 1991; Cao ef al., 2012). Understanding
the genetic basis underlying the regulation of traits in this
species can provide information for selection programmes
that can enhance the development of quality broodstock
(Santos et al., 2014).

Recently, high-throughput RNA-seq have been
widely used in the biology research and provide abilities
to capture a global gene expression profile for non-model
organisms (Dittel et al., 2009; Stillman and Tagmount,
2009; Smith ef al., 2013; Xia et al., 2013). In early work,
studies based on transcriptome scan have also discovered
adaptively important candidate genes and genomic regions
in non-model aquatic species including Astacus astacus

2014), Nibea albiflora (Zhan et al.,2016) and Procambariis
clarkii (Du et al., 2016). However, relatively no data set is
available for transcriptomes of P. penicillatus.

In the present study, RNA-seq technology was used
to capture a significant portion of whole transcriptomes
of P. penicillatus. This information was used to generate
expression profiles and to estimate the transcript abundance.
The functions of genes and pathways were annotated and
classified by the Nr, Nt, Swiss-Prot, GO, COG and KEGG
databases. This study firstly characterized the transcriptome
of P. penicillatus, and provided a novel understanding
for research on the gene functions, molecular events and
signaling pathways related to the regulatory mechanism of
P. penicillatus, which further enhanced understanding the
mechanism of other aquatic organisms.

MATERIALS AND METHODS

Tissue and material

P. penicillatus were collected from the coastal water
of Beihai (China) on April 4%, 2017 (21°32°N, 109°8’E).
Female samples were used for lab experiments to reduce the
amount of “noise” in gene expression signals (Kammenga
et al., 2007). The sample in healthy conditions were
acclimated to 6 days in aquarium with fully recirculating
acrated seawater (sea water temperature about 28°C
and 28 salinity) before dissection (Table I). Then, tissue
samples of eyestalk, muscle, sexual, intestinal and viscus
of P. penicillatus dissected on-site and preserved in RNA-
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