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Abstract

To salvage marine ecosystems from fishery overexploitation, sustainable and efficient
aquaculture must be emphasized. The knowledge obtained from available genome
sequence of marine organisms has accelerated marine aquaculture in many cases. The
black tiger shrimp (Penaeus monodon) is one of the most prominent cultured penaeid
shrimps (Crustacean) with an average annual global production of half a million tons
in the last decade. However, its currently available genome assemblies lack the con-
tiguity and completeness required for accurate genome annotation due to the highly
repetitive nature of the genome and technical difficulty in extracting high-quality,
high-molecular weight DNA. Here, we report the first chromosome-level whole-
genome assembly of P. monodon. The combination of long-read Pacific Biosciences
(PacBio) and long-range Chicago and Hi-C technologies enabled a successful assembly
of this first high-quality genome sequence. The final assembly covered 2.39 Gb (92.3%

of the estimated genome size) and contained 44 pseudomolecules, corresponding to

Tanaporn Uengwetwanit and Wirulda Pootakham contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd.

Mol Ecol Resour. 2021;00:1-21.

wileyonlinelibrary.com/journal/men

1


www.wileyonlinelibrary.com/journal/men
https://orcid.org/0000-0003-4710-2613
https://orcid.org/0000-0001-6721-6453
https://orcid.org/0000-0001-8901-1088
mailto:﻿
https://orcid.org/0000-0003-0838-8399
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1755-0998.13357&domain=pdf&date_stamp=2021-03-16

UENGWETWANIT ET AL.

2| MOLECULAR ECOLOGY
WILE Y- prmie

KEYWORDS

1 | INTRODUCTION

Crustaceans have critical roles in many ecosystems and represent an
important aquatic food source for humankind. They serve as a vital
food web link between primary producers (algae and aquatic weeds)
and higher trophic levels (Thorp & Rogers, 2011). Crustaceans are
also considered bioindicators for environmental quality of ecosys-
tems (Angel et al., 2010; Farkas et al., 2003). In addition, crustaceans
are an important source of aquatic food protein to human (Bondad-
Reantaso et al., 2012). Crustacean fisheries produced an average of
over six million tons from 2015-2018, contributing over 7% of global
fishery (FAQ, 2020). However, overexploitation of crustacean fish-
eries has undeniably affected marine ecosystems in various aspects
such as a reduction of fish abundance composition, genetics and
other population parameters (growth, age, sex ratio, maturation, size
structure, etc.), species (Agardy, 2000; Garcia et al., 2003; Gislason,
2003; Porobic et al., 2019).

Given the threat from fishery overexploitation to marine ecosys-
tems, the need to feed a growing global population puts pressure on
the further development of aquaculture. Consequently, aquaculture
has become one of the world's fastest-growing food sectors with an
annual growth rate of 5.8% since 2010 (FAO, 2018). Integration of
genomic information provides a better understanding of marine bio-
diversity and supports the development of sustainable aquaculture,
reducing our dependence on fishery and, in turn leading to ecological
sustainability (Huete-Pérez & Quezada, 2013; Wenne et al., 2007).
Genetic improvement of cultivated fish and crustaceans through
marker-assisted selection and genome-wide selection is an ongoing
process with a tremendous benefit for sustainable aquaculture de-
velopment (Houston et al., 2020; Zenger et al., 2019). Nevertheless,
only a few complete genomes of crustaceans have been reported
to date.

Among edible crustaceans in aquaculture, the penaeid marine
shrimp (family Penaeidae) are the predominately cultured group
(Thornber et al., 2019), with an annual production exceeding 4.5

the haploid chromosome number. Repetitive elements occupied a substantial portion
of the assembly (62.5%), the highest of the figures reported among crustacean spe-
cies. The availability of this high-quality genome assembly enabled the identification
of genes associated with rapid growth in the black tiger shrimp through the com-
parison of hepatopancreas transcriptome of slow-growing and fast-growing shrimps.
The results highlighted several growth-associated genes. Our high-quality genome
assembly provides an invaluable resource for genetic improvement and breeding pe-
naeid shrimp in aquaculture. The availability of P. monodon genome enables analyses
of ecological impact, environment adaptation and evolution, as well as the role of the

genome to protect the ecological resources by promoting sustainable shrimp farming.

black tiger shrimp, growth-associated genes, Hi-C, PacBio, Penaeus monodon, reference
genome, transcriptomics

million tons (Anderson, 2019). In this group, the black tiger shrimp
(Penaeus monodon) is one of the dominant cultured species, account-
ing for 9% of total crustacean production (FAO, 2018). While the
penaeid shrimp industry has seen dramatic growth for the past few
decades, aquaculture production of P. monodon proved to be unsus-
tainable due to a lack of biological and genetic knowledge to achieve
industrial desirable traits such as fast growth, disease resistance,
reproductive maturation without reliance on wild brooders (Guppy
et al., 2018). The lack of a high-quality reference genome sequence
makes it more difficult to perform a large-scale SNP identification
for marker-assisted breeding programs, to carry out genetic diversity
studies and to elucidate the mechanisms underlying the regulation
of biological processes of interest such as adaptive evolution, stress
responses, growth and reproductive maturation.

While such a high-quality draft genome sequence has not been
reported for P. monodon, over the past two decades, several attempts
have been made to investigate the genetic architecture of this im-
portant species. BAC library construction (Wuthisuthimethavee
et al., 2009), fosmid library end sequencing (Huang et al., 2011),
molecular marker development (Brooker et al., 2000; Tassanakajon
et al., ,1997, 1998), linkage map construction (Baranski et al., 2014;
Wilson et al., 2002), and transcriptome analysis (Huerlimann et al.,
2018; Karoonuthaisiri et al., 2009; Leelatanawit et al., 2011; Lehnert
et al., 1999; Pootakham et al., 2020; Sittikankaew et al., 2020;
Supungul et al., 2002; Tassanakajon et al., 2006; Tong et al., 2002;
Uengwetwanit et al., 2018) were successfully explored, but these
attempts yielded rather limited genome information. Previous at-
tempts to obtain genome sequence data of the black tiger shrimp
relied primarily on short-read sequencing platforms. Because a large
proportion of the black tiger shrimp genome is highly repetitive, the
two publicly available (short-read based) draft genome assemblies
are highly fragmented, with N50 contig lengths of merely 937 bp
(Yuan et al., 2018) and 1,982 bp (Quyen et al., 2020). Even though
these genome resources are useful in understanding the black tiger
shrimp genetics, they lack the contiguity and completeness required
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for accurate genome annotation, thorough comparative analyses
and marker-assisted breeding programs.

Here, we combined a long-read sequencing technology and
two long-range scaffolding techniques to obtain a high-quality,
chromosome-scale genome assembly. First, the Pacific Biosciences
(PacBio) sequencing platform was employed to generate the prelim-
inary assembly. The PacBio sequencing technology enables contigu-
ous assembly of repetitive regions containing transposable elements
and tandem repeats, which are often omitted or highly fragmented
in genomic sequences currently available in public databases.
Subsequently, we applied the long-range Chicago (in vitro proxim-
ity ligation) and Hi-C (in vivo fixation of chromosomes) scaffolding
techniques to further scaffold the preliminary assembly to achieve
the first chromosome-scale genome assembly in P. monodon. The
availability of this genome assembly will allow us to investigate the
genetic diversity of black tiger shrimp population, gain a better un-
derstanding of their ability to adapt to captive farming systems and
overcome the challenges from fishery overexploitation to preserve
marine ecosystem.

To demonstrate the utilization of this dramatically improved ge-
nome assembly for breeding purposes, it was used to identify genes
related to growth performance by comparing gene expression pro-
files in the hepatopancreas of the large black tiger shrimp and the
small black tiger shrimp from the same culture condition.

2 | MATERIALS AND METHODS

2.1 | Sample collection and DNA extraction

Muscle tissue of a 5-month-old female P. monodon was collected
from the Shrimp Genetic Improvement Center (SGIC, Surat Thani,
Thailand), immediately frozen in liquid nitrogen, and stored at -80°C
until use. Frozen muscle tissue was pulverized in liquid nitrogen and
genomic DNA was extracted using a Genomic Tip 100/G kit (Qiagen)
as previously described (Angthong et al., 2020). DNA quantity was
measured using a NanoDrop ND-8000 spectrophotometer and a
Qubit dsDNA BR Assay kit (Invitrogen, USA) using Qubit fluorome-
ter. The DNA quality and integrity were visualized under pulsed-field
gel electrophoresis at 80 volts for 9 h in 0.5x KBB buffer (51 mM
Tris, 28 mM TASP, 0.08 mM EDTA, pH 8.7) (Sage Science) containing
SYBR Safe DNA gel staining (Invitrogen).

2.2 | PacBio and lllumina library
preparation and sequencing

Whole-genome sequencing was performed using long-read PacBio
RS Il and SEQUEL (Pacific Biosciences outsourced to NovogenAlT).
The 15-kb and 20-kb SMRTbell libraries were constructed for the
PacBio RSIl and SEQUEL systems, respectively.

For short read sequencing, the paired-end library with 150 bp
was prepared and sequenced using lllumina HiSeq 2000 (Illumina
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outsourced to Macrogen). lllumina reads (133x sequence coverage)

were used for error correction of the PacBio assembly.

2.3 | Chicago library preparation and sequencing

A Chicago library was prepared as described previously (Putnam
et al., 2016). Approximately 500 ng of high molecular weight
genomic DNA (mean fragment length = 60 kbp) was reconstituted
into chromatin in vitro and fixed with formaldehyde. Fixed chromatin
was digested with Dpnll, the 5’ overhangs filled in with biotinylated
nucleotides, and then free blunt ends were ligated. After ligation,
crosslinks were reversed to remove protein from DNA. Purified
DNA was treated to remove biotin that was not internal to ligated
fragments. The DNA was then sheared to ~350 bp mean fragment
size and sequencing libraries were generated using NEBNext Ultra
enzymes and lllumina-compatible adapters. Biotin-containing frag-
ments were isolated using streptavidin beads before PCR enrich-
ment of each library. The library was sequenced on an lllumina HiSeq
X Ten to produce 444 million 2 x 150 bp paired-end reads, which

provided 51.43x sequence coverage.

2.4 | Dovetail Hi-C library
preparation and sequencing

A Dovetail Hi-C library was prepared in a similar way as described
(Lieberman-Aiden et al., 2009). Briefly, chromatin was fixed in place
with formaldehyde in the nucleus, and then extracted fixed chro-
matin was digested with Dpnll, the 5' overhangs filled in with bi-
otinylated nucleotides, and then free blunt ends were ligated. After
ligation, crosslinks were reversed to remove protein from DNA.
The purified DNA was then processed as similar as aforementioned
in Chicago library preparation. The library was sequenced on an
lllumina HiSeq X Ten to produce 430 million 2 x 150 bp paired-end
reads, which provided 49.8x sequence coverage.

2.5 | Genome assembly and scaffolding

Sequencing reads from Illumina, PacBio, and Dovetail (Chicago and
Hi-C reads) were used to assemble P. monodon genome. PacBio se-
quence data were used for de novo assembly, and lllumina sequence
datawere subsequently used for polishing to obtain high-quality con-
tigs. Chicago and Hi-C reads were used to scaffold the draft genome.
In brief, high-quality [llumina reads were prepared using TrimGalore
(https://github.com/FelixKrueger/TrimGalore) based on the follow-
ing criteria: (i) no “N” base, (ii) trimming of adaptor sequences and
low-quality bases (Q < 20), (i) no trimmed reads <100 bp. To avoid
mis-assembly due to repetitive sequences (Tgrresen et al., 2019),
PacBio SEQUEL subreads with repetitive sequences comprised
over 85% of total sequences were filtered out. The GC content
criteria (<25% and >85%) were applied for filtering low complexity
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DNA sequences before assembly. Noted that GC content of crus-
taceans ranges around 35%-41% (Gao et al., 2017; Yu et al., 2015;
Zhao et al., 2012). Moreover, the reads matched mitochondria se-
quence (NC_002184.1) were excluded from nucleus sequences
and processed separately (Supporting Information method). Reads
25,000 bp were assembled using WTDBG2 (Hu et al., 2019). lllumina
reads were then aligned to the assembled contigs by minimap2 (Li,
2018) and polished using wtpoa-cns mode in WTDBG2 (Hu et al.,
2019).

Scaffolding of the genome assemblies was performed using
HiRise, a software pipeline designed specifically for using proximity
ligation data to scaffold genome assemblies (Putnam et al., 2016).
The input de novo assembly, shotgun reads, Chicago library reads,
and Dovetail Hi-C library reads were used as input data for HiRise.
An iterative analysis was conducted. First, shotgun and Chicago li-
brary sequences were aligned to the draft input assembly using a
modified SNAP read mapper (http://snap.cs.berkeley.edu). The
separations of Chicago read pairs mapped within draft scaffolds
were analyzed by HiRise to produce a likelihood model for genomic
distance between read pairs, and the model was used to identify
and break putative misjoins, to score prospective joins, and make
joins above a threshold. After aligning and scaffolding Chicago data,
Dovetail Hi-C library sequences were aligned and scaffolded follow-
ing the same method. After scaffolding, shotgun sequences were
used to close gaps between contigs.

The P. monodon genome sequence was aligned to the Pacific
white shrimp Litopenaeus vannamei (Zhang et al., 2019) using Mugsy
v1.2.3 (Angiuoli & Salzberg, 2011). Alignments with a length <1 kb
were filtered out. The output alignments between genomes were
visualized using Circos v0.69.9 (Krzywinski et al., 2009). The density
of repetitive sequences was calculated as the percentage of genomic
regions covered by simple repeat sequences in a 500-kb window.
Gene density and GC content was calculated by counting the num-
ber of genes and the percentage of GC bases in a 500-kb window,
respectively. Syntenic blocks were identified by MCScanX with cri-
teria at least 10 syntenic genes and a maximum of six intervening

genes allowed.

2.6 | Repetitive element analysis

Species-specific repeat library was generated using RepeatModeler2
(Flynn et al., 2020) prior to the masking with RepeatMasker ver-
sion open-4.0.9 (Smit et al., 2013-2015). Annotation of repeats was
aligned to Repbase using RMBlast (Bao et al., 2015). All processes
were performed using default parameters.

2.7 | RNA solation, PacBio Iso-Seq and ONT
library preparation, sequencing and analysis

A total of nine organs (gill, heart, hepatopancreas, intestine, ovary,
testis, pleopods, stomach and thoracic ganglia) and hemocytes

were harvested from two male and two female 4-month-old juve-
nile black tiger shrimp (Prachuap Khiri Khan, Thailand). Total RNA
was extracted using TRI REAGENT according to the manufactur-
er's instructions (Molecular Research Center, USA). Contaminated
genomic DNA was removed by treatment with DNase | at 0.5 U/
pg total RNA at 37°C for 30 min. The DNA-free RNA was sub-
jected for sequencing analysis using PacBio Iso-Seq SEQUEL plat-
form (Pacific Biosciences outsourced to NovogenAlT) and Oxford
Nanopore technologies (ONT) platform. Sequences obtained from
Iso-Seq were prepared as previously described (Pootakham et al.,
2020). Only RNA extracted from ovary, testis, hepatopancreas and
intestine were sequenced using ONT platform. ONT libraries were

prepared as previously described (Jenjaroenpun et al., 2020).

2.8 | Gene prediction and gene annotation

Gene prediction and protein-coding sequence identification
were performed using a combination of transcriptome-based
prediction, homology-based prediction, and ab initio prediction
methods using EvidenceModeler (Haas et al., 2008) to generate
consensus gene prediction for training species-specific parame-
ter in AUGUSTUS (Stanke et al., 2008). To locate intron and exon
regions, transcriptome-based prediction methods combined in-
formation from PacBio Iso-seq and other available P. monodon tran-
scriptome databases (PRJNA4214000, SRR1648423, SRR1648424,
SRR2191764,  SRR2643301, SRR2643302, SRR2643304,
SRR2643305) (Supporting Information Table S1) to align against the
genome sequence. For short-read transcripts, STAR (Dobin et al.,
2013) was employed to align against the genome before spliced
read information was generated according to a previously published
protocol (Hoff & Stanke, 2019) using bam2wig script in AUGUSTUS.
Iso-Seq raw reads containing both 5’ and 3’ adapters (derived from
full-length transcripts) were identified, and the adapters and poly
(A) sequences were trimmed. Cleaned consensus reads were then
mapped using Genomic Mapping and Alignment Program (GMAP)
(Wu & Watanabe, 2005). Expressed sequence tags (Tassanakajon
et al., 2006) were aligned to the genome using BLAT (Kent, 2002)
and converted to potential gene structures using blat2hints script
of AUGUSTUS.

Protein sequences of P. monodon were mapped against pro-
teins from closely related organisms including Hyalella azteca, and
L. vannamei, using Exonerate version 2.2.0 (Slater & Birney, 2005).
All gene models derived from these three methods were integrated
by EvidenceModeler into a high confident nonredundant gene
set, which was used to set species-specific parameters. Finally,
AUGUSTUS was used to predict genes in the genome based on the
extrinsic evidence. Functional annotations of the obtained gene set
were conducted using Semantic Annotation Platform (SAPP) using
the InterProScan module (Jones et al., 2014; Koehorst et al., 2018)
and Blast2GO (Gé6tz et al., 2008).

To find homeobox (Hox) gene cluster in P. monodon, Basic Local
Alignment Search Tool (BLAST) was used to identify predicted
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proteins containing homeobox domains against Hox proteins in
a model organism Drosophila melanogaster. Hox gene clusters in
Daphnia magna, H. azteca, Eurytemora affinis and Tigriopus californi-
cus were identified based on homologue search. (BLAST) The copy
number of genes in Toll pathway in P. monodon andL. vannamei
(GCF_003789085.1) were obtained from the annotated sequences.

2.9 | Phylogenetic analysis

Phylogenetic analysis was conducted based on the mitochondrial and
the nuclear genomes. Mitochondrial-based phylogenetic tree was con-
structed by deduced amino acids of 13 conserved core protein-coding
genes (nad2, cox1, cox2, atp8, atpé, cox3, nad3, nadl, nad5, nad4, nad4 |,
nadé, andcytb). Each gene was aligned separately based on correspond-
ing amino acids using the MUSCLE algorithm (Edgar, 2004) in MEGA X
(Kumar et al., 2018). Alignments were trimmed at the terminal ends
to avoid unambiguous alignment and concatenated to construct the
phylogenetic tree. The evolutionary history was inferred by using the
Maximum Likelihood method and General Reversible Mitochondrial
model (Adachi & Hasegawa, 1996). Initial trees for the heuristic search
were obtained automatically by applying Neighbour-Join and BioNJ
algorithms to a matrix of pairwise distances estimated using a JTT
model and then selecting the topology with superior log likelihood
value. The analysis involved 25 species including Anopheles quadri-
maculatus (NC_000875.1), Anopheles gambiae (NC_002084.1), Apis
mellifera (MT188686.1), Artemia franciscana (NC_001620.1), Ceratitis
capitata (NC_000857.1), Daphnia pulex (NC_000844.1), Daphnia
magna (NC_026914), Drosophila yakuba (NC_001322.1), Drosophila
melanogaster (NC_024511.2), Eurytemora affinis (NC_046694.1),
Halocaridina rubra (NC_008413.1), H. azteca (NC_039403.1), Ixodes
hexagonus (NC_002010.1), L. vannamei (NC_009626.1), Ligia oceanica
(NC_008412.1), Locusta migratoria (NC_014891.1), Macrobrachium
rosenbergii  (NC_006880.1), (NC_004251.1),
Parhyale hawaiensis (NC_039402.1), P. monodon, Portunus tritubercu-
latus (NC_005037.1), Procambarus alleni (NC_028447.1), Rhipicephalus
sanguineus (JX416325.1), Speleonectes tulumensis (NC_005938.1) and
Tigriopus californicus (NC_008831.2).

A nuclear genome-based phylogenic tree was constructed

Panulirus  japonicus

for P. monodon using the available crustacean genomes, namely
T. californicus (GCA_007210705.1), D. magna (GCF_003990815.1)
(Lee et al., 2019), D. pulex (GCA_000187875.1) (Colbourne et al.,
2011), E. affinis (GCF_000591075.1) (Eyun et al., 2017), P. hawaien-
sis (Kao et al., 2016), L. vannamei (GCF_003789085.1) and H. azteca
(GCF_000764305.1). Moreover, two insect genomes (A. gambiae
and D. melanogaster) were included in the phylogenetic tree. The re-
ported protein sequences were used for orthologous gene identifi-
cation (15,577 protein sequences of T. californicus, 23,583: D. magna,
30,611: D. pulex, 30,425: E. dffinis, 28,666:P. hawaiensis, 33,273:
L. vannamei and 22,749: H. Azteca, 14,102: A. gambiae and 23,583:
D. melanogaster). Single-copy orthologues were identified using
OrthoFinder (Emms & Kelly, 2019) and used for phylogeny con-
struction using BEAST (Bouckaert et al., 2019). Besides the nuclear
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genome-based phylogeny, protein families among the crustacean
genomes were compared. The orthologous protein family was iden-
tified by clustering together using MMseq2 (Steinegger & Sdoding,
2017) with standard parameters of 0.5 identity and 0.5 sequence
coverage. The pan-core protein family matrix was used to construct
a pan-core protein family tree, which captures species-specific eco-
logical niches, following the method presented by Snipen and Ussery
(2010). The common and specific protein family among the crusta-

cean genomes was present in the UpSet plot (Lex et al., 2014).

2.10 | Transcriptome sequencing and
analyses of the large shrimp and small shrimp groups

Shrimp experiment was conducted at Shrimp Genetic Improvement
Center (SGIC, Thailand). Sibling stock of black tiger shrimp used
in this study was specific-pathogen free (guaranteed to be free of
white spot syndrome virus, yellow head virus, Taura syndrome virus,
Vibrio parahaemolyticus, and Enterocytozoon hepatopenaei). The
shrimp were reared in the same controlled environment: tanks size
800 m? (25 shrimp/m?) and fed at a rate of 3% of shrimp bodyweight
per day. Five-month-old female shrimp (N = 140) were randomly se-
lected for bodyweight measurement (Figure S1). Two sample groups
were separated based on the lowest and highest shrimp weights,
called the “small shrimp” group and the “large shrimp” group, re-
spectively. An average bodyweight of the lowest bodyweight of the
small shrimp group (n = 15) was 13.46 + 0.52 g, while the average
bodyweight of the highest of the large shrimp group (n = 15) was
36.27 + 1.96 g (Table S2). All hepatopancreas samples from the small
and large groups were immediately frozen in liquid nitrogen and
stored at -80°C until use. To extract total RNA, individual frozen
hepatopancreas tissues were pulverized in liquid nitrogen and sub-
jected to a TRI-REAGENT extraction method and DNase treatment
as previously described (Yuan et al., 2017).

2.11 | Data preprocessing

To obtain short-read RNA sequences, 30 libraries (n = 15 for each group)
were constructed using the HiSeq Library Preparation kit (Illumina) and
sequenced using lllumina NovaSeq 6000. Illumina sequencing (150
pair-end reads) was performed at Omics Drive, Singapore. The raw
reads were quality-filtered (Q < 20, >50 bp) and adapter-trimmed using
TrimGalore (https://github.com/FelixKrueger/TrimGalore).

2.12 | Comparison between “reference genome-
based” and “de novo transcriptome assembly-based”
RNA-seq mapping

Reference genome-based RNA-seq mapping was conducted by map-
ping lllumina reads to the genome using STAR (Dobin et al., 2013).
Number of mapped reads per gene of each sample was counted
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TABLE 1 Assembly statistics of the P. monodon genome

PacBio
Number of contigs/scaffolds 70,380
Number of contigs/scaffolds >1 kb 70,373
Number of contigs/scaffolds >50 kb 11,084
Number of contigs/scaffolds >1 Mb 6
Number of contigs/scaffolds >5 Mb -
Number of contigs/scaffolds >10 Mb -
Total length (bases) 2,389,954,102
Longest contig/scaffold (bases) 1,387,722
Mean contig/scaffold size (bases) 33,958
Contig/scaffold N50 (Mb) 0.079
Contig/scaffold L50 6,786

% N in scaffolds -
Genome annotation

Number of predicted gene models

Number of protein-coding genes

Average gene length (bp)

Number of annotated genes:

Refseq

Uniprot

GO

InterPro

using HTSeq-count (Anders et al., 2015). The genes that could be
mapped >1 reads were used to compare with the de novo transcrip-
tome assembly-based RNA-seq mapping. The preprocessed reads
from all samples were subjected to the de novo transcriptome as-
sembly using Trinity with default parameters (Grabherr et al., 2011).
To avoid redundant sequences, the longest isoform for each gene
identified by Trinity was kept and consequently clustered using
CD-HIT (Li & Godzik, 2006) with criteria of 98% sequence identity
and 80% minimal alignment coverage for the shorter sequence.
Open reading frame (ORF) was predicted using TransDecoder 5.5.0
(Haas et al., 2013). ORFs of at least 70 amino acids were annotated
by BLAST against the NCBI reference proteins at E-value <107% in
Blast2GO (Go6tz et al., 2008).The quality of these two methods was
assessed by the number of contigs, contig length distribution, and
gene model representation via BLAST (Camacho et al., 2009).

2.13 | Differential gene expression analysis of
small shrimp group and large shrimp group

Based on the reference genome-based RNA-seq mapping, genes
with low expression levels based on counts per million (CPM) val-
ues less than 1 in both groups were discarded from downstream
analysis (Robinson et al., 2010). After that, differentially expressed
genes (DEGs) between large and small shrimp were identified using
DESeq2 (Love et al., 2014) using the following criteria: their expres-
sion level differences >2.0 change with Bonferroni adjusted p-value

PacBio + Chicago

PacBio + Chicago + Hi-C

30,179 26,877

30,171 26,869

3,725 869

569 44

27 44

1 43

2,394,031,700 2,394,363,600

12,098,070 65,869,259

79,328 89,086

1.157 44.862

509 23

0.17 0.18
31,640
30,038
1,428
30,038
10,068
22,243
20,615

of <0.05. Functional pathway analysis was carried using EggNOG
(Huerta-Cepas et al., 2019) and KEGG mapper (Kanehisa et al., 2016).

3 | RESULTS

3.1 | Genome sequencing, assembly, and
annotation

A whole-genome shotgun strategy was used to sequence and as-
semble a black tiger shrimp genome from PacBio long-read data. A
total of 13,157,113 raw reads (178.94 Gb) representing 69.08x se-
quence coverage based on the estimated genome size of 2.59 Gb
obtained from a previous report using the flow cytometry method
(Swathi et al., 2018). De novo assembly of PacBio sequences yielded
a preliminary assembly of 2.39 Gb (70,380 contigs) with a contig N50
of 79 kb and an L50 of 6786 contigs (Table 1). The draft genome was
further assembled using the long-range Chicago (in vitro proximity
ligation; 444 million read pairs) and Hi-C (in vivo fixation of chro-
mosomes; 430 million read pairs) library data scaffolded with the
HiRise software (Dovetail Genomics; Tables S2 and S3). The final as-
sembly contained 44 pseudomolecules greater than 5 Mb in length
(hereafter referred to as pseudochromosomes, numbered accord-
ing to size; Figure 1a, track a and Figure S2), corresponding to the
haploid chromosome number in P. monodon (1n = 44, 2n = 88). The
44 pseudochromosomes covered 1,986,035,066 bases or 82.9% of
the 2.39 Gb assembly with N content of 0.21%. Simple sequence
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FIGURE 1 P.monodon genome assembly and phylogenetic analysis. (a) Genomic landscape of 44 assembled P. monodon
pseudochromosomes. (i) Physical map of P. monodon pseudochromosomes (Mb scale). (ii) Density of repetitive sequences represented

by percentage of genomic regions covered by simple sequence repeats in 500-kb window. (iii) Gene density represented by number of
genes in 500-kb window. (iv) GC content represented by percentage of G/C bases in 500-kb window. Syntenic blocks are depicted by
connected lines. (v) Syntenic relationship of gene blocks among P. monodon pseudochromosomes. Syntenic blocks were identified by
MCScanX with criteria at least ten syntenic genes and a maximum of six intervening genes allowed. (b) Diagrams showing collinearity
between P. monodon and L. vannamei pseudochromosomes. Lines link the synteny block with sequence coverage >1 kb and identity >90%.
Most regions exhibit one-to-many relationship between P. monodon and L. vannamei. The yellow line represents the region on a single

P. monodon pseudochromosome that exhibits synteny to regions on two L. vannamei pseudochromosomes, whereas the turquoise line
represents syntenic regions on a single L. vannamei pseudochromosome and the two P. monodon pseudochromosomes. Black tiger shrimp
pseudochromosomes are designated with “P” followed by pseudochromosome numbers, and Pacific white shrimp pseudochromosomes are
designated with “L” followed by the pseudochromosome numbers. (c) Diagrams showing collinearity between P. monodon and L. vannamei
where the syntenic relationship between pseudochromosomes is one-to-one
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repeats (SSRs) occurred 22.2% per 500 Kb (Figure 1a, track b). On
average, the gene density of P. monodon genome was 9 genes per
500 Kb (Figure 1a, track c) and GC content was 36.6% per 500 Kb
(Figure 1a, track d).

To evaluate the quality of our de novo assembly, we aligned
Illumina DNA short reads obtained from this work and the previous
report (Yuan et al., 2018) to the assembled genome and found that ap-
proximately 93% of the DNA short reads could be mapped on our de
novo assembly. We also aligned the publicly available RNA-seq reads
(Huerlimann et al., 2018) and Iso-Seq reads (Pootakham et al., 2020)
to the assembly and 90.22% and 98.77% of the RNA-seq and Iso-Seq
reads were mapped to the assembly, respectively. To further assess
the completeness of the genome assembly, we checked the gene con-
tent with the BUSCO software using the Eukaryota (odb9) database
(Simao et al., 2015). Our gene prediction contained 94.72% of the
highly conserved orthologues (85.15% complete, 9.57% partial, 5.28%
missing) in the eukaryotic lineage. High mapping rates, comparable to
the numbers observed in the L. vannamei genome, and a high percent-
age of identified highly conserved orthologues provided the evidence
for a high-quality assembly obtained for the P. monodon genome.

The chromosome-level contiguity achieved in our assembly en-
abled a syntenic analysis between P. monodon and the Pacific white
shrimp L. vannamei. Portions of conserved syntenic genes between the
black tiger shrimp and Pacific white shrimp are illustrated in Figure 1b,c.
The distribution of paralogous gene pairs revealed one-to-one synteny
across 15 pseudochromosomes/linkage groups and one-to-two syn-
teny in P. monodon pseudochromosomes 4 and 30 to L. vannamei pseu-
dochromosomes 14/15 and 21/22, respectively (Figure 1b).

A combination of ab initio prediction, homology-based search,
and transcript evidence obtained from both Iso-Seq and RNA-
seq data was used for gene prediction. The genome annotations
of P. monodon contained 31,640 predicted gene models, of which
30,038 were protein-coding genes (Table 1, Table S4). Of these
protein-coding genes, 25,569 (85.02%) had evidence support from
our RNA-seq and Iso-Seq data. In addition to the nuclear genome, a
complete mitochondrial genome assembly was obtained with a size
of 15,974 bp and 29.09% GC content. The mitochondria genome
showed high sequence identity with the published P. monodon mi-
tochondrial genomes (~98.8% identity in comparison to AF217843.1
and MN057663.1) (Figure S3).

3.2 | Comparative analyses between
P. monodon and other crustacean genomes

The mitochondrial phylogenetic analysis of 25 arthropods based on
13 concatenated protein-coding genes showed that P. monodon was
closely related to other species in order Decapoda. These decapods
were the nearest neighbour to order Diptera, class Insecta and dis-
tantly apart from other crustaceans such as order Amphipoda, class
Malacostraca (H. azteca and P. haweiensis) and order Cladocera,
class Branchiopoda (D. pulex, D. Magna; Figure 2a). In contrast to
the mitochondrial-based phylogenetic tree, the nuclear-based

phylogenetic tree of single-copy orthologous genes of P. monodon ge-
nome and other publicly available crustacean genomes showed that
P. monodon was clustered together with other crustacean species in
class Malacostraca. Furthermore, the nearest neighbours of species at
a higher taxonomic rank (Class level) presented in the mitochondrial-
based phylogenetic tree and nuclear-based phylogenetic tree were
different. The nuclear-based phylogenetic tree showed the nearest
neighbours of insects (A. gambiae and D. melanogaster) were Daphnia
spp. (order Cladocera, class Branchiopoda; Figure 2b). Nevertheless,
species belonging to the same order, including P. monodon and L. van-
namei, were clustered together in both phylogenetic trees.

The identification of orthologous groups with other crustaceans
showed 447 conserved protein families across the eight crustaceans
and 363 common protein families shared among species in class
Malacostraca (P. monodon, L. vannamei, P. haweiensis and H. azteca;
Figure 3a). Among the examined crustacean genome sequences,
L. vannamei has the highest number of shared orthologous protein
families (5445 families) to P. monodon. P. monodon and L. vannamei
were found to shared 493 and 84 orthologous protein families with
P. haweiensis and H. azteca, respectively (Figure 3a).

Among the core gene families of the examined crustaceans, we
investigated two highly conserved gene families, namely Hox and
Toll pathway genes. Hox genes are involved in a wide range of critical
developmental and physiological processes, ranging from embryonic
development, innate immune homeostasis to whole-body regen-
eration (Chang & Lai, 2018). Hox genes are coregulated and often
positioned relatively close to each other on the same chromosome
(Akam, 1995). The Hox gene clusters have been shown to span a few
kilobases (Ferrier & Akam, 1996) to several megabases (Baldwin-
Brown et al., 2018). Our P. monodon assembly showed that all 10
Hox genes were clustered together on chromosome 37 (Figure 3b).
Similarly, the other two species with chromosome-level genome as-
semblies (T. californicus and D. magna) also have Hox genes located on
the same chromosome (Figure 3b). Some of the Hox genes in L. van-
namei were found on the same linkage group (Zhang et al., 2019).

As the copy number variation of immune genes has been linked
to pathogen tolerance in arthropods (Mitri et al., 2020), we com-
pared the copy number of genes in the Toll pathway, an essential
immune response to defend pathogen invasion, in P. monodon and
L. vannamei. Most members of the Toll pathway had higher copy
numbers in L. vannamei than in P. monodon with the exception of
MyD88 (Figure 3c). Interestingly, Spaetzle, TRAF6, Dorsal appeared

to be single-copy genes in P. monodon.

3.3 | Repetitive elements in P. monodon genome

The total repeat content in the black tiger shrimp genome assembly
was 62.5% (Figure 4a). We identified repeats comprising 572.87 Mb
of SSRs (23.93%), 276.64 Mb of long interspersed nuclear elements
(LINEs, 11.55%), 93.21 Mb of long terminal repeats (LTRs, 3.89%),
75.96 Mb of DNA elements (3.17%), 59.09 Mb of low complexity
repeats (2.47%), 49.49 Mb of short interspersed nuclear elements
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] class Arachnida

| class Insecta
] class Remipedia

class Insecta

class Malacostraca

class Branchiopoda

class Hexanauplia

] class Branchiopoda

class Insecta
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FIGURE 2 Phylogenetic analysis of (a) mitochondrial protein coding genes and (b) single ortholog nucleus protein encoding genes. The
percentage of trees in which the associated taxa clustered together is shown next to the branches. The coloured symbols at the node denote
the subphylum including Crustacean (green circles), Hexapoda (blue triangles) and Chelicerata (purple diamonds)

(SINEs, 2.07%), 2.18 Mb of small RNA (0.09%), and 368.13 Mb of
unclassified repeat elements (15.37%). SSRs and LINEs are the two
most abundant repeat categories in P. monodon, together accounting

34 |

for 35.48% of the genome assembly. Moreover, LINE/| (4.65%), RTE-

BovB (3.59%), and Penelope (0.96%) were the three major compo-
nents of LINEs (Figure 4b). The major LINEs components found here
were in accord with the previously reported P. monodon genome,
but with different proportions (2.03%, 4.96%, and 0.82% for LINE-I,
RTE-BovB, and Penelope, respectively) (Yuan et al., 2018).

Comparison between “reference genome-
based” and “de novo transcriptome assembly-based”
RNA-seq mapping

Transcriptome analysis is a useful approach for identifying differen-
tially expressed genes (DEGs) among individuals with various traits
of interest. Without a high-quality reference genome, gene expres-

sion studies rely on a de novo transcriptome assembly, which often

contains a large number of fragmented transcript sequences with
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FIGURE 3 Comparative genomics. (a) UpSet plot represents pan-core protein family of crustacean genomes (P. monodon, L. vannamei,
P. hawaiensis, E. affinis, H. azteca, T. californicus, D. pulex, and D. magna). The vertical bars show the number of intersecting protein family
among the crustacean genomes, denoted by the connected black circles below the histogram. The horizontal bars show the protein family
size. (b) Hox gene clusters in the crustaceans. Hox gene cluster includes labial (lab), proboscipedia (pb), Hox3/zen, Deformed (Dfd), Sex combs
reduced (Scr), fushi tarazu (Ftz), Antennapedia (Antp), Ultrabithorax (Ubx), abdominal-A (Abd-A), and Abdominal-B (Abd-B). The lines connecting
genes indicate that the genes are in the same scaffold. (c) Copy number of genes involving the Toll pathway

no annotation. To evaluate the utility of this genome in transcrip-
tomic analysis, we compared gene expression in the hepatopan-
creas between large shrimp and small shrimp using both reference
genome-based and de novo transcriptome assembly-based RNA-seq

mapping. The reference genome-based RNA-seq mapping showed
that raw reads were mapped to 19,032 predicted genes, with the
N50 length of 1884 bp and the longest sequence of 27,633 bp.
Over 87.37% of the 19,032 mapped genes were longer than 500 bp,
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roughly half (56.44%) were longer than 1,000 bp, and 95.92% could
be annotated using BLAST (Figure S4A). De novo transcriptome as-
sembly using the same set of RNA-seq reads yielded 60,846 non-
redundant contigs with the N50 length of 930 bp and the longest
sequence of 27,264 bp. Only 22.97% were longer than 500 bp,
12.57% were longer than 1000 bp, and 49.90% could be annotated
using BLAST (Figure S4B).

3.5 | Identification of growth-associated genes

The genome assembly was used as a reference to identify genes
related to growth performance by comparing gene expression
profiles in the hepatopancreas of the large shrimp and the small
shrimp from the same culture condition. The large shrimp grew at a
faster rate and had twice the weight of the small shrimp under the
same rearing condition at 5 months old. This analysis identified 383
genes exhibiting higher levels of expression in the large shrimp and
95 genes exhibiting higher levels of expression in the small shrimp
(|lLog, fold-change| >1 and p-value <0.05; Table S5). To further ac-
cess gene interaction networks, KEGG pathway mapping was em-
ployed. The results showed that metabolic pathways (42 KEGG
orthology gene IDs: KO), biosynthesis of secondary metabolites (15
KO), and lysosome (11 KO) were the top three pathways to which
DEGs were categorized (Table Sé). The remaining KEGG pathways
consisted of few DEGs (<5 KO) in each pathway. The functions of
DEGs were classified by Clusters of Orthologous Groups (COGs)

annotation into 23 categories (Supporting Information Figure S5).
The top five highly enriched metabolic processes were (i) carbo-
hydrate/ (ii) lipid/ (iii) amino acid transport and metabolisms, (iv)
secondary metabolites biosynthesis, transport and catabolism, and
(v) inorganic ion transport and metabolism (Figure 5a). For instance,
DEGs involved in carbohydrate metabolism were amylase (amy),
fructose-bisphosphate aldolase (aldo), glyceraldehyde 3-phosphate
dehydrogenase (gapdh), and insulin-like growth factor receptor (insr).
Genes involved in lipid metabolism were nose resistant to fluoxetine
(nrf), lipase (lip), glycerol-3-phosphate acyltransferase (gpat3), acyl-
CoA delta desaturase (scd), long-chain-fatty-acid--CoA ligase (acsl) and
elongation of very-long-chain fatty acids protein 4-like (elovl4). In ad-
dition, we further investigated the PI3 K-Akt signaling pathway in
which four DEGs (integrin beta isoform 1 (itgb1), integrin alpha-4 like
(itga4), serine/threonine-protein kinase N isoform 1 (pkn1) and insr)
were found (Figure 5b). This pathway was reported to contribute to
a variety of cellular functions such as transcription, cell survival and
cell growth (Rauch et al., 2011).

Besides genes related to nutrient metabolisms, immune-
related genes were also examined as they have been reported
to affect growth performance. From the DEGs, we found several
immune-related genes with higher levels of expression in large
shrimp such as heat shock 70 kDa (hsp70), anti-lipopolysaccharide
factor-like, laccase-4, and C-type lectin. Immune-related genes with
higher expression levels in small shrimp were such as caspase-1-
like, suppressor of cytokine signaling 2-like, and zinc finger protein
OZF-like.
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Small shrimps
(n=15)

Large shrimps
(n=15)

Log,
FC
2.45
2.44
1.74
1.71
1.56
1.50
1.46
1.38
1.32
1.32
1.31
1.28
1.21
141

-1.59
240
172

Description

mannan endo-1,4-beta-mannosidase-like
venom carboxylesterase-6-like
alpha-amylase-like isoform X1
serine/threonine-protein phosphatase CPPED1-like
fructose-bisphosphate aldolase isoform X1
cholinesterase 1-like
beta-1,4-glucuronyltransferase 1-like
venom carboxylesterase-6-like
chitooligosaccharidolytic beta-N-acetylglucosaminidase-like
venom carboxylesterase-6-like
cholinesterase 1-like
putative inorganic phosphate cotransporter isoform X2
alpha-mannosidase 2C1

Tinsulin-like growth factor 1 receptor
sphingomyelin phosphodiesterase-like
UDP-glucuronosyltransferase 2B14-like
alpha-N-acetylgalactosaminidase
glucose-6-phosphate exchanger SLC37A2-like
glyceraldehyde-3-phosphate dehydrogenase 2-like
xylosyltransferase oxt
putative inorganic phosphate cotransporter
cholinesterase 2-like isoform X1

T nose resistant to fluoxetine protein 6-like

T glycerol-3-phosphate acyltransferase 3 isoform X2
acyl-CoA Delta(11) desaturase-like
fatty acid hydroxylase domain-containing protein 2 isoform X1
lipase member H
putative acyl-coenzyme A oxidase 3.2, peroxisomal
G-protein coupled receptor Mth2-like
pancreatic lipase-related protein 2-like
cellular retinoic acid-binding protein 1-like
long-chain-fatty-acid--CoA ligase 4 isoform X1
non-specific lipid-transfer protein
sodium/calcium exchanger regulatory protein 1-like
lipase 3-like
AMP-binding protein
beta-1,3-glucan-binding protein precursor
4-coumarate--CoA ligase 1-like

T elongation of very long chain fatty acids protein 4-like
apolipophorins-like )
xaa-Pro aminopeptidase 1-like
RNA-directed DNA polymerase from mobile element jockey-like
cystathionine beta-synthase-like isoform X1
N-fatty-acyl-amino acid synthase/hydrolase PM20D1
arginase-2, mitochondrial

T phospholipid phosphatase 2-like
agmatinase, mitochondrial
phenoloxidase 2
kynurenine formamidase isoform X1
phosphoserine phosphatase isoform X2
methionine synthase-like
betaine--homocysteine S-methyltransferase 1-like
Y+L amino acid transporter 2
laccase-4 isoform X2
cytochrome P450 9e2-like isoform X3
cytochrome P450 2L 1-like
sorbitol dehydrogenase
estradiol 17-beta-dehydrogenase 8-like
cytochrome P450 3A24-like isoform X3
multidrug resistance-associated protein 1 isoform X4
probable cytochrome P450 49a1
estradiol 17-beta-dehydrogenase 8
guanine deaminase-like
short-chain dehydrogenase/reductase family 16C member 6-like
probable cytochrome P450 49a1
cytochrome P450 2B4-like
ATP-binding cassette sub-family B member 8, mitochondrial-like
retinol dehydrogenase 13-like

T transferrin-like
bestrophin homolog 17-like isoform X1
zinc transporter ZIP1-like
sodium/hydrogen exchanger 7 isoform X5
soma ferritin-like

Secondary metabolites
biosynthesis, transport and

Amino acid transport and

Carbohydrate transport and metabolism

Lipid transport and metabolism

metabolism

catabolism
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o
somaie @ E
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FIGURE 5 Expression of differentially expressed genes of small shrimps (n = 15) and large shrimps (n = 15). (a) The top five enriched
COGs metabolism groups were carbohydrate transport and metabolism, secondary metabolites biosynthesis, transport and catabolism,
inorganic ion transport and metabolism, lipid transport and metabolism and amino acid transport and metabolism. (b) Differentially
expressed genes in the PI3 K-Akt pathway. The dagger (1) indicates genes that were further validated by quantitative real-time PCR

4 | DISCUSSION

In this study, we report a whole-genome sequence of P. mono-
don assembled from long-read PacBio data and scaffolded using
long-range Chicago and Hi-C techniques. Our chromosome-scale
assembly has shown tremendous improvement in contiguity and
completeness compared to the previously reported P. monodon
genomes (Quyen et al., 2020; Yuan et al., 2018). Based on a 10-
Mb benchmark (Reference standard for genome biology, 2018),
the assembly presented here is considered a high-quality refer-
ence genome as it has the N50 scaffold length of 44.86 Mb. It
is also one of the highest-quality crustacean genomes currently
available. Of the 45 crustacean genome sequences listed in the
NCBI genome database, only three species (Tigriopus japonicus
(PRJNA592403), T. californicus (PRJNA237968), and Daphnia
magna (PRJNA612523)) have their genomes assembled at a chro-
mosome level.

The present genome provides an invaluable resource for shrimp
research. The availability of the chromosome-scale assembly allowed
us to examine the syntenic relationship between the genomes of
two economically important penaeid shrimp species: the black tiger
shrimp and the Pacific white shrimp. The synteny analysis revealed a
one-to-one relationship between most of the P. monodon and L. van-
namei pseudochromosomes; however, a few pairs exhibited one-to-
two synteny, suggesting that certain chromosomes derived from the
common ancestor of P. monodon and L. vannamei were fragmented
into two smaller pseudochromosomes in L. vannamei (for example,
P. monodon pseudochromosome 4 displayed synteny to L. vannamei
pseudochromosomes 14 and 15; Figure 1b) but remained as single
pseudochromosome in P. monodon. Alternatively, there could have
been scaffolding/assembly errors in either the genetic map-based
assembly of the L. vannamei pseudochromosomes or our HiC-based
P. monodon assembly.

When compared to other arthropod species, the P. monodon
mitochondrial genome reveals an interesting evolutionary rela-
tionship. The phylogenic tree showed a sister-group relationship
of Insecta (Hexapoda) and Malacostraca (Crustacea), whereas
nodes in other stem branches cannot be resolved as bootstrap
values were lower than 70%. The observation that Malacostraca
(Crustacea) was more closely related to Insecta (Hexapoda) than
Branchiopoda (Crustacea) agrees with several previously reported
molecular and morphological phylogenies (Legg et al., 2013;
Tamone & Harrison, 2015; Wilson et al., 2000). However, the re-
sults contradicted morphological classification and other studies
(Cook et al., 2005; Podsiadlowski & Bartolomaeus, 2005). In a
molecular phylogenetic analysis, different genes may yield con-
tradictory topologies for the same diversity group (Betancur et al.,
2014). The contradictory results might be due to the differences

in data matrix and methodology (Schwentner et al., 2017; Timm
& Bracken-Grissom, 2015). For example, as opposed to our study
that used 13 protein-coding genes, when 12 protein-coding genes
(excluding atp8) were used in the phylogenetic analysis, sister-
taxa of Malacostraca and Branchiopoda was obtained (Cook et al.,
2005). Similarly, when a large data set of 100 mitochondrial ge-
nomes of Pancrustacea was used in the analysis, a mitochondrial
phylogenetic tree revealed the cluster between the Remipedia
and the Cirripedia (Maxillopoda) (Carapelli et al., 2007). Together,
these examples indicate the influence of analytical methods and
the data size on the derived phylogenetic relationship.

Although mitogenomic data are commonly used in phyloge-
netics, it might not always be suitable for evolutionary study in
higher taxonomy. Mitochondrial genome evolves at a faster rate
than nuclear genome, thus the saturation of substitution rates
in mitochondrial genome renders it less suitable for studying
deep divergences (Burger et al., 2003; Lin & Danforth, 2004).
Moreover, adaptive introgression events that were observed in
nature among close relatives and recombination could not be cap-
tured by mitochondrial markers (Ballard & Whitlock, 2004; Spinks
& Shaffer, 2009). Given the limitation of using mitochondrial
sequences for evolutionary study, the availability of completely
sequenced genomes should allow more accurate phylogenetic
construction than using few mitochondrial marker genes in the
phylogenetic trees.

The availability of genome sequences allows the identification
of single copy orthologues, which have been suggested as more
accurate markers for phylogenetic analysis (Teasdale et al., 2016;
Washburn et al., 2017). The phylogenetic tree constructed based
on single-copy orthologues from eight crustaceans and two se-
lected insects with high-quality genome sequences confirmed that
L. vannamei and P. monodon were sister taxa, agreeing with the
mitochondrial-based phylogenetic tree and consistent with the
highest number of shared orthologous protein families. On the other
hand, the relationships among higher taxonomy levels observed in
the nuclear-based phylogenetic tree mostly contradicted the results
of the mitochondrial-based phylogenetic tree. For example, the
nuclear-based phylogenetic tree showed class Insecta was closely
related to Daphnia spp. (class Branchiopoda) whereas class Insecta
was found closely related to class Malacostraca in the mitochondrial-
based phylogenetic tree. Given that it is widely accepted that insects
are closely related to crustaceans as both belong to the Pancrustacea
(Tamone & Harrison, 2015; Wolff et al., 2017), the nuclear-based
phylogenetic tree using information from the high-quality genome
sequence agrees with the widely accepted taxonomy classification.
Indeed, there are growing evidence that nuclear-based phylogenetic
tree is more reliable to represent a lineage relationship than the
mitochondrial-based counterpart (Springer et al., 2001; Wahlberg &
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Wheat, 2008). Thus, having a high-quality genome assembly like in
our case will undoubtedly facilitate accurate evolutionary study.

The availability of genome sequences enables the comparison of
orthologous protein families among the crustaceans. While the ex-
amined crustaceans share only 477 protein families, P. monodon and
L. vannamei shared as many as 5445 orthologous protein families
confirming their close relationship. Among the orthologous proteins
shared across the organisms examined in this study, we focused on
Hox proteins, which are the key class of proteins that have been used
to underpin the evolutionary of animal body plans and morphologies
(Lin et al., 2004; Pavlopoulos et al., 2009). There are eight Hox genes
in segment specification that are conserved during the diversifica-
tion of arthopoda including labial (lab), proboscipedia (pb), Deformed
(Dfd), Sex combs reduced (Scr), Antennapedia (Antp), Ultrabithorax
(Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B). The other two-
Hox genes including Hox3 and fushi tarazu (ftz) are commonly lost
or duplicated and functionally diverged in some animals (Gibson,
2000). In this study, we found the loss of Hox3 in T. californicus and
ftz in P. hawaiensis whereas both genes were present in P. monodon.
The pb gene was previously reported to be absent in the P. mono-
don genome while being present in L. vannamei and Marsupenaeus
japonicus (Yuan et al., 2017, 2018). Given the availability of the high-
quality genome sequence, we could however identify the pb gene
in P. monodon. Furthermore, we found that all the Hox genes are
located on the same pseudochromosome (#37). Physical linkage of
the Hox genes in other crustaceans could not be determined as only
two genomes have been assembled at a chromosome level to date
(T. californicus and D. magna).

To further demonstrate the usefulness of the genome sequence,
we examined genes involved in the Toll pathway, one of the most
important immune-related pathways in defence against bacterial
and viral infection in both L. vannamei and P. monodon. Given dif-
ferences in disease susceptibility between the two penaeid shrimp,
we hypothesized that the copy number of immune-related genes
might influence the susceptibility as it has been reported that the
variation of gene copy number can be related to underlying biolog-
ical differences (Katju & Bergthorsson, 2013). The copy numbers of
genes involved in the Toll pathway were higher in L. vannamei than
P. monodon, except for MyD88 (Figure 3c). Besides the fact that gene
duplication could be beneficial by increasing the expression of im-
mune genes (Palmer & Jiggins, 2015), neofunctionalization of the
duplicated gene might occur and subsequently affect pathogen re-
sistance as reported in Anopheles spp. (Mitri et al., 2020). Specially,
A. stephensi with a single copy of leucine-rich repeat immune factor
(Apl1) gene and A. gambiae with three copies of Apll showed the
expanded Apll genes contribute to tolerance of Plasmodium infec-
tion (Mitri et al., 2020). Thus, these higher copy numbers of immune-
related genes in L. vannamei might enhance its defence against
pathogens, potentially contributing to higher degrees of disease
resistance in L. vannamei (Briggs et al., 2004; Rungrassamee et al.,
2016). However, shrimp immunity also depends on other molecular
pathways such as the JAK/STAT pathway, prophenoloxidase activat-
ing system, and antimicrobial proteins (Chayaburakul et al., 2005;

Raja et al., 2015). These pathways can now be further investigated
using our genome assembly.

Long-read sequences from PacBio allow a contiguous assem-
bly that spans repeat regions containing transposable elements
and tandem repeats. We found that P. monodon has the highest
repeat abundance (62.5%) when compared to five available ge-
nome sequences of crustacean species: L. vannamei (53.9%), P. ha-
waiensis (44.7%), E. affinis (40.2%), H. azteca (24.3%) and D. pulex
(22.0%). Moreover, the percentage of repeat elements observed
in this assembly was substantially higher than those reported in
previous studies using P. monodon fosmid libraries (51.8%) (Huang
et al., 2011) and draft genome (46.8%) (Yuan et al., 2018). Our re-
sult revealed that P. monodon genome contains highest proportion
of SSRs along with L. vannamei (23.93%) (Zhang et al., 2019). These
high repeat content and long repetitive sequences undoubtedly
have hindered genome assembly in the previous attempts (Quyen
etal., 2020; Yuan et al., 2018). With the current chromosome-scale
assembly, an in-depth investigation of repeat elements is possible.
Even though the biological function of repeats has not been well
studied in shrimp, they are associated with important functions in
insects such as adaptations (Christmas et al., 2019; Gilbert et al.,
2020), sex chromosome differentiation (Rosolen et al., 2018) and
morphology (Bouchebti & Arganda, 2020). In crustaceans, the
proliferation of repeat elements has been reported to cause the
expansion in genome sizes (Alfsnes et al., 2017). From the compar-
ison of repeat contents among the examined crustacean species,
we observed that higher repeat contents are often associated with
larger genomes (Figure 4b). Although there has not been any study
on the implication of their larger genome sizes, we speculate that
an increase in genome size might in part be a consequence of the
expansion of repeat elements that might contribute to fitness-
promoting in responding to their habitats and growth (Talla et al.,
2017).

With this high-quality reference genome assembly, we were able
to obtain animproved gene set with better contiguity and annotation
rate. Of the predicted genes in the genome, 95.01% could be func-
tionally annotated. The results suggested that our genome assembly
could serve as a high-quality reference for facilitating transcriptomic
studies in the black tiger shrimp over the de novo transcriptome
assembly-based RNA-seq mapping. The reference genome-based
RNA-seq mapping was carried out for small and large shrimp groups
to unravel genes related to growth performance.

Growth is undoubtedly an important factor for profitable shrimp
production (Benzie et al., 2001; Cheng & Chen, 1990). Domesticated
shrimp do not mature well with declining growth rates over gen-
erations (Jackson & Wang, 1998). Hence, a wild black tiger shrimp
broodstock is still necessary. Notwithstanding its importance,
knowledge of genes controlling shrimp's growth remained limited
partly due to the lack of a high-quality reference genome. Thus,
up to now most growth-related genes identified in P. monodon
were taken from L. vannamei (Gao et al., ,2015, 2017; Santos et al.,
2018). In this study, reference-based transcriptome analysis was
used to elucidate genes associated with growth in hepatopancreas.
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Hepatopancreas has an important function in nutrient digestion and
absorption, energy storage for tissue growth, and energy consump-
tion during the growth stages (Liong Ong & Johnston, 2006; Wang
et al., 2014). Furthermore, hepatopancreas is involved in a synthesis
of vitellogenin and several sex steroid hormones (Kung et al., 2004).
The comparison of gene expression in hepatopancreas, therefore,
could reveal genes related to growth and pave the way to manage
shrimp farming, which consequently reduces natural exploitation.

The comparison of hepatopancreas transcriptomes of small and
large shrimp revealed that DEGs were mainly involved in nutrient
metabolism, which is in concordance with the hepatopancreas func-
tions in feed utilization and energy storage. Growth is a complex
regulatory process in which we could observe that DEGs were pre-
sented in several pathways. We further investigated DEGs related
to metabolisms of carbohydrate and lipid as they are the main nu-
trients reported to enhance growth in shrimp (Coelho et al., 2019;
Gonzalez-Félix et al., 2002; Hu et al., 2019; Olmos et al., 2011). In
agreement with the prior finding that the enhancement of digestive
enzyme activities improves growth performance of shrimp (Anand
et al., 2013; Gémez & Shen, 2008), genes with higher expression
levels in the large shrimp group were found to be involved in second-
ary metabolite biosynthesis and nutrient metabolism. Moreover, the
higher expression level of carbohydrate metabolism genes such as
aldo, gapdh and insr in the large shrimp might suggest that the large
shrimp have a more effective digestion and nutrient utilization than
the small shrimp.

Furthermore, DEGs invoving fatty acid metabolism, which is nec-
essary for biological structure and the function of cell membranes,
were also observed. Previously, it was believed that penaeid shrimp
could not de novo synthesize polyunsaturated fatty acids (PUFAs)
such as linoleic acid (LOA, 18:2n-6) and alpha-linolenic acid (LNA,
18:3n-3), and could not elongate PUFA to highly unsaturated acids
(HUFAs) (Wouters et al., 2001). However, genes involving in fatty
acid biosynthesis and elongation have been reported in L. vannamei
(Chen et al., 2015). Similarly, we could find enzyme genes involved
in HUFA biosynthesis such as acyl-CoA delta desaturase (scd) ande-
longation of very-long-chain fatty acids protein (elovl) in our P. mono-
don genome sequence (Figure 5). From the transcriptomic result,
acsl and scd were highly expressed in the large shrimp group. Acsl
has a role in conversion of long-chain fatty acids to the active form
acyl-CoAs, which contribute to enhance fatty acid uptake and its
metabolism in downstream processes (Mashek et al., 2007). Scd in-
volves in converting LOA and LNA to HUFAs, which subsequently
contribute to membrane phospholipid biosynthesis (Mansilla et al.,
2008). The higher expression levels of the genes regulated fatty acid
metabolism in shrimp might not only be important knowledge for
shrimp biology but also provide a crucial guide for feed formulations
to promote shrimp growth.

Among the DEGs, we also found several genes involved in insu-
lin signaling pathway with significantly higher expression levels in
the large shrimp group such as trf, pkn and insr (Figure Sé). Trf is
an insulin-like growth factor that stimulates both proliferation and
differentiation in a cell line (Kiepe et al., 2005). Pkn1, itga4, and insr
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belonged to the PI3 K-Akt pathway, which is involved in growth reg-
ulation by controlling glucose balance through cross-talking with the
insulin signaling pathway (Shi & He, 2016). Although an association
between the PI3 K-Akt pathway and shrimp growth performance
has not been well investigated in P. monodon, a link between the
P13 K-Akt growth factors and cellular survival has been reported in
Drosophila (Schmitt et al., 2015) and Daphnia (Zhou et al., 2020). The
insulin signaling pathway plays a key role in carbohydrate metabo-
lism and growth regulation and its function are probably conserved
in both vertebrate and invertebrate (Boucher et al., 2010; Herran
et al.,, 2018). Thus, with their potential growth-related functions and
higher expression levels in the large shrimp, the genes associated
with PI3 K-Akt pathway present as possible marker candidates to
facilitate black tiger shrimp genomic breeding programs.

In addition, immune-related genes were found among DEGs
from the comparison between the large and small shrimp. Immune-
related genes have previously been reported to not only play im-
portant roles in pathogen defence, but also in growth of shrimp
(Jung et al., 2013). For example, C-type lectin and hsp70 were ex-
pressed at a higher level in the large shrimp groups. C-type lectin, a
known immune-related gene in shrimp, was induced by probiotics
and subsequently improved the growth and survival of L. vanna-
mei (Chai et al., 2016). Hsp70 is one of the most conserved genes
responding to various stresses such as temperature changes and
pathogen invasion by helping the cells to recover from damaged
proteins and in turn increasing the survival probability and life
span (Valenzuela-Castillo et al., 2019). For example, the grass thrip,
Anaphothrips obscurus, which have three wing morphs including
macropters (winged), koeliopters (intermediate), and brachypters
(wingless) showed the brachypters were more tolerant to thermal
stress than macropters, which corresponded to the significant up-
regulation of hsp70 in brachypters in comparison to macropters (Guo
& Feng, 2018). In Daphnia, the decline of hsp70 expression resulted
in a shorter life span (Schumpert et al., 2014). Thus, our finding of
higher expression of stress gene hsp70 in the large shrimp might sug-
gest that better ability to cope with stress in the large shrimp may
contribute to better growth.

In conclusion, we have successfully overcome the technical chal-
lenges in obtaining the first high-quality chromosome-scale genome
assembly of the economically important P. monodon. The investi-
gation of genome characteristics and functional features yields a
fundamental resource for deciphering the molecular mechanisms
underlying the growth performance. The availability of this refer-
ence genome enables several downstream biological and industrial
applications that would otherwise be difficult. This reference ge-
nome will benefit not only the P. monodon research community but
also other researchers working on related shrimp and crustacean
species, allowing for in-depth ecological research.
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