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INTRODUCTION

Increasing the number of farmed species is one of the main strategies for enhancing aquaculture
diversification toward sustainable production (Harvey et al., 2017). Global shrimp production is
dominated by Penaeus vannamei and Penaeus monodon which accounted for 82.7 and 12.5% of
production, respectively (FAO, 2020). Farmers’ preference for these species is due to the availability
of specific pathogen free (SPF) seed from genetically improved broodstock. Focussing on one or
two species may be economically favorable in short-run owing to efficient technical advances made
in limited number of species (Metian et al., 2020), however, dependence on single species might
prove detrimental for long-term sustainable production. There is an urgent need to undertake
research and genetic improvement programs for other region-specific shrimp species that have
wide natural distribution. The Penaeus indicus is one such species with distribution ranging from
East African Coast through South-East Asia to the Northern Australian Coast. Some field-level
farming demonstrations of P. indicus along the Indian Coast indicated production performance at
par with P. vannamei raising considerable interest among shrimp farmers and stakeholders (CIBA,
2019). Further, coordinated research efforts through functional studies and genetic improvement
program are required to provide P. indicus as an additional and alternate species to farmers.

Though short-read based transcript assemblies were available for shrimp (Ghaffari et al., 2014;
Powell et al., 2015; Sellars et al., 2015; Jones et al., 2017; Huerlimann et al., 2018; Shi et al., 2018), they
are constrained in completeness in comparison to long-read based assemblies (Zeng et al., 2018;
Zhang X. et al., 2019; Sittikankaew et al., 2020). It was further shown that full-length transcripts
can be easily annotated than short transcripts (Zeng et al., 2018). Access to full-length transcript
sequences is a mandatory resource for researchers to derive valuable results from functional
studies. Therefore, for the first time, we have generated a transcriptome assembly for P. indicus
to support the efforts of developing another shrimp species for aquaculture diversification and
associated genetic improvement programs. We have used the latest Pacific Biosciences (Pacbio)
Isoform Sequencing (Iso-Seq) approach on Sequel II instrument using 8M single molecule real-
time (SMRT) sequencing cell and circular consensus sequence (CCS) technology to assemble
transcriptome for P. indicus.

This is the first report of a comprehensive transcriptome generated from different tissues and
larval stage of P. indicus with 238.98 Gb of sequence data from gills, hepatopancreas, muscle, and
pooled post-larvae. The only related complete genome available for shrimp is that of P. vannamei
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(Zhang X. J. et al., 2019). In the absence of a genome for P. indicus,
the full-length transcriptome generated in this study would be
a valuable resource for conducting functional studies involving
desired economic traits.

METHODS

Sample Collection
Three tissues (gills, hepatopancreas and muscle) from an adult
P. indicus shrimp and a pool of post-larvae (15 numbers at
PL18 stage) being maintained at shrimp hatchery (Muttukadu
Experimental Station of ICAR-CIBA, Muttukadu, Chennai,
India) were used for iso-sequencing. The four samples were
initially snap-frozen in liquid nitrogen and later stored at−80◦C
until RNA extraction.

RNA Extraction and Iso-Seq Library
Preparation
Separately for each sample, the total RNA was extracted
using RNAiso Plus (Takara Bio Inc., Japan) according to the
manufacturer’s instructions. The RNA quantification was carried
out by Qubit3.0 (Invitrogen Life Technologies, USA) and
the RNA integrity (RIN) was evaluated on an Agilent 2100
Bioanalyzer (Agilent, USA). The total RNA of each sample
(RIN value, ≥7) was used for cDNA synthesis using NEBNext R©

Single Cell/Low Input cDNA Synthesis & Amplification Module
(NEB Inc., France). With barcoded primers, the cDNA was
amplified for 12 cycles and then amplicons were size-selected
by Pronex beads following the standard workflow where the
transcripts were primarily centered at approximately 2Kb length.
The sample-wise identity of the sequence data was retained due
to unique barcodes. The sequencing libraries were prepared using
Iso-Seq Express Oligo Kit and SMRTbell Express Template Prep
Kit 2.0 (Pacific Biosciences, USA). The libraries of four samples
at a loading concentration of 85 pmol were sequenced together
on PacBio Sequel II 8M SMRT cell runs (30 h movie, CCS/HiFi
mode) at Nucleome Informatics, Hyderabad.

Transcript Assembly
About 238.98 Gb of sequence data in 120.7 million subreads were
analyzed in SMRTLink v9.0 using Iso-Seq3 pipeline to obtain
high-quality isoforms (Table 1 and Supplementary Table 1) with
the following parameters: minLength = 50, maxLength =

15,000, minPasses = 1, minSnr = 2.5, Polish CCS = ON,
minPredictedAccuracy = 0.8, and minimum accuracy for high
quality isoforms = 0.99, while retaining the sample identity.
Following the quality filters, CCS reads were generated for
89% (2.8 million) of zero-mode waveguides (ZMWs). Of these,
about 2.6 million (90.6%) had 5′ primer, 3′ primer and polyA
tails, thus qualifying to be full length non-concatemer (FLNC)
reads. Further, the clustering and polishing of FLNC reads
had generated 99,458 high quality transcripts with N50 length
of 2,957 bases. The high quality isoforms were checked for
contaminating sequences using Mash v2.2 (Ondov et al., 2019)
with Refseq genomes sketch. Since no contaminant sequences
were found, the transcripts were further analyzed with CPC2
(Kang et al., 2017), CNCI (Sun et al., 2013), and CPAT
(Wang et al., 2013) to filter out 7,434 lncRNA sequences

TABLE 1 | Iso-Seq data and transcriptome assembly statistics.

Data generated, bases 238,988,491,077

Number of CCS reads 2,888,801

Number of FLNC reads 2,618,806

Number of high quality transcripts 99,458

Longest length, bases 14,896

N50 length, bases 2957

Assembled length, bases 255,854,144

L50 number 30808

GC % 46.25

Number of lncRNA sequences 7,434

Final set of non-redundant transcripts 30,479

(Supplementary Table 2 and Supplementary Figure 1). The
remaining coding transcripts (Figure 1A) were clustered (>99%
similarity) with CDHIT V4.6 (Li and Godzik, 2006) to obtain a
final set of 30,479 non-redundant coding transcripts.

Transcript Annotation and Validation
The transcriptome assembly was checked for completeness
against the eukaryota_odb10 (2019-11-20) dataset of BUSCO
single-copy orthologs. The assembly has 228 (89.5%) complete
orthologs out of 255 genes. About 6 (2.4%) and 21 (8.2%)
orthologs were fragmented and missing, respectively, in the
assembly (Figure 1B). Current transcriptome assembly had high
number of complete genes when compared to isoseq-based
assembly in tiger shrimp (80.86%, Pootakham et al., 2020). The
inclusion of a sample from early development stage in the current
study might have contributed to higher completeness.

The transcripts in the final assembly were annotated in
OmicsBox v 1.3.11 (OmicsBox, 2019) which uses the high-
quality GO terms obtained from GO mapping, InterProScan
and EggNOG mapper, for annotation. While performing
blastx search during annotation, Eukaryota subset of
non-redundant protein database of Genbank was used.
Of 30,479 transcripts, 25,156 (83%) could be annotated
and 9,610 (31.5%) could be mapped with enzyme codes
(Supplementary Figure 2 and Supplementary Table 3). The
top 3 GO categories in the annotated assembly are organic
substance metabolic process (biological processes), organelle
(cellular component) and primary metabolic process (biological
processes). The protein-binding is the major molecular
function category in the assembly (Supplementary Figure 3).
Of the enzyme code mapped transcripts, the hydrolases were
predominant followed by transferases and oxidoreductases
(Supplementary Figure 4). The EggNOG mapper gave GO
annotations for 56% of transcripts (Supplementary Table 4)
while assigning COG categories to information storage and
processing (15.16%), cellular processes and signaling (34.71%)
and metabolism (19.5%). The InterProScan gave protein
family/domain information for 98.3% of transcripts and GO
annotations for 61.8% of transcripts (Supplementary Table 3

and Supplementary Figures 5–10).
Further, SQUANTI3 (Tardaguila et al., 2018) was used to

classify the high-quality isoforms and their junction sites,
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FIGURE 1 | Transcriptome assembly of P. indicus. (A) The number of coding transcripts identified through analysis of high-quality transcripts (n = 99,458) in CPAT,

CNCI and CPC2 tools. A high-quality transcript identified as ‘coding’ by atleast one of these 3 tools, is finally classified as “coding.” (B) Benchmarking the assembled

transcripts against BUSCO orthologs for completeness. (C) Tissue-specific isoforms of choline phosphotransferase (CP) gene in P. indicus displaying isoform diversity.

The transcripts of CP gene from each sample of P. indicus were aligned against the P. vannamei genomic scaffolds (ASM378908v1). The scaffold with positive hit

(NW_020870026.1) has CP gene between bases 2189963 and 2209710. Each of the P. indicus CP transcripts was mapped to the NW_020870026.1 to identify the

splice pattern. Similarly, the iso-seq transcripts of P. vannamei (Accession No. GGUK00000000) were also screened for CP gene to validate the exon junctions against

the P. vannamei genomic scaffold. Each block in the figure represents an exon.

using the isoforms collapsed with CDHIT as input and
P. vannamei genome as reference. About 19 and 23% of
isoforms in P. indicus showed exact and incomplete matches,
respectively with P. vannamei annotations. Additionally, the
P. indicus transcriptome has 40% novel isoforms when
compared to P. vannamei indicating high splice diversity
between the two species (Supplementary Table 5). Among the
four samples used for Iso-Seq study, the muscle tissue has
got less isoform diversity with fewer genes having multiple
isoforms (Supplementary Figure 11). The length of the majority
transcripts was centered at 2 Kb which is in agreement with
the size selection procedures followed during Iso-Seq library
preparation (Supplementary Figure 12).

As tissue identity was also retained in the final set of
transcripts, the assembled transcriptome resource would be
highly valuable to study tissue-specific isoforms. For example,
various isoforms of choline phosphotransferase mapped to the
corresponding gene from P. vannamei genome (Zhang X. J. et al.,
2019) indicated the isoform diversity between species and also
between tissues within P. indicus (Figure 1C).

RE-USE POTENTIAL

For the first time, the study presents a full length transcriptome
assembly for P. indicus based on long read sequence data
generated using the latest sequencing platform (Pacific
BioSciences, Sequel II, 8M chip) and analyzed with the
latest software (SMRTLink v9.0). The transcriptome assembly
has great value in annotation of P. indicus genome and to
improve genome annotations for other related shrimp. The
isoform-level full-length transcript resource aids researchers
to derive meaningful results in functional studies. Finally, the
transcript assembly would have potential to support the efforts
of species diversification in introduction and propagation of the
P. indicus as a sustainable culture species.
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