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Abstract
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Project Title : Bioinformatic identification of shrimp-pathogen interactions from
shrimp EST database and their application for shrimp disease control
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Project Period : 2014-2016

Rapid increase in the number of shrimp transcriptomic data facilitates shrimp
defense (immunity) research, initially through identification of putative shrimp-pathogen
interactions, which benefits shrimp aquaculture. A number of comprehensive analyses
on these data for shrimp-pathogen interactions remains limited owing to a large
proportion of transciptomic sequences with no homology in current public database. To
take advantage of a gigantic amount of transcript data, we compiled transciptomic
sequences of 14 decapods generated by both traditional cDNA libraries and next-
generation DNA sequencing (NGS) along with other molecular sequences in the total of
two million transcripts for identification, via dedicated bioinformatics pipelines, of protein-
coding and regulatory non-coding RNAs (ncRNAs) genes. A set of the sequences was
released for public at the ShrimpGPAT database (http://shrimpgpat.sc.mahidol.ac.th/) for
accelerating shrimp gene discovery and research. To gain an insight on how shrimp
interacts to pathogens, we focused on analyses the transcriptomes of white spot
syndrome virus (WSSV) infection in Penaeus monodon and P. (Litopenaeus) vannamei
and identified sets of WSSV-responsive protein-coding and ncRNAs genes. Several
protein-coding genes and putative ncRNA sequences were found to be highly expressed
in shrimp survivors of WSSV infection, and a set of genes was found in both P.
monodon and P. vannamei, signifying putative key shrimp defense genes during
pathogen infection. Notably, putative ncRNAs found here will likely be first reported long
non-coding RNAs in shrimp. These genes and ncRNAs have been being experimentally
validated to provide a basis for future development for a successful management of
virulent control or disease prevention to overcome serious economic losses from
pathogen outbreaks. Furthurmore, the obtained collection of transcriptomes and
associated in-silico annotation of protein-coding and ncRNAs genes will be released to

public for further investigation.

Keywords : Transcriptomes, Shrimp-pathogen interactions, Regulatory non-coding RNAs

(ncRNAs) genes, Protein-coding genes, Data mining
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Introduction

While marine shrimp aquaculture has become the fastest growing
sector of Thailand, as well as international, aquaculture industry, scientific
research on shrimp-pathogen interactions remains relatively lacked. Rapid
accumulation of transcriptomic data, especially expressed sequence tags (ESTs),
has facilitated research in shrimp biology, defense (immunity) and genetics to
improve shrimp aquaculture production. Understanding shrimp-pathogen
interactions is the first step in characterizing shrimp defense system in protecting
shrimps from their pathogens. Although several shrimp immunity proteins are
reported by these EST studies, no shared pathogen-responding shrimp protein
and shared molecular pathway of pathogen entry to host cells have been
identified across shrimp species or across pathogens. Analyses of rapidly-
increasing and publicly-available shrimp EST data will provide an insight on how
shrimps respond to pathogens. Unfortunately, such a comprehensive analysis of
all available shrimp EST data has not been conducted. In addition, no homolog
for almost half of these EST clones could be found, i.e., their function cannot be
predicted or inferred. Besides well-known non-coding RNAs (e.g., mRNA, rRNA and
tRNA), a significant attention has been paid on regulatory non-coding RNAs
(NcRNAs) that possess a diverse range of functions and participate in many
biological pathways. This leads us to hypothesize for an existence of putative
NcRNAs in these ESTs. This proposed comprehensive analysis of shrimp
transcriptomes will reveal gene content (both protein-coding and non-coding
transcripts) in under-uncharacterized shrimp genomes. Given that an up-to-date
compilation of shrimp protein-coding genes as well as a novel collection of
NcRNAs to be obtained for general public in an online searchable database, this
information will contribute great benefits to not only shrimp immunity research
but also shrimp community as a whole. Importantly, an analysis of ESTs from
various sources, cell types and shrimp species upon pathogen-infection warrants
useful information on pathogen-responsive shrimp genes for developing a
successful management of virulent control or disease prevention. Furthermore,
these pathogen-responsive shrimp genes, after laboratory testing and validation,
can be used as markers to screen for characteristics of these genes in current
Thailand domesticated broodstock families. Broodstock families with selected
traits of genes and/or gene expression can be focused in selective breeding
programs to obtain pathogen-resistant broodstock for sustainable shrimp

aquaculture.
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A significance of expressed sequence tags (ESTs) to shrimp research
community has been demonstrated, especially being an initial step for
understanding shrimp-pathogen interactions (for review, see Leu et al. 2011,
Pongsomboon et al. 2011; Tassanakajon et al. 2013). Briefly, a large scale EST
study from various tissues and conditions of the black tiger shrimp Penaeus
monodon was performed by Thai scientists led by Professor Dr. Anchalee
Tassanakajon in 2006, and the data has been deposited in Thailand’s Penaeus
monodon EST Project database (Tassanakajon et al. 2006). Another large scale
EST study from whole P. monodon was conducted by Taiwanese scientists led by
Dr. Lo, whose study was focused on a comparison between normal shrimps and
those challenged by white spot syndrome virus (WSSV; Leu et al. 2007). For the
Pacific white shrimp P. (Litopenaeus) vannamei, several studies were performed
by a group led by Dr. Paul Gross in the USA (O’Leary et al. 2006) and
corresponding EST clones were deposited in the Marine Genomics Database
(McKillen et al. 2005). These two shrimp species account for nearly 90% of global
aquaculture production, and almost all of the shrimp EST data currently
published have been derived from the two species. Recently most ESTs have
been generated by next-generation DNA sequencing (NGS) instead of by a
traditional cDNA library approach, suggesting that more available data can soon
be obtained for these two and other shrimp species. However, this proposed
study will be mainly focused on data from P. monodon and P. vannamei, two

economically important shrimp species of Thailand.

The above two specialized databases for shrimp hold only ESTs that
were generated by their authors’ own laboratories. While Penaeus monodon EST
Project database specialized for only black tiger shrimp, Marine Genomics
Database covers about 28 marine organisms (15 are crustaceans). Recently
Taiwan Penaeus Genome (PAGE) database was the first shrimp database that
combined available EST data from various sources for four penaeid species (Leu
et al. 2011). A general pipeline for data analysis in these three databases consists
of sequence quality filtering, contig construction and in-silico function prediction
(BLAST for homologs in either GenBank or Uniport and Gene Ontology prediction
inferred from homologs). Unfortunately, these databases often lack a periodic
update for newly available data, especially those short reads generated by NGS.
In addition, a homology search against GenBank database of ESTs in Penaeus
monodon EST Project database revealed more than 40% of EST clones have no
homolog; a similar proportion was reported in Penaeus Genome (PAGE) and

Marine Genomics databases. This suggests that a large proportion of available
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shrimp ESTs may not appear to encode proteins or may be outside any known
gene regions (Kampa et al. 2004; Kapranov et al. 2002). In addition to mRNAs,
rRNAs and tRNAs, there are a number of regulatory non-coding RNAs (ncRNAs) that
regulate and participate in a diverse range of biological processes. Recently, an
increasing number of reports observe polyadenylated and mRNA-like ncRNAs in
eukaryotes (these RNAs are spliced but do not have appreciable open reading
frames or evidence for protein coding capacity). Promisingly, several studies
found ncRNAs in EST libraries (e.g., Macintosh et al., 2001; Tupy et al. 2005;
Seemann et al. 2007).

Within arthropods, crustaeans are scantly sampled for genomic
studies, relatively to their closely cousins, true insects. A large number of insect
genomes have been completed or in draft assemblies, the only genome of
Daphnia pulex (Branchiopoda: Crustacea) was recently completed (Colbourne et
al. 2011). The information from better-annotated and heavily-sampled insect
genomes (e.g., several genomes of fruit flies, mosquitoes, the honey bee and the
red flour beetle) is valuable for a pipeline of shrimp gene discovery. In addition,
several transcriptome studies in insects and other non-penaeid crustaceans have
been reported (e.g, Jung et al. 2011; Ma et al. 2012; Gibson et al. 2013).
Therefore, the pipeline of shrimp sequence annotation in this study will utilize

the insect and other crustacean genomic data.

Although Taiwan PAGE combined available EST data from various
sources for four penaeid species (Leu et al. 2011), no additional analysis was
conducted on these data, and no data update was performed since its initial
release. Pongsomboon et al. (2011) performed a global analysis of pathogen-
challenged EST libraries in Thailand’s Penaeus monodon EST Project database
using microarrays and revealed a list of P. monodon genes that were differentially
expressed and possibly defensive against WSSV, yellow head virus (YHV) and
Vibrio harveyi. Recently, we have designed and been constructing a database
system, namely Shrimp Gene and Protein Annotation Tool (ShrimpGPAT;
http://shrimpgpat.sc.mahidol.ac.th/), to collect molecular sequences (e.g., ESTs,
short reads of transcriptomes, full length cDNA and proteins) of shrimps. In
addition to in-silico prediction and bioinformatics tools, ShrimpGPAT allows users
to annotate EST records (community-based annotation).  Thus, data in
ShrimpGPAT, currently holding at least 300,000 EST records, will be of interest for
a global analysis in this proposed study.
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Materials, Methods and Results

The project was conducted in the following four aspects: Updating
molecular sequences of decapods, annotation of sequences for protein-coding genes

and non-coding RNAs and indetification of pathogen-specific responsive genes.

1. Data collection update, sequence cleaning-up, and contig construction

The  Shrimp  Gene and  Protein  Annotation  Tool  (ShrimpGPAT,
http://shrimpgpat.sc.mahidol.ac.th/v1/; Leekitcharoenphon et al., 2010), Release # 1
contained only expressed sequence tags (ESTs) for 316,900 sequences for six species of
decapods, including four penaeid shrimp. These EST data were generated by traditional
Sanger sequencing of clone selection. The newly downloaded sequences including
ESTs, cDNAs, and proteins for 14 decapod species (see the list of species in Table 1) were
obtained mainly from NCBI GenBank. Some additional EST sequences were obtained
from the Marine Genomics database (http://www.marinegenomics.org/; McKillen et al.
2005), the Penaeus monodon EST Project database (http://pmonodon.biotec.or.th/,
Tassanakajon et al. 2006) and the data generated in laboratories of ours and our
collaborators.  Transcriptomic data generated by next-generation sequencers (NGS),
publicly available in the SRA database (www.ncbi.nlm.nih.gov/sra), were also
downloaded for three species of shrimp (i.e, the black tiger shrimp Penaeus monodon,
the Pacific white shrimp P. (Litopenaeus) vannamei and Macrobrachium rosenbergii).
The NGS short reads from the NCBI SRA database were processed by SRA Toolkit.
Currently, Roche 454 and Illumina are the two platforms of NGS for these datasets. EST
sequences were masked by cross match (http://www.phrap.org/) for vector and
contaminating sequences against both full-length vector sequences, if available, and
Univec database  (http://www.ncbi.nlm.nih.gov/VecScreen/UniVec.html). Masked
sequences were processed by an in-house PERL script to produce vector-free sequences.
Adapter sequences in NGS short reads were trimmed by sfffile or Trimmomatic (Bolger et
al. 2014), for Roche 454 and Illumina data, respectively. Paired-end NGS sequences from
the Illumina platform were merged with FLASh (http://ccb.jhu.edu/software/FLASH/,
Magoc and Salzberg 2011). Trimmed sequences were de novo assembled by either
CAP3 (Huang & Madan, 1999) or Newbler with the default parameter setting. To improve
contig construction for P. monodon and P. vannamei, we used MIRA (Chevreux et al.
2004) to combine sequencing reads from various technologies (i.e., transcript sequences
were generated by traditional Sanger sequencing and several platforms of NGS) to

construct transcript contigs from hybrid datasets. In addition, for almost all of NGS
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datasets were assembled by Trinity (Grabherr et al. 2011) with the default parameter
setting.

1.1 Updated sequences (ShrimpGPAT Release #2)

The ShrimpGPAT database Release # 1 (http://shrimpgpat.sc.mahidol.ac.th/v1/
Leekitcharoenphon et al., 2010) previously contained only ESTs of 316,900 sequences
for six species of decapods, including four penaeid shrimp. We further collected all
available sequences from NCBI GenBank, including ESTs, cDNAs, proteins and short
reads transcriptome datasets for the total of 14 decapod species (Table 1). Additional
EST sequences of P. monodon and P. vannamei were downloaded from either the
Marine Genomics database or the Penaeus monodon EST Project database. To avoid
duplicates in our data collection, the sequences were processed whether they had
already deposited in the GenBank because some of them already published and
deposited there. The associated information on these sequences (e.g., tissue types,
conditions of experiments) was also downloaded and later deposited to the
ShrimpGPAT database.

All sequences were processed via the sequence cleansing step as described above.
For the transcript contig construction, we performed de novo assembly for all 14
species with traditionally-generated EST sequences (except Macrobrachium rosenbergii
includes NGS transcriptome data) and by either CAP3 or Newbler assemblers, resulting
in 100,585 transcript contigs in total (Table 1). These set of contigs along with EST,
cDNA and protein sequences (the total of >500,000 records) were used for in-silico

functional annotation (see below).

Among >500,000 records of the ShrimpGPAT database Release # 2 (Table 1;
http://shrimpgpat.sc.mahidol.ac.th/ShrimpGPATV2/), P. vannamei has the highest
number of records (~299,000), and P. monodon has the second highest (~138,000). The
numbers signify their importance as species of the highest interest to the shrimp
scientific research community and species most-cultivated or captured for trade.
Similarly, the six penaeid shrimp have combined records that number about four times
that of the other eight decapod species in the database (i.e., ~460,000 vs. 111,000). A
large proportion of the records for each species are ESTs and transcript contigs,
whereas the numbers of cDNA and protein records are still relatively small. The
number of transcript contigs for each species is the summation of all contig sequences
constructed by the set of ESTs and by the set of SRA reads. Note that transcript contig
records produced by different contig assemblers (e.g, CAP3 and Newbler) may

constitute the same sequences. Regarding transcript contigs of SRA reads,
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Macrobrachium rosenbergii is the only species that currently has transcript contigs
derived from an SRA dataset (81,411 reads for 50 million base pairs that could be
assembled). Among the 14 species, Scylla olivacea has the lowest number of records
in its EST collection. It is the first publicly-available collection of ESTs for this species

and it was recently generated by our laboratory.

Table 1 The number of molecular sequence records in ShrimpGPAT Release #2

Species # of records
Scientific name Common name EST  Transcript contigs cDNA Protein
a

Penaeus (Penaeus) monodon Black tiger shrimp 86,327 18,410 1,976 602

Penaeus (Litopenaeus) vannamei  Pacific whiteleg 176,592 47,058 74,828 574
shrimp

Penaeus (Litopenaeus) setiferus ~ White shrimp 1,042 126 135 27

Penaeus (Fenneropenaeus) Fleshy prawn 10,446 2,714 arg 257

chinensis

Penaeus (Fenneropenaeus) indicus Indian prawn 714 155 348 127

Penaeus (Marsupenaeus) Kuruma prawn 3,156 662 989 743

japonicus

Macrobrachium rosenbergii Giant freshwater 4,427 8,550b 635 389
prawn

Cherax quadricarinatus Cray fish 120 90 239 226

Pacifastacus leniusculus Signal crayfish 802 199 914 88

Homarus americanus American lobster 29,957 12,709 186 227

Scylla olivacea Orange mud crab 203 80 121 0

Scylla paramamosain Green mud crab 3972 56 720 698

Callinectes sapidus Blue crab 10,563 2,104 173 161

Carcinus maenas Green crab 15,559 7,672 273 275

* The number of transcript contigs in each species is the summation of all contig
sequences constructed by a set of ESTs and by a set of SRA reads with CAP3 (with
default or 97%-similarity parameters) and Newbler (with default parameters).

° Including SRA transcript contigs produced by Newbler.

1.2 Updated the database by NGS datasets

Recently most ESTs have been generated by NGS instead of by a traditional cDNA
library approach and a number of datasets have been available both in public domains

and in private collections of our and our collaborators’ laboratories. Key aspects of
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transcriptomes by NGS are a reduction in bias in clone selection and a high coverage of
a transcriptome of interest. Therefore, in this study we proposed to collect these data
and mainly focus on data from P. monodon and P. vannamei. Tables 2 and 3 show
description and the number of sequences for 11 datasets for P. monodon and 17
datasets for P. vannamei we have collected, respectively. These data were generated
from various conditions of shrimp such as normal shrimp, virus-infected shrimp or
shrimp survivors from virus-infection. P. monodon datasets contain the total of 99.3
million sequences, whereas P. vannamei datasets contains 248.7 million reads (Table
2).

Table 2 The statistics of our collection of P. monodon transcriptome data from the

next-generation sequencers.

SRA Run Acc.  NGS platforms Description # of reads
No.
SRR388207 llumina Genome  India WSSV-resistant shrimp from a 29,695,294
Analyzer Il heavy infection
SRR388221 llumina Genome  India Andaman Island WSSV- 38,865,759
Analyzer I resistant shrimp from a heavy
infection
SRR388222 [lumina Genome  East coast India WSSV-resistant 29,613,680
Analyzer I shrimp from a heavy infection
SRR577080 454 GS FLX SSH of Survivor shrimp from WSSV 240,897
infection vs. normal shrimp
Locally 454 GS FLX Immature ovary 112,893
generated
Locally 454 GS FLX Mature ovary 122,493
generated
Locally 454 GS FLX Immature testis 119,780
generated
Locally 454 GS FLX Mature testis 113,575
generated
Locally 454 GS FLX Control shrimp 212,011
generated
Locally 454 GS FLX Moribund shrimp from WSSV 94,132
generated infection
Locally 454 GS FLX Survivor of shrimp from WSSV 151,239
generated infection

Total P. monodon 99,341,753
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Table 3 The statistics of our collection of P. vannamei transcriptome data from the

next-generation sequencers.

SRA Run Acc.  NGS platforms Description # of reads
No.
SRR346404 Illumina HiSeq Litopenaeus vannamei 13,697,473
2000 transcriptomes (normal)
SRR653437 Illumina HiSeq Identification genes involved in 204,712,407
2000 TSV-resistance of Litopenaeus
vannamei.
SRR839222 Ilumina HiSeq Transcriptome of shrimp in early 99,563
2000 development stages: embryo
SRR1037362  Illumina HiSeq Transcriptome of shrimp in early 49,814
2000 development stages: embryo
SRR1037365  Illumina HiSeq Transcriptome of shrimp in early 512,188
2000 development stages: Mysis
SRR842625 Illumina HiSeq Transcriptome of shrimp in early 208,799
2000 development stages: Mysis
SRR839236 Illumina HiSeq Transcriptome of shrimp in early 125,402
2000 development stages: nauplii
SRR1037363  Illumina HiSeq Transcriptome of shrimp in early 202,065
2000 development stages: nauplii
SRR842627 Illumina HiSeq Transcriptome of shrimp in early 255,170
2000 development stages: postlarval
SRR1037366  Illumina HiSeq Transcriptome of shrimp in early 429,357
2000 development stages: postlarval
SRR842572 Illumina HiSeq Transcriptome of shrimp in early 171,542
2000 development stages: protozoea
SRR1037364  Illumina HiSeq Transcriptome of shrimp in early 827,980
2000 development stages: protozoea
SRR1039534  Illumina HiSeq Individuals at development stage 26,951,393
2000 of Mysis
SRR554363 454 GS FLX Transcriptome of WSSV-infected 159,742
shrimp
SRR554364 454 GS FLX Transcriptome of non-infected 101,725
shrimp
SRR554365 454 GS FLX Transcriptome of TSV-infected 131,745
shrimp
SRR556131 454 GS FLX Transcriptome of non-infected 106,965
shrimp
Total P. vannamei 248,743,330
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First, we performed do novo assembly with MIRA assembler to combine NGS
transcriptome data with the traditionally-generated ESTs for P. monodon. This stetragy
was to investigate whether combining the two types of datasets would increase overall
length of transcripts. We obtained a set of P. monodon transcript contigs that were
produced by a combined dataset of all traditionally-generated EST sequences and a
set of 454/Roche run (SRR577080). Table 4 shows that the number of contigs obtained
with the combined dataset is more than that of EST sequences alone (24,927 vs.
13,250), and the length distribution of these contigs are shown in Fig 1. The combined
assembly contains more number of contigs than the traditionally-generated EST
assembly, but the distributions of transcript lengths are similar among the two
assemblies. Therefore, the sequence length was not improved much when combine
EST and NGS datasets together.

Table 4 Descriptive statistics of contigs assembled by MIRA on two datasets of P.

monodon.

Dataset EST EST+NGS (SRR577080)
(a01_mira)

# of reads 91,498 533,407

# of assembled reads 51,139 185,005

# of contigs 13,250 24,927

Contig length (min-max) 80-4945 44-4942
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Figure 1 Length distributions of contigs from the datasets of EST (red) and of EST and
NGS (white).

Second, we grouped the datasets into several sets of small size and assembled
them separately. This was considered the large amount of data and limited
computational resource. Separately assembling NGS datasets of related experimental
conditions will likely produce a more biolocally meaningful assembly that does
assemblying several unrelated NGS datasets. We have completed the assembly
process for all NGS datasets for both P. monodon and P. vannamei with Newbler,
MIRA, or Trinity assemblers. Note that all of assemblers produce transcript contigs,
whereas Trinity produces a collection of “genes” by grouping similar transcript contigs
that might come from the alterative splicing process (Table 2).

Table 5 shows the number of transcript contigs for each dataset. Here, almost all of
the assemblies were produced by each dataset individually to reduce computational
time as well as to reduce mixed datasets, which could result in a poor quality of

assemblies. However, some of assemblies were produced by multiple datasets from
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the same experiment design and/or the same platform. The total 41 assemblies

include 19 assemblies for P. monodon and 22 for P. vannamei.
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Figure 2 Length distribution of P. monodon assemblies.

The EST datasets were assembled by all four assemblers using either EST
dataset alone or combined with some NGS datasets (Tables 5). The assemblies of
combined EST and NGS (SRR577080) data of P. monodon by MIRA was described above
(Table 4) and by Trinitiy (@01 454 Trinity) was describe here. For P. monodon, MIRA
produced the highest number of contigs followed by CAP3, and Trinity produced the
lowest number of contigs. CAP3 (default) and Trinity gave some longer contigs, but the

length distributions are similar among four assemblers (Fig. 2). Similarly, a similar
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pattern was observed for P. vannamei EST, NGS-single-read and NGS-paired-end
assemblies (Figs. 3, 4 and 5, respectively). For P. monodon, EST datasets and 454
datasets were assembled together with MIRA (the a01 mira assembly). This assembly
contains more number of contigs than the assemblies of only ESTs (635,142 contigs)

and produced some longer contigs (maximum length = 16,124 bps; Table 4 and Fig 2).
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Figure 3 Length distribution of P. vannamei EST assemblies.
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For 454 datasets of P. monodon, we focused on the locally generated datasets
(C01; BIOTEC-cuticular contains BIOTEC-CC, BIOTEC-CM, and BIOTEC-CS) from cuticular
tissues of shrimp challenged by WSSV. The assemblies of CO1 were produced by
Trinity, MIRA and Newbler. MIRA produced more contigs than the other assemblers
(~22,500 vs. 13,000-16,000), but with a similar length distribution (Fig. 2). We used
these assemblies for the subsequent analyses of differentially expressed genes. P.
vannamei 454 datasets were combined and assembled by Trinity (SRX181883.Trinity).
These assemblies were derived from the transcriptome datasets in the same
experiment by TSV- and WSSV-challenged samples (Table 6) and contain about 5500

contigs (and genes).

Table 5 The transcriptome assemblies for both ESTs and NGS datasets of P. monodon

Assembly NAME Input Assembler Output

dataset # reads Platform’ Layo #contigs #Gene Min © Max

(sequences) ut’

P. monodon
€01 _pm_mira €01 pm 91698  EST S MIRA 13250 N/A 80 4945
€01 pm_cap397 €01 _pm 91698  EST S CAP397 10357 N/A 46 4613
€01 _pm_cap3DF €01 _pm 91698  EST S CAP3DF 8634 N/A 46 6309
e01_pm_Trinity e01 pm 91698  EST S Trinity 7523 7081 201 6308
e02_pm_mira 02 _Pm 52060  EST S MIRA 5881 N/A 80 4927
02 pm_cap97 02 _Pm 52060  EST S cap397 4130 N/A 66 4613
€02_pm_capDF €02 Pm 52060 EST S cap3DF 3938 N/A 66 6286
e02 _pm_Trinity e02 pm 52060  EST S Trinity 3152 3013 202 6286
a0l mira a01 180748727  EST S Mira 635142 N/A 31 16124
a01 454 Trinity SRR577080 240897 454 S Trinity 2682 2317 201 1581
illumina_trinity SRR SRR388207 25366741 Il GAll P Trinity 1106 1046 201 5950
388207 PE
illumina_trinity SRR SRR388221 33342406 Il GAll P Trinity 57417 44610 201 15824
388221 PE
illumina_trinity SRR SRR388222 23894792  IL GAll P Trinity 65467 50599 201 14928
388222 PE
illumina_trinity SRR SRR388207_SR 4402610  ILGAll S Trinity 41924 36101 201 12386
388207 SR
illumina_trinity SRR SRR388221 SR 5358202 Il GAll S Trinity 37249 30929 201 9345
388221 SR
illumina_trinity SRR SRR388222 SR 5580614 Il GAIl S Trinity 44875 39402 201 14199
388222 SR
c01_mira c01 (BIOTEC- 453353 454 S MIRA 22592 N/A 40 7440

cuticular)
col_Trinity c01 453353 454 S Trinity 13262 12556 201 7086
c01_Newbler c01 453353 454 S Newbler 16614 N/A 70 12340

: sequencing platforms: EST, 454 (pyrosequencing), Illumina (Il GAll [Genome Analyzer Il] or HiSeq 2000)
° sequencing layouts: S (Single end) and P (Paired end)
 Minimum and Maximum length (bps)
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vannamei.
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The transcriptome assemblies for both ESTs and NGS datasets of P.

Assembly NAME Input Assembler Output
dataset # reads Platform’ Layo #contigs #Gene Min Max
(sequences) ut®
P. monodon
€01 _pm_mira €01 pm 91698  EST S MIRA 13250 N/A 80 4945
e01_pm_cap397 €01 _pm 91698  EST S CAP397 10357 N/A 46 4613
e01_pm_cap3DF e01 _pm 91698  EST S CAP3DF 8634 N/A 46 6309
e01_pm_Trinity e01 _pm 91698  EST S Trinity 7523 7081 201 6308
e02_pm_mira e02_Pm 52060  EST S MIRA 5881 N/A 80 4927
€02 pm_cap97 €02 Pm 52060 EST S cap397 4130 N/A 66 4613
€02 pm_capDF €02 Pm 52060 EST S cap3DF 3938 N/A 66 6286
€02 _pm_Trinity €02 pm 52060  EST S Trinity 3152 3013 202 6286
a0l mira a01 180748727  EST S Mira 635142 N/A 31 16124
a01_ 454 Trinity SRR577080 240897 454 S Trinity 2682 2317 201 1581
illumina_trinity SRR SRR388207 25366741 Il GAIl P Trinity 1106 1046 201 5950
388207 PE
illumina_trinity SRR SRR388221 33342406 Il GAll P Trinity 57417 44610 201 15824
388221 PE
illumina_trinity SRR SRR388222 23894792  IL GAll P Trinity 65467 50599 201 14928
388222 PE
illumina_trinity SRR SRR388207_SR 4402610 Il GAll S Trinity 41924 36101 201 12386
388207 SR
illumina_trinity SRR~ SRR388221 SR 5358202 Il GAll S Trinity 37249 30929 201 9345
388221 SR
illumina_trinity SRR SRR388222 SR 5580614 Il GAIl S Trinity 44875 39402 201 14199
388222 SR
c01 mira c01 (BIOTEC- 453353 454 S MIRA 22592 N/A 40 7440
cuticular)
col Trinity c01 453353 454 S Trinity 13262 12556 201 7086
c01_Newbler c01 453353 454 S Newbler 16614 N/A 70 12340
P. vannamei
e01 pv mira e0l pv 163737  EST S MIRA 25901 N/A 80 4448
€01 _pv_cap97 €01 _pv 163737  EST S cap397 16690 N/A 81 3669
e01_pv_capDF €01 _pv 163737  EST S cap3DF 14451 N/A 83 3860
e01 pv_Trinity e01 pv 163737 EST S Trinity 10858 10409 201 4847
e€02_pv_mira e02_pv 162100  EST S MIRA 25960 N/A 80 5543
eo2 pv_cap97 e02 pv 162100  EST S cap397 16441 N/A 51 3967
€02 pv_capDF €02 _pv 162100  EST S cap3DF 14637 N/A 51 4833
€02 pv_Trinity €02 _pv 162100  EST S Trinity 10430 10054 201 4746
SRR653437.Trinity SRR653437 fastq 197297608  HiSeq2000 S Trinity 163151 110916 201 17052
SRR839222.Trinity SRR839222 fastq 988  HiSeq2000 S Trinity 24 9 248 1685
SRR1037362.Trinity SRR1037362.fastq 588  HiSeq2000 S Trinity 43 40 203 462
SRR1037365.Trinity SRR1037365.fastq 9402  HiSeq2000 S Trinity 138 96 201 1418
SRR842625.Trinity SRR842625 fastq 1889  HiSeg2000 S Trinity 19 9 202 1368
SRR839236.Trinity SRR839236 fastq 1578  HiSeq2000 S Trinity 19 8 204 1645
SRR1037363.Trinity SRR1037363 fastq 2598  HiSeq2000 S Trinity 86 108 201 1851
SRR842627.Trinity SRR842627 fastq 2158  HiSeq2000 S Trinity 18 6 219 1713
SRR1037366.Trinity SRR1037366.fastq 7659  HiSeq2000 S Trinity 132 101 201 1331
SRR842572.Trinity SRR842572 fastq 2182  HiSeq2000 S Trinity 22 8 209 1929
SRR1037364.Trinity SRR1037364 fastq 13954  HiSeq2000 S Trinity 195 127 205 1148
SRR1039534.Trinity SRR1039534 fastq 338219  HiSeg2000 S Trinity 3679 3011 201 3544
SRX181883.Trinity SRR554363.sra,SR 470097 454 S Trinity 5506 5098 201 3852
R554364.sra,
SRR554365.sra,SR

R556131.sra
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SRR839222.Trinity SRR839222(t1.fq,t 83916  HiSeq2000 Trinity 11 11 319 3550
2fq)

SRR839222 IL_PE SRR839222(t1.fq,t 83916  HiSeq2000 MIRA 75 N/A 37 2263
2.fq)

SRR1037362.Trinity SRR1037362.(t1.f 49813  HiSeq2000 Trinity 166 132 206 4701
q.t2.fg)

SRR1037362 IL_PE SRR1037362.(t1.f 49813  HiSeq2000 MIRA 690 N/A 32 9718
qt2.fq)

SRR1037365.Trinity SRR1037365(t1.fq 512187  HiSeq2000 Trinity 331 265 203 4638
t2.fq)

SRR1037365 IL_PE SRR1037365(t1.fq 512187  HiSeq2000 MIRA 3405 N/A 32 4781
t2.fq)

SRR842625.Trinity SRR842625(t1.fq,t 208797  HiSeq2000 Trinity 18 14 258 2040
2.fq)

SRR842625 IL_PE SRR842625(t1.fq,t 208797 HiSeq2000 MIRA 679 N/A 34 1412
2fq)

SRR839236.Trinity SRR839236(t1.fq,t 125402  HiSeg2000 Trinity 20 13 237 1980
2fq)

SRR839236 IL_PE SRR839236(t1.fq,t 125402  HiSeg2000 MIRA 366 N/A 36 1655
2.fq)

SRR1037363.Trinity SRR1037363(t1.fq 202063  HiSeq2000 Trinity 257 216 204 4626
t2.fq)

SRR1037363 IL_PE SRR1037363(t1.fq 202063  HiSeq2000 MIRA 1791 N/A 32 5050
t2.fq)

SRR842627.Trinity SRR842627(t1.fq,t 255170 HiSeq2000 Trinity 21 17 233 3486
2fq)

SRR842627_IL_PE SRR842627(t1.fq,t 255170 HiSeq2000 MIRA 679 N/A 34 1918
2.fq)

SRR1037366.Trinity SRR1037366(t1.fq 429354  HiSeq2000 Trinity 311 251 201 4671
t2.fq)

SRR1037366 IL_PE SRR1037366(t1.fq 429354  HiSeq2000 MIRA 2993 N/A 34 4407
t2.fq)

SRR842572.Trinity SRR842572.(t1.fq, 171542 HiSeg2000 Trinity 18 14 257 1987
t2.fq)

SRR842572 IL_PE SRR842572.(t1.fq, 171542 HiSeg2000 MIRA 454 N/A 62 1911
t2.fq)

SRR1037364.Trinity SRR1037364(t1.fq 827976  HiSeq2000 Trinity 303 255 202 4684
t2.fq)

SRR1037364 IL_PE SRR1037364(t1.fq 827976  HiSeq2000 MIRA 4937 N/A 31 3142
t2.fq)

SRR1039534.Trinity SRR1039534(t1.fq 26951256  HiSeq2000 Trinity 72137 60957 201 14366
t2.fq)

: sequencing platforms: EST, 454 (pyrosequencing), Illumina (Il GAll [Genome Analyzer II] or HiSeq 2000)
° sequencing layouts: S (Single end) and P (Paired end)
“ Minimum and Maximum length (bps)

For Illumina platform datasets, almost all of them are paired-end libraries.
After processing by Trimmomatic and FLASh pipelines, the sequence were separated
into 1) those sequences without pair-end sequences or pair-end sequences were
combined into a single sequence and 2) those with pair-end sequences. Sequences of
the former were assembled in the single-end nature (with Trinity), whereas those of the
latter were assembled in the paired-end nature (with both MIRA and Trinity). Overall,
MIRA produced more transcript contigs than Trinity, but length distributions are similar.

Some of paired-end datasets of P. vannamei produced a small number of contigs (e.g.,
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SRR839222, SRR842625, SRR839236, SRR842627 and SRR842572) even though they had

a large number of reads.

Some of these assemblies (Tables 5 and 6) were reassembled or grouped for
the second round by either CAP3 or CD-HIT-EST (Fu et al. 2012; Table 7). For
examples, contigs of a0l MIRA assembly were grouped again by both CAP3 and CD-
HIT-EST for formatting sequencing IDs in Trinity format (the format that contains both
gene id and isoform id for each contig). Here, each cluster of CD-HIT-EST was
considered as a gene and members of such a cluster (e.g., MIRA contigs) were
considered as isoforms of such a gene. This conversion of sequence IDs will be used
in the subsequent analyses of differentially expressed genes. Note that a large
proportion of these sequences remain as singletons (i.e., could not found a similar
sequence within an assembly by our CD-HIT-EST parameter setting). The proportion of
contigs that were formed multimember groups are ~5%, ~10%, and ~20% for

c01 newbler, cO1 trinity and c01_mira, respectively.

Another aspect of grouping transcript contigs with CD-HIT-EST was to combining
assemblies of the same datasets of paired-end layout but were assembled by single
end and paired-end reads after the quality control process) together (see above).
Thus, we combined the output contigs of these two assemblies with CD-HIT-EST (Table
7). Majority of the second round assemblers are predominant with singleton (>85% of

the clusters).
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Table 7 The assemblies produced by CD-HIT-EST or CAP3 of the assembled transcripts

Assembly Inpu‘[a Assembler Output
NAME

Assembly NAME #reads Platform’ # Seq Min" Max
P. monodon
a01 2CAP397 a0l mira 635142 EST CAP397 61715 42 16124
a01 2CAP3DF a0l mira 635142 EST CAP3DF 67374 42 16123
a01 2CDHIT a0l mira 635142 EST CD-HIT 433100 31 16124
illumina_trinity_SRR388207_2 illumina_trinity_SRR388207_PE, 43030 Il GAll cd-hit-est 40442 201 12386
CDHIT illumina_trinity SRR388207_SR
illumina_trinity_SRR388221_2 illumina_trinity_SRR388221_PE,illu 94666 Il GAIl cd-hit-est 64783 201 15824
CDHIT mina_trinity SRR388221 SR
illumina_trinity SRR388222 2 illumina_trinity SRR388222 PE,illu 110342 1L GAll cd-hit-est 72885 201 14928
CDHIT mina_trinity SRR388222 SR
pm_P_trinity e01 3CDHIT a01_454_Trinity, €01_pm_Trinity, 258243 454 cd-hit-est 119264 201 15824

illumina_trinity SRR388207 2CDHIT,
illumina_trinity SRR388221_2CDHIT,
illumina_trinity SRR388222_2CDHIT

pm_APCO1_trinity_ e01 3CDHI 01 454 Trinity, €01_pm _Trinity, 271505 454 cd-hit-est 122986 201 15824
T illumina_trinity SRR388207 2CDHIT,

illumina_trinity_SRR388221_2CDHIT,

illumina_trinity_SRR388222_2CDHIT,

col_Trinity

c01 Trinity 2CDHit col Trinity 13262 454 CD-Hit-est 13077 201 7086

c01_MIRA_2CDHItEST c01_mira 22592 454 CD-Hit-est 18812 40 7440

c dSFFe isotigs 2cdhit 1 c01 Newbler 16614 454 cd-hitest’ 15853 40 12340

c_dSFFe isotigs 2cdhit 2 c01 Newbler 16614 454 cd-hitest’ 15854 40 12340

c_dSFFe isotigs 2cdhit 3 c01 Newbler 16614 454 cd-hitest’ 15854 40 12340

c_dSFFe isotigs 2cdhit 4 c01 _Newbler 16614 454 cd-hit-est’ 15479 40 12340

P. vannamei

SRR839222.Trinity 2CDHIT SRR839222.Trinity SE+PE 35 HiSeq2  cd-hit-est 23 248 3550
000

SRR1037362.Trinity 2CDHIT SRR1037362.Trinity SE+PE 209  HiSeq2  cd-hit-est 177 206 4701
000

SRR1037365.Trinity 2CDHIT SRR1037365.Trinity SE+PE 469  HiSeq2  cd-hit-est 392 201 4638
000

SRR842625.Trinity 2CDHIT SRR842625.Trinity SE+PE 37 HiSeq2  cd-hit-est 26 258 2040
000

SRR839236.Trinity 2CDHIT SRR839236.Trinity SE+PE 39  HiSeq2  cd-hit-est 27 237 1980
000

SRR1037363.Trinity 2CDHIT SRR1037363.Trinity SE+PE 365 HiSeq2  cd-hit-est 310 202 4626
000

SRR842627.Trinity 2CDHIT SRR842627.Trinity SE+PE 39  HiSeq2  cd-hit-est 31 219 3486
000

SRR1037366.Trinity 2CDHIT SRR1037366.Trinity SE+PE 443 HiSeqg2 cd-hit-est 375 201 4671
000

SRR842572.Trinity 2CDHIT SRR842572.Trinity SE+PE 40  HiSeqg2 cd-hit-est 32 209 1987
000

SRR1037364.Trinity 2CDHIT SRR1037364.Trinity SE+PE 498  HiSeq2  cd-hit-est 393 203 4684
000

SRR1039534.Trinity 2CDHIT SRR1039534.Trinity SE+PE 74816  HiSeq2  cd-hit-est 69010 201 14366
000

: Input sequences were contigs produced previously (see Table 1 or Table2)

° sequencing platforms: EST, 454 (pyrosequencing), Illumina (It GAIl [Genome Analyzer 1] or HiSeq 2000)
“ Minimum and Maximumn length (bps)

¢ different parameter settings
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2. Putative functional prediction for protein-coding genes

2.1 Putative functional prediction for protein-coding genes in ShrimpGPAT
Release #2

All nucleotide sequences (EST, transcript contigs and cDNA sequences) were
queried (BLASTN and BLASTX) against the nt and nr databases, respectively. BLASTP was
performed for protein sequences against the nr database. Homologous sequences were
defined as hits with >50% alignable region of a query sequence, E-value < 10° (for
BLASTN) or < 10" (for BLASTX and BLASTP), and identity of >70% (BLASTN) or of >25%
(BLASTX and BLASTP). GO classification of each shrimp sequence was derived from its
homologous proteins or nucleotides by mapping to information from the Protein
Information Resource (http://pir.georgetown.edu/). GO functional classification and
putative gene identification from BLAST were stored in the ShrimpGPAT database
(http://shrimpgpat.sc.mahidol.ac.th/ShrimpGPATV2/).

All sequences in Table 1 were search for homologous sequences. The information
of homologs and GO classification for these sequences were deposited in the
ShrimpGPAT database for an ease of searching and query. Furthermore, the
ShrimpGPAT system allows users with expertise in the fields to annotate and curate
such information. This feature will further enrich and improve such annotation of

shrimp genes.

2.2 Putative functional prediction for protein-coding genes by Trinotate

Annotation of nucleotide sequences for EST and contig datasets was carried out
by a modified Trinotate pipeline (https://trinotate.github.io/; here, we called
byTrinotate; Fig 6). Briefly, sequences (namely, Trinity.fasta) were screened for WSSV
sequences via BLASTN (Step W), clustered with known shrimp cDNA sequences (Step
C), and clustered with other known sequences from previously characterized shrimp
contigs/ESTs (Step F). The sequences without similarity to known sequences from
Steps W, C and F were fed to BLASTX and BLASTP of Trinotate pipeline. All nucleotide
sequences were used in almost all of Trinotate steps (prediction of protein coding
sequences [Transdecoder; https://transdecoder.github.io/], prediction for protein
domains [HMMer; Finn et al. 2011], signal peptides [SignalP; Petersen et al. 2011],
transmembrane regions [TmMHMM; Krogh et al. 2011], rRNA [RNammer; Lagesen et al.
2007]), except BLASTX and BLASTP which were for the sequences without similarity to
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known sequences from Steps W, C and F. In-house scripts were used to generate short

description for annotated sequences.

;—.As'nanm_ Trinity.fasta TrinitylD.
PN ! !

w Al: A2:Gene_Trans
Transdecoder L
Transdecoder
peptitde file l ‘
c
I ’s'f"""“" Loading
ignap,
= A4-A7 TmHMM, C2-C5 r:;u‘l‘r ‘ff:;n
‘ RNammer ,A4:
—
F Preparing sqlite file
Trinotate, | =————- | B1,B2 & Loading
sqlite Transcript-protein
blastp outimts
AS: BlastX Convert to Trinity 10 uniref80 blasip . c1 Loading Blast
outimis = Report
blastp.outfmté
A3: BlastP | = | unirefS0.biastp
.outfmté
Trinotate.
sqlite with
Result
Trinotate
e CONVEIT (0 AS Tran D annotaion report < &
E: Data
D1: report Extraction by
generation Features
N blastn.outfmt
_——
.nt.out

F: Get records by
Blastx/ Blastp

features.tsv.. -

/

G:Getting Tophit
<+ H: Getting Description for
Tophit results

blast.tophit.

Figure 6 Beyond-Trinotate pipeline (byTrinotate pipeline).

Annotation of unique sequences for EST and contigs was carried out by a
modified Trinotate pipeline (https://trinotate.github.io/; byTrinotate; Fig 6). Table 8
shows the number of sequences with features and descriptions. Here, E0102_PMPV
has the lowest proportion of sequences that should be annotated (i.e., found a similar
sequence in public databases via byTrinotate pipeline), 28%, which is comprised of
44,426 sequences. That of ESTs has ~30%, whereas ContigsV22 has the highest

proportion, ~52%. Note that several of these putatively-annotated sequences can still
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remain uncharacterized due to their similar to uncharacterized sequences. Thus, the
proportion of sequences with putative function can be lower. The unknown
sequences were characterized for potential non-coding RNAs (see below). The
information of Beyond-Trinotate pipeline for these sequences will be deposited in the
next release of ShrimpGPAT database. Also, the pipeline will be applied for all of the

datasets we have collected.

Table 8 The number of unique nucleotide sequences that were annotated via

byTrinotate pipeline

Datasets # of byTrinotate Steps Total Unknown %
sequences W C F T Annotated sequences annotated

Protein rRNA sequences sequences
coding

EST 158299 12 1935 8813 37941 a2 48701 109598 30.77

contigs

ContigsV22 19495 1 136 69 10087 9 10293 9202 52.80

E0102_PMPV 61783 6 184 3521 13646 53 17357 44426 28.09

CO1_Trinity 13262 133 n/a n/a 8444 5 7725 5537 41.75

CO01_MIRA 22592 464 n/a n/a 11008 211 13065 9527 42.17

3. Non-coding RNA prediction

In this section, we used the unknown sequences of CO1 Trinity and CO1_MIRA
assemblies (Table 8) to investigate whether they are putative non-coding RNAs
(ncRNAs) with the pipeline described in Fig. 7. Breiftly, all nucleotide sequences were
assessed for protein-coding potential by three programs, PLEK (Li et al. 2014), CPC
(Kong et al. 2007), and CPAT (Wang et al. 2013). The sequences were also predicted
for class-specific NcRNAs using the following programs: rRNAs (RNammer (Lagesen et al.
2007), and blasted against Rfam 12.0 (Nawrocki et al. 2014)); tRNAs (tRNA-scan-SE (Lowe
and Eddy 1997) and ARAGORN (Laslett and Canback 2004)); tmRNA (ARAGORN); mtRNA
(ARWEN (Laslett and Canback 2008)); snoRNA, snRNA, RNaseP, RNaseMRP and
telomeraseRNA were predicted by ptRNApred (Gupta et al. 2014); miRNAs (blasted
against miRBase (Kozomara and Griffiths-Jones 2014) for both step loop MIRNAs and

mature miRNAs).
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unknown sequenecs

ncRNA Prediction
To predict coding potential To predict putative novel ncRNAs To identify known ncRNAs
by using Coding Potential Calculators by using RNA predictors by BLASTN against ncRNA databases
Type Tools Type Tools Type Tools
Coding potential PLEK (IncRNA) RNAs tRNAscan-SE mIRNA (stem loop) miRBase
ARWEN
G miRNA (mature miRNA) miRBase
itel) ImRNA ARAGORN
RNA Ram 12.0 (cmsearch)
rRNAs RNAmmer
snoRNAs PRNApred
SNRNA PIRNApred
SNaseP PIRNApred
RNase MRP PIRNApred
telomerase RNA PRNApred
Y RNA PIRNApred
IncRNA PLEK

ncRNA Classification

Figure 7 Pipeline for non-coding RNA prediction.

Table 9 The number of CO1 Trinity and CO1_MIRA transcripts with predicted ncRNAs.

Categories Assemblies

CO1_Trinity CO1_MIRA

Total unknown 5537 9527
non-coding PLEK 5479 6868

CPC 5363 9455

CPAT 5227 8449
tRNA 1 1
tmRNA 0 0
mtRNA 103 260
SNORNA 2812 4494
SNRNA 353 669
RNase P 1877 2897
RNase MRP 1 3
telomerase RNA 286 721
Y RNA 0 0
miRNA stem loop mMiRNA 1 0

mature miRNA 5 il

rRNA 5 211
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Table 9 shows that almost all of the unknow sequences in both CO1 Trinity and
C01_MIRA do not have protein-coding potential and are likely to be non-coding RNAs by
at least one of the three programs. Fewer sequences are predicted to contain potential
sequences of class-specific NcRNAs. The information on NncRNAs of these WSSV-infected
assemblies (CO1 Trinity and CO1 _MIRA) was used in the following comparison to select

for highly expressed ncRNA candidates in survivor samples.

4. Comparison between viral-infected libraries and to those from non-

infected libraries

Here, we present the comparison by two types of data: NGS and EST libraries.
For NGS, a comparison between WSSV-infected (survivor and moribund samples) and
control sample from cuticular tissues was analyzed with Trinity and MIRA assemblies.
For EST datasets, all available tissue and pathogen-challenge libraries were analyzed.
To improve the protein-coding gene prediction for the contig sequences, we used
Trinotate pipeline which includes BLASTX, BLASTP, RNAMMER, HMMER search for pfam
domains, Signalp, and TmHMM (see above). The pipeline also gives Gene Ontology
(GO) and putative polypeptide of transcripts. We also performed BLASTN against
particular pathogen genomes (e.g., WSSV genomes) to identify pathogen sequences in
the datasets.

4.1 NGS datasets: WSSV-challenged cuticular samples of P. monodon

The objective of the current analysis is to find sequences (genes) that are highly

expressed in survivor samples after WSSV infection in P. monodon.

4.1.1 Trinity Assembly dataset (CO1_Trinity)

As shown in Table 2, this assembly were combined the three NGS datasets of
transcriptomes from the control, moribund and survivor shrimp with WSSV infection.
The number of transcripts is 13,262, which are of 12,556 genes by Trinity. The
transcripts have median length of 515.5 bps and mean length of 657.92.
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Mapping with Bowtie2 (RSEM pipeline)

Table 10 shows the proportion of mappable reads ~46.2%; The number of
reads mapped to reference assembly is relatively low. Here, a low proportion of
mappable reads may be due to the default parameter setting use here for allowing
only 1-mismatch. Note that the proportion of mappable reads of moribund samples is
the lowest, while those of control and survivor samples are similar. Also, the number

of raw reads of the control sample is the highest (Table 10).

Table 10 The number of mappable reads CO1 Trinity reference assembly

Assembly Sample # Original # of # of % of
Reads Mappable Unmappable Mapped
reads Read
CO1 Trinity All 453353 209566 243787 46.2
Control 210205 98654 111551 46.9
Moribund 93472 41897 51575 44.8
Survivor 149676 69015 80661 46.11

Sequences with significantly differentially expressed (DE) at two-fold

change

| obtained the list of transcripts and genes that are significantly differentially
expressed (DE) at two-fold change and with various p-values (Table 11). P < le-5 gives
26 DE genes and 29 DE transcripts, while P < le-4 (a more relaxed criterion) gives
additional 14 DE genes and 14 DE transcripts. Similarly, additional 26, 32 and 195 DE
transcripts (23, 28 and 180 DE genes) are found for P < 1le-3, P < 1e-2 and P < 0.05,

respectively. We investigated five groups of transcripts at these p-values (Table 11).

For groups of 29 DE transcripts (or genes) at P < le-5, we divided them into
sample-specific transcripts (i.e., those with only mappable reads from only certain
sample), including Survivor-specific (S), Moribund-specific (M), Control-specific (C),
Survivor-and-Moribund-specific (MS; those with mappable reads from BOTH moribund
and survivor samples), and O. (none of S, M, C or MS). Among 29 DE transcripts of P <
le-5, MS has 8, C has 5 and O has 16, but none are found for S and M (Table 12). We
grouped additional DE transcripts of each P-value shown in Table 11 and found that DE
transcripts are found in' S and M only for P < 0.05 (Table 12).
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Table 11 The number of transcripts (and genes) that are differentially expressed
(two-fold change).

P-Value # of Genes # of Transcripts
Cat. value Total Gained from the total Gained from the
previous cat. previous cat.
1 0.000001 26 n/a 29 n/a
2 0.00001 40 14 43 14
3 0.0001 63 23 69 26
4 0.001 91 28 101 32
5 0.05 271 180 296 195
WSSV sequences

| searched transcript sequences against the WSSV genomes via BLASTN and
found that WSSV are found in Types S, M and MS, but not in C or O. Almost all of 29
MS transcripts of P < 1e-2 are of WSSV, except two transcripts (1 in each of P < 1e-3
and P < le-2). The putative gene names of these two transcripts are Ribonucleoside-
diphosphate reductase (P < 1e-3) and Serpin B (P < le-2). For P < 0.05, WSSV
sequences are found in S and MS (24/40 transcripts); interestingly, none of M DE
transcripts are of WSSV (6). Similar to other P-value criteria, none of WSSV is found in C

and O categories.



Materials, Methods and Results / 26

Table 12  Number of transcripts and genes that are significantly differentially

expressed.
# of transcripts
P-value cat. p-value Type # of genes non-WSSV
Total WSSV
total unknown known
1 0.00001 Al 26 29 8 21 5 16
S 0 0
M 0 0
MS 8 0
C 5 0 3 2
O 12 16 0 16 2 14
2 0.0001 Al 14 14 a4 10 2 8
S 0 0 0 0 0 0
M 0 0 0 0 0 0
MS 3 a4 a4 0 0 0
C a4 5 0 5 1 4
@) 7 5 0 5 1 4
3 0.001 Al 23 26 9 17 8 9
S 0 0 0 0 0 0
M 0 0 0
MS 7 10 9 0 1
C a4 0 a4 2 2
O 13 12 0 12 6 6
a4 0.01 All 28 32 6 27 6 8
S 0 0 0 0 0
M 0 0 0
MS 6 1 0 1
C 10 13 0 13 0 0
@) 0 13 0 13 6 7
5 0.05 All 180 195 24 171 46 127
S 5 6 2 a4 1
M 5 6 0 6 a4
MS 43 34 22 12
C 37 41 0 41 19 22

@) 90 108 0 108 17 93
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Highly expressed protein-coding sequences in the survivor sample.
The objective here is to find what type of sequences that are highly expressed
in the survivor sample than the control sample; thus, we focused on S, MS and O
transcripts.  Since P < 0.05 has a lower confidence and has more number of
sequences, we focused on the first four p-value categories. S does not contain any
sequences for these four p-value categories (Table 13), and the majority of transcript
sequences in MS are of WSSV. Only two transcripts are Ribonucleoside-diphosphate
reductase (P < le-3) and Serpin B (P < le-2). Heat shock protein (perhaps, 22) has
two transcripts (one each of P < 1le-5 and P < le-3) with highly expressed in Survivor
sample than Control sample. P < le-4 has a transcript of Sarcoplasmic calcium-
binding protein. P < 1e-3 has transcripts of Superoxide dismutase and Cytochrome b5.
P < 1e-2 has transcripts of putative Triosephosphate isomerase, Serine protease easter
and Single insulin-like growth factor-binding domain protein-1. Note that there are

several uncharacterized sequences (Table 13).

For transcripts that are significantly found in Survivor sample than control sample at P
< 0.05 (Cat. 5; Table 12), three out of four non-WSSV transcripts in S were identified
as putative Ankyrin-1, Aspartyl/asparaginyl beta-hydroxylase, and Low-density
lipoprotein receptor 1. For 12 non-WSSV MS transcripts, five were identified as
Coiled-coil domain-containing protein 25, Galactose-specific lectin nattectin, GSK-3-
binding protein, heat shock, CUB and sushi domain-containing protein 2, Protein kinase

shaggy, Esterase FEA4.

The known non-WSSV transcripts in O were identified as T-complex protein 1 subunit
eta, Serine protease easter, Alanine aminotransferase 2, Balbiani ring protein 3,
Cathepsin L, Charged multivesicular body protein 2b, GTP-binding protein A, Heat
shock protein 22, Hexokinase type 2, Innexin (two transcripts), Killer cell lectin-like
receptor subfamily G member 1, Leukocyte elastase inhibitor, L-lactate
dehydrogenases (3  transcripts), alpha-2-macroglobulin  (Murinoglobulin-1),
Ovochymase-2, Protein bunched, class 1/class 3/D/E isoforms, Serine protease easter,

Thrombospondin-3b, Venom protein 302, von Willebrand factor, and Zonadhesin.



Materials, Methods and Results / 28
Table 13 Highly expressed transcripts in Survivor sample.

Expression (fpkm)

D C M S putative gene

Cat.l (P < le-5)

c3896 gl i1 26.01 268.25 1911.06 Heat shock protein 22

Cat.3 (P < 1e3)

c3761 ¢1 i1 19.88 64.75 1713.92  Superoxide dismutase [Cu-Zn]

c3805 g1 i1 13.08 298.23 98497  Cytochrome b5

c3955 ¢1 i1 883 330.66  587.66  Heat shock protein 22

c3775 ¢l i1 39.26 223793 1371.11 Viral responsive protein

c3961 gl i1 16.19 724.9 353.28  Putative uncharacterized protein

c3701 g1 i1 O 189.07  93.52 Ribonucleoside-diphosphate reductase subunit M2

Cat.4 (P < 1e2)

c4058 gl i1 62.38 833.01 204.22  Putative uncharacterized protein

c3880 gl i1  44.83 876.16  234.85  Triosephosphate isomerase

c3845 ¢l i1 31.02 858.93  699.72  Serine protease easter

c4025 g1 i1 1352 308.2 870.36  Single insulin-like srowth factor-binding domain protein-1
3211 ¢1 i1 O 24426  260.4 Serpin B8

Cat.5 (P < 0.05)

3020 ¢1 i1 O 0 119.43  Ankyrin-1

c2135 g1 i1 0 0 435.46  Uncharacterized protein

c2037 g1 i1 O 0 414.84  Aspartyl/asparaginyl beta-hydroxylase
c11626 g1 i1 O 0 167.97  Low-density lipoprotein receptor 1

c203 ¢l i1 0 359 409.01  Coiled-coil domain-containing protein 25
c3885 ¢l i1 O 335.94 39395  Galactose-specific lectin nattectin

cld455 g1 i1 0 36.74 184.66  GSK-3-binding protein

c4050 g1 i1 0 203.07 17237  Heat shock

c3907 g1 i1 0 315.1 140.77  CUB and sushi domain-containing protein 2

c182 ¢l il 0 27.66 139.03  Protein kinase shaggy

c3002 g1 i1 O 108.81 11545  Esterase FE4

c4060 g1 i1 O 11143 696.93  Abnormal spindle-like microcephaly-associated protein homolog
3819 g1 i2 O 50.01 301.61  Uncharacterized protein

3593 g1 i1 0 57.22 32594  Phospholipase

c2510 g1 i1 O 48.99 246.22  Sugar transporter

2507 g1 i1 0 20.45 232.96

c3479 g1 i1 108.51 0 734.22  Tribolium castaneum similar to Myosin heavy chain

c3469 gl i1 1893 0 195.72  Thrombospondin



c2896 g2 il
c3659 g2 il
€3890 g2 il
c3625 gl il
€3966 ¢l il
c2496 gl i2
c3954 ¢l i3
c3896 ¢l i2
c3934 ¢l il
c3723 ¢l il
€3343 ¢l il
c3351 ¢l il
c3944 ¢1 i1
€3909 ¢l il
€3909 ¢l i2
c3909 ¢l i3
c3971 ¢l il
c3577 gl il
c2310 gl i2
c3659 g2 i2
cl1127 ¢1 i1
c4025 ¢l i2
c3846 ¢l il
c4057 g1 i1
c3167 ¢l il
c3314 ¢l i1
c3607 gl il
c3766 gl il
c3861 gl il

71.41
23.98
16.06
408.91
1269.22
8.41
93.39
16.42
27.97
20.09
9.02
11.05
85.59
17.78
7.1
21.97
48.47
256.35
11.59
63.47
58.89
21.82
23.12
208.55
10.44
9.42
40.2
129.58
876.37

87.22
351.55
313.89
3509.84
6047.35
191.69
589.39
133.7
330.24
359.84
190.93
341.98
542.09
2123
219.67
250.44
308.55
460.7
283.21
503.94
517.92
213.17
320.09
16.57
161.6
199.53
360.13
253.25
4419.42

655.91
366.45
70.11
1097.58
3580.83
73.4
235.7
645.06
114.46
306.89
59.05
313.6
280.23
19.4
38.74
39.96
72.13
1678.65
37.96
398.31
77.12
833.28
37.85
272.02
51.29
10.29
614.28
1499.07
2777.11
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T-complex protein 1 subunit eta

Serine protease easter

Alanine aminotransferase 2

Balbiani ring protein 3

Cathepsin L

Charged multivesicular body protein 2b
GTP-binding protein A

Heat shock protein 22

Hexokinase type 2

Innexin inx2

Innexin inx3

Killer cell lectin-like receptor subfamily G member 1
Leukocyte elastase inhibitor

L-lactate dehydrogenase

L-lactate dehydrogenase

L-lactate dehydrogenase
Murinoglobulin-1

Ovochymase-2

Protein bunched, class 1/class 3/D/E isoforms
Serine protease easter
Thrombospondin-3b

Venom protein 302

von Willebrand factor

Zonadhesin

Putative uncharacterized protein

GPI ethanolamine phosphate transferase 1

4.1.2 MIRA Assembly dataset (CO1_MIRA)

The number of mappable reads to the MIRA assembly is 60~%, which is higher
than that of Trinity assembly (Table 14 vs. Table 10). This is likely due to a higher
number of transcripts in MIRA (22,592 transcripts for 18,108 genes).
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Table 14 The number of mappable reads of CO1 MIRA reference assembly

Assembly Sample # Original # of # of % of
Reads Mappable Unmappable Mapped

reads Read

C01_MIRA All 453353 274744 178609 60.6

Control 210205 128150 82055 60.9

Moribund 93472 56006 37466 59.9

Survivor 149676 90588 59088 60.5

Highly expressed sequences in the survivor sample.
The results for CO1 MIRA reference sequences are similar to those of
CO1 Trinity. A higher number of sequences were obtained at each P-value category,

but these sequences are of similar functions with those observed for CO1_Trinity.
4.1.3 Candidate highly expressed ncRNA sequences in the survivor sample
Highly expressed ncRNA sequences in the survivor sample.
Table 13 shows several transcripts that cannot be annotated as protein-coding
sequences. These sequences have potential NncRNAs as shown in Table 15. These

sequences are of interest for further investigation of their functions.

Table 15 Highly expressed ncRNA transcripts in Survivor sample.

Expression (fpkm)
ID C M S putative NncRNAs

Cat.5 (P < 0.05)
2507 g1 i1 0 20.45 23296  Non-coding (PLEK, CPC, CPAT); telomeraseRNA
c3314 ¢l i1 942 199.53 10.29 Non-coding (PLEK, CPC, CPAT);

c3766 gl il 129.58 253.25 1499.07 Non-coding (PLEK, CPC, CPAT); RNaseP
c3861 gl i1 87637 4419.42  2777.11 Non-coding (PLEK, CPC, CPAT), RNaseP

telomeraseRNA; pseudo/mtRNA
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Recently, long non-conding RNAs (IncRNAs) have gained attention. We focused
on identifying candidate IncRNAs in Survivor samples by filtering out for transcripts that
were predicted by all three programs of PLEK, CPC, and CPAT, but were not predicted
to be other class-specific ncRNAs. Potential (ncRNAs of CO1 Trinity and CO1_MIRA are
187 and 219 sequences, respectively (Table 16). Among these, 29 and 38 of
CO1 Trinity and CO1_MIRA, respectively, were found only in the Survivor sample (see

sample transcripts in Table 17).

Table 16 Number of candidate long ncRNAs (IncRNAs)

Assemblies CO1 Trinity CO1 MIRA
# all unknown transcripts 5537 9527
# predicted by all PLEK, CPC, and CPAT 5030 5983
-- not predicted to be
other class-specific NncRNAs 187 219
found in survivor only 29 38

Table 17 Examples of candidate long ncRNAs (IncRNAs) found in Survivor only.

Expression (fpkm) putative ncRNAs
ID C M S AsTransID
CO1_Trinity
c6148 ¢1 i1 O 0 37579 PM_C0102 06833 Non-coding (PLEK, CPC, CPAT)
c9566 g1 i1 O 0 369.99 PM C0102 10218 Non-coding (PLEK, CPC, CPAT)
c12365 ¢1 i1 O 0 32287 PM C0102 12984 Non-coding (PLEK, CPC, CPAT)
cd437 ¢l il 0 0 261.25 PM C0102_00440 Non-coding (PLEK, CPC, CPAT)
9663 ¢1 i1 O 0 23203 PM C0102 10313 Non-coding (PLEK, CPC, CPAT)
C01_MIRA
cl6181 ¢1 i1 O 0 36796 PM C0101 20636 Non-coding (PLEK, CPC, CPAT)
cl6341 g1 i1 O 0 336.73 PM_C0101 20797 Non-coding (PLEK, CPC, CPAT)
c15896 g1 i1 O 0 336.03 PM _C0101 20346 Non-coding (PLEK, CPC, CPAT)
c16285 g1 i1 O 0 21919 PM _C0101 20741 Non-coding (PLEK, CPC, CPAT)
c15197 g1 i1 O 0 1969 PM _C0101 19635 Non-coding (PLEK, CPC, CPAT)
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4.2 EST datasets: pathogen-challenge samples of P. monodon

Mapping EST sequences to reference assemblies

Here, we used “unique” EST sequences from the selected libraries of EST data

that can be compared to one another. The comparisons were performed between

pathogen infected libraries (virus or bacteria) and those from non-infected libraries.

Unique EST sequences from viral- and bacterial-infected libraries will be compared to

those from non-infected library of the same tissue.

Table 18 listed the selected

libraries and the number of EST sequences to be considered by two sources: P.

monodon EST Database Project and NCBI dbEST. The reference assemblies were those
derived from the EST dataset (Table 5) by CAP3 (97% identity and default parameter
settings [95% identity]), MIRA and Trinity. Sequence IDs of the first three assemblers

were converted to Trinity format for mapping with Bowtie2 (RSEM pipeline; (Ref)).

Table 18 The selected EST libraries and their number of sequences.

. . o #unique
Library code Library ID Description
sequences
P. monodon EST Database Project
Tw-N PmMTwN Normal Shrimp (Whole-PL20) Taiwan 6629
Tw- PmTwl WSSV-challenged Shrimp (Whole-PL20) Taiwan 7193
HC-N HC-N-NO1 Hemocytes of juvenile cultured shrimp:Hemocyte-normalilzed 10364
HC-N HC-N-S01 Hemocytes of juvenile cultured shrimp 591
HC-V HC-V-S01 Hemocytes of juvenile cultured shrimp injected with Vibrio harveyi 440
Hemocytes of juvenile SPF shrimp obtained from Broodstock Domesticated
HC-W HC-W-S01 483
Program injected with WSSV
LP-N LP-N-NO1 Lymphoid organs of juvenile cultured shrimp:Lymphoid organ-normalized 942
LP-N LP-N-501 Lymphoid organs of juvenile cultured shrimp 404
LP-V LP-V-S01 Lymphoid organs of juvenile cultured shrimp injected with Vibrio harveyi 625
LP-Y LP-Y-501 Lymphoid organs of juvenile cultured shrimp injected with YHV 692
NCBI dbEST
NCBIO1-Gill-N LIBEST 015692 PmBr cDNA Library 408
LIBEST 024899 EST library from normal Indian tiger shrimp Penaeus monodon
NCBIO1-GilllW  LIBEST 022651 WSSV infected EST library from Indian tiger shrimp P.monodon 333
NCBIO1-HC-N LIBEST 024264 Penaeus monodon hemocyte normalized library 866
LIBEST 017443 Haemocyte cDNA plasmid library
LIBEST 025657 EST library from normal Indian tiger shrimp Penaeus monodon hemocytes
LIBEST 026170 Shrimp adult haemolymph
LIBEST 002851 Penaeus monodon total hemolymph cDNA library
LIBEST 003897 Penaeus monodon's total hemocyte cDNA library (#2)
LIBEST 015981 Hemocyte normal library
NCBIO1-HC-W LIBEST 015468 Haemocyte-WSSV infected cDNA library 373

LIBEST 021009

WSSV infected Penaeus monodon subtractive hybridization library
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NCBIO1-HC-Y
NCBIO1-HC-V

NCBIO1-LY-N

NCBIO1-LY-Y

NCBIO1-LY-V

NCBIO1-WH-W

NCBIO1-WH-N

NCBIO1-WH-V

NCBIO1-ML-W
NCBIO1-ML-N

LIBEST 025110
LIBEST 016080
LIBEST 020107
LIBEST 016181
LIBEST 016182
LIBEST 015768
LIBEST 017786
LIBEST 016183
LIBEST 017784
LIBEST 021064
LIBEST 024920
LIBEST 024436
LIBEST 025579
LIBEST 023446
LIBEST 025111
LIBEST 026312
LIBEST 001499
LIBEST 007157

Suppression subtractive cDNA library for YHV infection
Hemocyte - Vibrio harveyi infected library

Hemocyte V. harveyi infected library

Lymphoid organ library

Lymphoid organ-normalized

Lymphoid organ - YHV infected library

Lymphoid organ - YHV challenged

Lymphoid organ - Vibrio harveyi infected library

Lymphoid organ - Vibrio challenged

WSSV infected Penaeus monodon post larvae cDNA library
RACE PCR Amplified Penaeus monodon cDNA Library

Vibrio harveyi challenged Tiger shrimp postlarvae cDNA library
Vibrio harveyi challenged Penaeus monodon postlarvae cDNA library
WSSV infected Penaeus monodon cDNA library

Gill-Epipodite normalized library

Gill-Epipodite library

Black Tiger Shrimp Whole Cephalothorax UniZap library
Shrimp Whole Cephalothorax UniZap library

79
264

1093

615

523

62

562

704

5698
284

After mapping with Bowtie 2, the numbers of EST sequences mappable to each

reference sequences are shown in Table 19. The result suggests that mappable EST

sequences of the selected libraries to the CAP397 reference assembly has the highest

proportion (>90%). The proportion of mappable EST sequences for the CAP3DF and

MIRA reference assemblies are similar but lower than CAP397.

Trinity reference

assembly shows the lowest number proportion of mappable EST sequences.

Therefore, we selected the result from the CAP397 reference assembly.

Table 19 The proportion of mappable EST sequences.

Library codes

Reference Assemblies
MIRA  CAP3DF CAP397  Trinity

P. monodon EST Database Project

Tw-N
Tw-l
HC-N
HC-N
HC-V
HC-W
LP-N
LP-N
LP-V
LP-Y

NCBI dbEST
NCBIO1-Gill-N

76.51 88.81 92.16 61.86
78.76  88.20 92.08 59.31
74.58 75.75 76.29 52.49
61.25 57.87 66.50 38.92
71.69 68.26 71.23 48.86
83.64 80.95 81.78 70.60
83.33 88.00 90.02 74.31
75.25 85.15 88.86 64.36
79.68 84.32 88.48 63.68
79.62 89.16 91.33 67.92

49.38 48.88 51.12 34.74
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Library codes Reference Assemblies
MIRA  CAP3DF CAP397  Trinity
NCBIO1-Gill-W 44.74  38.74 43.54 26.73
NCBIO1-HC-N 58.28 58.40 63.57 40.89
NCBIO1-HC-W 63.44 59.41 59.68 51.08
NCBIO1-HC-Y 62.03 69.62 68.35 59.49
NCBIO1-HC-V 7490 71.48 74.90 47.91
NCBIO1-LY-N 78.59 85.36 87.83 67.52
NCBIO1-LY-Y 76.26 86.50 88.78 67.32
NCBIO1-LY-V 76.29 8298 87.38 59.66
NCBIO1-WH-W 26.67 40.00 38.33 28.33
NCBIO1-WH-N 63.72 58.66 64.62 37.00
NCBIO1-WH-V 69.60 73.15 72.30 42.47
NCBIO1-ML-W 20.99 29.01 27.41 9.07
NCBIO1-ML-N 25.09 28.27 28.62 17.31

Clustering sequences of mapped CAP397 contigs with those un-mappable
ESTs.

Since there are numbers of un-mappable EST sequences in each library, we
asked whether these sequences can be clustered with those mapped contigs or with
themselves. To investigate this, we grouped un-mappable EST sequences and
mapped contigs by tissue types of each data source, e, TW (whole body), HC
(Hemocytes), LP (Lymphoid) for P. monodon EST Database Project and NCBIO1-Gill (gill),
NCBIO1-HC (Hemocytes), NCBIO1-LY (Lymphoid), NCBIO1-WH (whole body), NCBIO1-ML
(multiple tissues) for NCBI dbEST. Each set of sequences were clustered by CD-HIT-EST
(parameters: 97% identity). Table 20 shows the number of clusters of each dataset
with a high proportion of singleton clusters. The proportion of multimember clusters is
ranging from 4% to 21%. Among these multimember clusters, many of un-mappable
ESTs could be clustered with reference contigs. These clusters will be used update

the number of EST presented in pathogen-challenged and non-challenged samples.



Materials, Methods and Results / 35

Table 20 The number of CD-HIT-EST clusters between mapped ref contigs and

unmappable EST sequences.

Tissues input outputs
# mapped # #cluster # # % of # clusters with
ref contigs ~ Unmap. singletons multimember ~ Multimember members from
ESTs Ref. contigs and
un-mappable
EST
P. monodon EST Database Project
™ 4012 1090 3776 3292 4384 13 340
HC 1995 2869 3709 3223 486 14 413
LP 1424 271 1441 1310 131 10 108
NCBI dbEST
NCBIO1-Gill 185 385 524 490 34 7 19
NCBIO1-HC 697 551 1045 931 114 11 85
NCBIO1-LY 1303 268 1359 1243 116 9 95
NCBIO1-WH 312 742 491 388 103 21 83
NCBIO1-ML 790 4318 4900 4732 168 4 69

4.3 EST datasets: pathogen-challenge samples of P. vannemei

Mapping EST sequences to reference assemblies

Similar to EST datasets of P. monodon, unique EST sequences from the

selected libraries of P. vannamei EST data that can be compared to one another. The

comparisons were performed between WSSV-infected libraries and those from non-

infected libraries of the same tissue. Table 21 listed the selected libraries and the

number of EST sequences. The reference assemblies were those derived from the EST
dataset (Table 6) by CAP3 (97% identity and default parameter settings [95% identity]),

MIRA and Trinity. Sequence IDs of the first three assemblers were converted to Trinity

format for mapping with Bowtie2 (RSEM pipeline). As we can see there, the numbers

of WSSV-infected EST sequences are relatively smaller than those of non-infected

libraries of the same tissue types.
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Table 21 The selected EST libraries and their number of sequences.

Library code Library_ID Description unique
sequences
NCBI dbEST
Gill.N LIBEST 022685 LIBEST 022685 Litopenaeus vannamei gills cDNA library 24991
LIBEST 010471 LIBEST 010471 LvG
GillLwW LIBEST 026674 LIBEST 026674 WSSV infected Litoepenaeus vannamei library 748
LIBEST 021215 Litopenaeus vannamei white spot syndrome virus infected
LIBEST 021215 -
- gills
LIBEST 015173 LIBEST 015173 gCdWt
LIBEST 015178 LIBEST 015178 CdWtgilloh
LIBEST 015184 LIBEST 015184 gill27t32d
LIBEST 015187 LIBEST 015187 gill32t27d
LIBEST 016943 LIBEST 016943 LvG-gill27t32d
HP.N LIBEST 006799 LIBEST 006799 L99-29 22747
LIBEST 022687 LIBEST 022687 Litopenaeus vannamei hepatopancreas cDNA library
HP.W LIBEST 015185 LIBEST 015185 HP32t27d 449
LIBEST 015186 LIBEST 015186 HP27t32d
LIBEST 015172 LIBEST 015172 HPCdWt
LIBEST 015182 LIBEST 015182 CdWtHP9h
He.N LIBEST 022686 LIBEST 022686 Litopenaeus vannamei hemocyte cDNA library 29241
LIBEST 015206 LIBEST 015206 PD8ORG
LIBEST 016501 LIBEST 016501 LvB-LD8ORG
LIBEST 016502 LIBEST 016502 LvB-LDRG80
LIBEST 016503 LIBEST 016503 LvB-PD80RG
LIBEST 016508 LIBEST 016508 LvE-stalk
LIBEST 005322 LIBEST 005322 L99-22
LIBEST 012404 LIBEST 012404 LvB-LD8ORG
He.W LIBEST 020212 LIBEST 020212 white spot syndrome virus infected hemocyte library 653

LIBEST 015176
LIBEST 015180
LIBEST 015188
LIBEST 015189
LIBEST 015190
LIBEST 015204
LIBEST 016504
LIBEST 016505
LIBEST 016506
LIBEST 016507
LIBEST 016510
LIBEST 016511

LIBEST 015176 hCdWt

LIBEST 015180 CdWthem%h
LIBEST 015188 hem27t32d
LIBEST 015189 hem27d32t2
LIBEST 015190 hem32d27t2
LIBEST 015204 hem32t27d
LIBEST 016504 LvB-hem27d32t2
LIBEST 016505 LvB-hem27t32d
LIBEST 016506 LvB-hem32d27t2
LIBEST 016507 LvB-hem32t27d
LIBEST 016510 LvP-HP27t32d
LIBEST 016511 LvP-HP32t27d
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After mapping with Bowtie 2, the numbers of EST sequences mappable to each
reference sequences are shown in Table 22. The result suggests that mappable EST
sequences of the selected libraries to the CAP397 or CAP3DF reference assemblies
have the highest proportion (>60%). Based on the result here and of P. monodon, we

selected the result from the CAP397 reference assembly.

Table 22 The proportion of mappable EST sequences.

Library codes Reference Assemblies
MIRA  CAP3DF CAP397  Trinity

NCBI dbEST

NCBIO1-GilLN  70.82 71.68 73.01 58.12
NCBIO1-GillLW 5793 62.25 61.97 47.49
NCBIO1-HP.N  68.28 69.92 68.36 54.85
NCBIO1-HP.W  61.27 65.14 61.50 50.34
NCBIO1-He.N  73.09 74.07 77.54 57.13
NCBIO1-HeWw 48.48 51.52 49.12 40.32

4.4 Cross-species global analysis for shared WSSV-responsive genes

| analyzed only transcript contigs that were generated from traditionally-generated
EST sequences to search for a set of shared WSSV-responsive genes between P.
vannamei and P. monodon. Such shared WSSV-responsive genes are those genes that
were found in WSSV-infected EST libraries of both P. vannamei and P. monodon, but

these genes were not found in the normal EST libraries produced from the same tissue

types.

Table 23 shows three candidate WSSV-responsive genes are shared between WSSV-
challenged libraries of both P. vannamei and P. monodon. These genes are cuticular
proteins (SCP), Smad2/3, and Acyl-CoA dehydrogenase. Another copy of P. monodon’s
cuticular protein, PmCBP, is found to interact with several WSSV envelop proteins and to
be co-localized with VP53A, one of WSSV envelop proteins, on cell surface of shrimp
hemocytes (Chen et al. 2009). Interestingly, our SCP candidate appears to be a different
copy from PmCBP as suggested by multiple alignments. Smad2/3, a signaling effector of
TGF—B signaling, may be involved in a cross-talk between virus-entry to host cell via
endocytosis and TGF—B receptor internalization. Interpro domain prediction of these
sequences revealed MH2 domain for Smad 2/3 sequences and cuticular protein domains
for SCP (Fig 8).
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Table 23 List of candidate genes WSSV-responsive genes shared between P. monodon

and P. vannamei

Candidate genes

P. monodon

P. vannamei

Tissue of EST ~ Contig ID

Tissue of EST ~ Contig ID (length

library prep.  (length; bp) library prep. bp)
Cuticular proteins  whole shrimp 6687- gill 6689-
(SCP) PAGECO100908- PAGECO100908-
4119 (501) 10544 (842)
Smad2/3 whole shrimp; 6687- gill 6689-
PAGECO100908- PAGECO100908-
3526 (620) 08318 (400)
Acyl-CoA whole shrimp; 6687- hemocyte 6689-
dehydrogenase PAGECO100908- PAGECO100908-
1526 (907) 09856 (1404)
A
InterPro Match Query Sequence 20: Description
[ IPRODII3IZ | SMAD domain, Dwarfin-type
PFO3 166 » — o ————————————— [l MHZ
bpl'ugls.\[i\aég: :—— EE‘?—{?am B in dwarfin family proteins
B.
InterPro Match Query 5eq {:] 12; Description
[ IPROOI13Z | SMAD domain, Dwarfin-type
PSi076r B
C.
InterPro Match Query Sequence 1[5: Description
[ IPRDDOG18 | Insect cuticle protein
e — TS
D.

InterPro Match

| IPRO1Z539

Query 5 @

| Crustacean cuticle
FFOB140r ——

i Description
272

W Cuticle_1

Figure 8 Domain prediction for putative Smad2/3 sequences of P. monodon (A) and P.
vannamei (B) and for cuticular protein sequences of P. monodon (C) and P. vannamei
(D).
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Discussion and Conclusion

The molecular sequences data obtained in this project are the most
comprehensive collection as of early 2015, especially, the traditionally-generated
ESTs of the 14 decapod species. The traditionally-generated ESTs were not updated
much since then as more data were generated by next-generation sequencers (NGS).
We also collected NGS datasets for the black tiger shrimp Penaeus monodon, the
Pacific white shrimp P. vannamei and Macrobrachium rosenbergii. Altogether, they
contribute to the expanded data collection obtained in this project. Most of the
transcript sequences were filtered for contaminating sequence and assembled into
quality assemblies. Several sets of transcript assemblies were in-silico annotated with
pipelines for both protein-coding genes and non-coding RNAs, together with other
cDNAs and protein sequences. The pipelines for assembly and in-silico annotation for
both protein-coding genes and ncRNAs can be readily used for further sequences. A
part of the datasets has been deposited to the ShrimpGPAT database
(http://shrimpgpat.sc.mahidol.ac.th/) that is publically available. The future release

will be made available soon to include all datsets described in the project.

Candidate protein-coding genes and ncRNAs that are responsive to WSSV
infection in both P. monodon and P. vannamei have been being investigated.
Importantly, ncRNAs in shrimp have not been reported and/or experimentally
characterized, so that an experimental verification for these genes will shed light on

ncRNAs mechanisms to WSSV infection in shrimp.
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OQutputs

1. Datasets of transcriptomes of 14 decapod spcies.

Currently, the total transcript contigs of both P. monodon and P. vannamei
are composed of more than 2 million sequences from transcriptome of both
NGS and traditionally-generated ESTs. A subset of these datasets in
combination with ESTs, transcript contigs, cDNAs and protein sequences of the
other 12 decopod species are available publicly in to the ShrimpGPAT
database (http://shrimpgpat.sc.mahidol.ac.th/).

2. Pipelines for annotation of protein-coding genes and non-coding RNAs were
implemented. These pipelines were applied to some datasets of
transcriptomes and the annotation will be deposited in the ShrimpGPAT
database for public accesses. Further data analyses can be performed with
the information available with the annotation and transcript data.

3. Sets of protein-coding genes and NcRNAs responsive to WSSV infection were
obtained and currently be tested experimentally. An experimental
verification of these genes will shed light on host responses to WSSV,
especially ncRNA mechanisms in shrimp.

4. The dataset currently in the ShrimpGPAT release #2 were published along
with the description of the ShrimpGPAT database in BMC Genomics
Korshkari P, Vaiwsri S, Flegel TW, Ngamsuriyaroj S, Sonthayanon B¥,
Prachumwat A.* ShrimpGPAT: a gene and protein annotation tool for
knowledge sharing and gene discovery in shrimp. BMC Genomics. 2014;
15:506. (IF 2012 = 4.397) * corresponding authors .

5. Presentation at meetings and conferences:

1. Poster: Anuphap Prachumwat,* Sirintra Vaiwsri, Parpakron Korshkari, Timothy W.
Flegel, Sudsanguan Ngamsuriyaroj, and Burachai Sonthayanon. The Shrimp
Gene and Protein Annotation Tool (ShrimpGPAT).  The 39 th Congress on
Science and Technology of Thailand “Innovative Sciences for a Better Life”
October 21 - 23, 2013 at BITEC, Bangkok, Thailand * corresponding authors .

2.Poster: Anuphap Prachumwat,* Sirintra Vaiwsri, Parpakron Korshkari, Timothy W.
Flegel, Sudsanguan Ngamsuriyaroj, Burachai Sonthayanon. “ShrimpGPAT: Shrimp
gene and protein annotation tool & a prediction model for shrimp protein-
protein interactions and gene ontology” The 3rd National Research University
SUMMIT. 31 July -1 August 2014 Bangkok. * corresponding authors .
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3.Oral: Anuphap Prachumwat,* Sirintra Vaiwsri, Parpakron Korshkari, Timothy W.

Flegel, Sudsanguan Ngamsuriyaroj, and Burachai Sonthayanon.  ShrimpGPAT: a
gene and protein annotation tool for knowledge sharing and gene discovery in
shrimp. Page 253. The 9th Symposium on Diseases in Asian Aquaculture (DAA9).
November 24-28, 2014 at Ho Chi Minh City, Vietnam. * corresponding authors .
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Appendix

A. Reprint

Korshkari P, Vaiwsri S, Flegel TW, Ngamsuriyaroj S, Sonthayanon B*, Prachumwat A.* ShrimpGPAT:
a gene and protein annotation tool for knowledge sharing and gene discovery in shrimp. BMC
Genomics. 2014; 15:506. (IF 2012 = 4.397).

Abstract
Background

Although captured and cultivated marine shrimp constitute highly important seafood in terms
of both economic value and production quantity, biologists have little knowledge of the shrimp
genome and this partly hinders their ability to improve shrimp aquaculture. To help improve
this situation, the Shrimp Gene and Protein Annotation Tool (ShrimpGPAT) was conceived as a
community-based annotation platform for the acquisition and updating of full-length
complementary DNAs (cDNAs), Expressed Sequence Tags (ESTs), transcript contigs and protein
sequences of penaeid shrimp and their decapod relatives and for in-silico functional annotation

and sequence analysis.
Description

ShrimpGPAT currently holds quality-filtered, molecular sequences of 14 decapod species
(~500,000 records for six penaeid shrimp and eight other decapods). The database
predominantly comprises transcript sequences derived by both traditional EST Sanger
sequencing and more recently by massive-parallel sequencing technologies. The analysis
pipeline provides putative functions in terms of sequence homologs, gene ontologies and
protein-protein interactions. Data retrieval can be conducted easily either by a keyword text
search or by a sequence query via BLAST, and users can save records of interest for later
investigation using tools such as multiple sequence alignment and BLAST searches against pre-
defined databases. In addition, ShrimpGPAT provides space for community insights by allowing
functional annotation with tags and comments on sequences. Community-contributed
information will allow for continuous database enrichment, for improvement of functions and

for other aspects of sequence analysis.
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Conclusions

ShrimpGPAT is a new, free and easily accessed service for the shrimp research community that
provides a comprehensive and up-to-date database of quality-filtered decapod gene and
protein sequences together with putative functional prediction and sequence analysis tools. An
important feature is its community-based functional annotation capability that allows the
research community to contribute knowledge and insights about the properties of molecular
sequences for better, shared, functional characterization of shrimp genes. Regularly updated
and expanded with data on more decapods, ShrimpGPAT is publicly available at
http://shrimpgpat.sc.mahidol.ac.th/.
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Abstract

Background: Although captured and cultivated marine shrimp constitute highly important seafood in terms of both
economic value and production quantity, biologists have little knowledge of the shrimp genome and this partly hinders
their ability to improve shrimp aquaculture. To help improve this situation, the Shrimp Gene and Protein Annotation
Tool (ShrimpGPAT) was conceived as a community-based annotation platform for the acquisition and updating of
full-length complementary DNAs (cDNAs), Expressed Sequence Tags (ESTs), transcript contigs and protein sequences of
penaeid shrimp and their decapod relatives and for in-silico functional annotation and sequence analysis.

Description: ShrimpGPAT currently holds quality-filtered, molecular sequences of 14 decapod species (~500,000 records
for six penaeid shrimp and eight other decapods). The database predominantly comprises transcript sequences derived
by both traditional EST Sanger sequencing and more recently by massive-parallel sequencing technologies. The analysis
pipeline provides putative functions in terms of sequence homologs, gene ontologies and protein-protein interactions.
Data retrieval can be conducted easily either by a keyword text search or by a sequence query via BLAST, and users can
save records of interest for later investigation using tools such as multiple sequence alignment and BLAST searches
against pre-defined databases. In addition, ShrimpGPAT provides space for community insights by allowing functional
annotation with tags and comments on sequences. Community-contributed information will allow for continuous
database enrichment, for improvement of functions and for other aspects of sequence analysis.

Conclusions: ShrimpGPAT is a new, free and easily accessed service for the shrimp research community that provides a
comprehensive and up-to-date database of quality-filtered decapod gene and protein sequences together with putative
functional prediction and sequence analysis tools. An important feature is its community-based functional annotation
capability that allows the research community to contribute knowledge and insights about the properties of molecular
sequences for better, shared, functional characterization of shrimp genes. Regularly updated and expanded with data
on more decapods, ShrimpGPAT is publicly available at http//shrimpgpat.sc.mahidol.ac.th/.
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Background
Marine shrimp in the Family Penaeidae have gained status
as a very important international seafood trade product of
particular economic importance in shrimp farming coun-
tries. Despite their economic importance as farmed ani-
mals, relatively little is known about the reproduction,
immunity and physiology of shrimp when compared to
other farmed animals such as poultry and swine. For ex-
ample, shrimp aquaculture production has been negatively
affected by several major pathogens (e.g., white spot syn-
drome virus and yellow head virus; for reviews, see [1,2]),
and efforts to control these pathogens are impeded by
relatively poor knowledge of the shrimp response to them
(ie., shrimp immunity). Although genomic sequences of
an organism can yield information about its defense
mechanisms, there is currently no completely-sequenced
genome for any penaeid shrimp species and only limited
characterization of shrimp immune response genes. Simi-
lar comments apply to other fields of shrimp biology in-
cluding reproduction and growth. Shrimp EST collections
including recent transcriptomic reads generated by next-
generation sequencing (NGS) technologies have helped in
shrimp gene and genetic marker discovery (e.g., [3-6]).
As such sequencing data are rapidly increasing, and the
Shrimp Gene and Protein Annotation Tool (ShrimpGPAT)
serves as a platform to extensively collect shrimp mole-
cular sequences for functional annotation and to provide a
channel for the shrimp research community to curate and
annotate sequences in the form of tags and comments.
Since the first analysis of shrimp ESTs in 1999 [7], se-
veral large scale EST studies from various tissues and
under various conditions have been carried out for a num-
ber of penaeid shrimp species, including the black tiger
shrimp Penaeus (Penaeus) monodon and the Pacific white
shrimp P. (Litopenaeus) vannamei (for a review see [8]).
Since then, three specialized databases housing shrimp
EST sequences have been developed. These are the Marine
Genomics Database established in 2005 [9], the Penaeus
monodon EST Project database established in 2006 [3] and
the Penaeus Genome database established in 2009 [8]. The
Marine Genomics Database includes ESTs and contigs (or
“unigenes” as called by the Marine Genomics Database)
for four penaeid shrimp species (177,691 EST and 14,726
contig sequences) and also for 23 other marine orga-
nisms, such as dinoflagellates, corals, bivalves, crustaceans,
sharks, rays, fish, birds, whales and dolphins (314,766 ESTs
and 46,421 contigs in total). The Marine Genomics Data-
base plans to include microarray data in a future release.
The Penaeus monodon EST Project database contains
ESTs and contigs (40,001 ESTs and 10,536 contigs) from
multiple libraries and tissues of P. monodon generated
by several laboratories of the Thai shrimp research com-
munity. A recent collaboration of shrimp researchers
in Thailand and Taiwan resulted in an expansion of
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P. monodon data deposited in the Penaeus monodon EST
Project database (54,058 ESTs and 12,181 contigs). The
Penaeus Genome database provides ESTs and contigs for
four penaeid shrimp species (196,248 ESTs and 42,332
contigs) and also recently included a genetic linkage map
and fosmid library end sequences of P. monodon.

Tools available at these three databases include options
to search for sequences by BLAST and by homolog de-
scriptions or Gene Ontology terms. All three databases
allow users to download sequences of interest. In addition,
the Marine Genomics Database currently features both an
ability to bookmark sequences for registered users and an
EST quality control and submission pipeline for data con-
tributors. The Marine Genomics Database also plans to
include a microarray data upload pipeline as well as an
automatic incorporation of new ESTs from the Genbank
dbEST database in a future version. As EST and contig se-
quences in these three databases were last updated in
2008-2009, more recently available sequences are not
included.

The aim of ShrimpGPAT was to combine multi-source
data and include not only EST sequences but also NGS
short reads, full-length complementary DNAs (cDNAs)
and protein sequences within its data analysis pipeline for
sequence quality filtering, contig construction, in-silico
functional prediction (homolog identification and Gene
Ontology prediction) and putative protein-protein inter-
actions. ShrimpGPAT’s tagging and commenting features
were designed to allow shrimp research scientists to anno-
tate and provide insights on sequences. ShrimpGPAT ini-
tially held a set of ESTs for six decapod species, including
four penaeid shrimp. Leekitcharoenphon et al. [10] ana-
lyzed and grouped these ESTs into four groups based on
homologs found in the genomes of Drosophila melanoga-
ster and Caenorhabditis elegans, and concluded that this
group categorization facilitated functional annotation of
shrimp proteomes and their protein sub-populations.
Here, we call these categorized groups “reference groups”.
Currently, ShrimpGPAT holds full-length cDNA sequences,
individual EST sequences, transcript contigs and protein
sequences for 14 decapod species (>500,000 combined
records) together with putative functional annotations.

Construction and content

System design and implementation

ShrimpGPAT was developed as a web-based software
environment under Microsoft Windows Server 2008 R2
Enterprise using a relational database of Microsoft SQL
Server 2008 SP1 Enterprise for all data storage. Figure 1
shows the ShrimpGPAT relational schema via the entity-
relationship diagram, describing the entities and the re-
lationships among all tables as well as the essential keys
of all entities of the relations and connections. Tables
can be placed roughly into four groups: 1) sequence
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Figure 1 ShrimpGPAT database schema. This entity-relationship diagram shows relations among tables of four groups: sequence record tables
(blue), in-silico annotation tables (green), users’ data tables (yellow) and shared information tables (pink). Primary keys are underlined. Boldface
indicates non-null field columns. Connections between tables are represented by lines, and relations between entities are indicated above the
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record tables, 2) in-silico annotation tables, 3) users’ data
tables and 4) shared information tables (for a detailed
description of all tables, see the ShrimpGPAT online
documentation). ShrimpGPAT contains a frontend user
interface and a backend data analysis pipeline. The user
interface was written with the VB.net and ASP.net on
HTTP web services with AJAX.net, JQuery and Flash for
visualization. The Cytoscape plug-in was used for pro-
tein network visualization [11]. Bioinformatic applica-
tions currently available to users were integrated with

BLAST [12], MUSCLE [13] and MAFFT [14]. The back-
end data analysis pipeline employed in-house PERL
scripts with NCBI E-Utilities [15], NCBI SRA Toolkit [16],
phred [17], phd2fasta [18], cross_match [18], BLAST [12],
CAP3 [19], Trimmomatic [20] and 454 Sequencing
System Software (Newbler and sfffile version 2.8; 454 Life
Sciences, Branford, CT) (see below). The processed data
(associated information and sequences) were uploaded to
the database with ShrimpGPAT data upload tools. The
ShrimpGPAT system also supports user authentication
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and use cases to access the Microsoft SQL database,
WorkSpace and community-based functional annotation
features.

Pipeline for in-silico functional annotation

ShrimpGPAT currently focuses on four types of molecu-
lar sequences: full-length or partial cDNA, protein, and
transcriptomic sequences by both traditional EST clon-
ing and next-generation sequencing technologies. The
pipeline for functional annotation comprised four main
steps: 1) data acquisition 2) sequence/data cleansing, 3)
contig assembly and 4) BLAST plus putative functional
annotation. All four steps were applied to EST and NGS
short read sequences, but cDNA and protein sequences
were not subjected for sequence/data cleansing and con-
tig assembly.

1. Data acquisition

Sequences from GenBank were downloaded by in-house
PERL scripts and those from the Marine Genomics data-
base [9] and the Penaeus monodon EST Project database
[3] were downloaded via their respective websites and by
personal communication. The locally-generated EST se-
quence trace files were processed by phred and phd2fasta
into FASTA and .QUAL files. NGS short reads downloaded
from the Sequence Read Archive (SRA) were processed by
SRA Toolkit. Associated information was formatted for
submission to the database by the ShrimpGPAT data up-
load tools.

2. Sequence/data cleansing

EST sequences were masked by cross_match for vector
and contaminating sequences against both full-length
vector sequences, if available, and the Univec database
[21]. Masked sequences were processed by an in-house
PERL script to produce vector-free sequences. Adapter
sequences in NGS short reads were trimmed by sfffile or
Trimmomatic.

3. Contig assembly

Trimmed sequences were assembled by either CAP3
or Newbler with default parameter settings.

4. BLAST plus putative functional annotation

All nucleotide sequences (EST, transcript contigs and
c¢DNA sequences) were queried (BLASTN and BLASTX)
against the nt and nr databases, respectively. BLASTP was
performed for protein sequences against the nr database.
Homologous sequences were defined as the hits with the
following criteria: 1) 250% of the query sequence within
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the aligned region by BLAST, 2) an E-value <107 (for
BLASTN) or<10~* (for BLASTX and BLASTP), and 3)
identity of >70% (BLASTN) or of >25% (BLASTX and
BLASTP).

Reference sequences and reference groups: among these
homologous sequences of each shrimp sequence query,
the overall best homologs (best hits) and the best hits in
the Drosophila melanogaster or Caenorhabditis elegans ge-
nomes were selected for each type of BLAST search
(BLASTN, BLASTX and BLASTP). Reference sequences
were the best hits from BLASTX in D. melanogaster if
available. If no BLASTX hits in D. melanogaster were
found, BLASTX hits in C. elegans were chosen. If no
BLASTX hits were found in either species, overall
BLASTX hits were selected. If no BLASTX homologs were
found, reference sequences were chosen from BLASTN
best hits in a similar manner. For protein sequences, cri-
teria for reference sequences were similar to those for the
BLASTX best hits of nucleotide query sequences. Refer-
ence groups were assigned by criteria similar to that de-
scribed in [10].

Gene Ontology (GO) and protein-protein interactions
(PPIs): GO classification of each shrimp sequence was de-
rived from its reference proteins described above by map-
ping with information from the Protein Information
Resource [22]. Similarly, putative PPIs were derived
through corresponding protein sequences using PPIs from
the Drosophila Interactions Database [23] and the IntAct
molecular interaction database [24].

Species datasets

Six of the 14 decapod species currently in ShrimpGPAT
are penaeid shrimp. The numbers of records along with
their scientific and common names are shown in Table 1
(for Record statistics see below). The database will be
updated periodically for new sequences and expanded
to cover more species.

Utility and discussion

Data acquisition and sequence analysis pipeline

A curator can obtain a new dataset and formatted records
for submission to the in-silico functional annotation pipe-
line. Resulting trimmed ESTs, contig sequences and re-
lated putative functions can then be uploaded to the
ShrimpGPAT database via ShrimpGPAT data upload
tools. Currently, this process is only accessible to desig-
nated curators via the administrator mode. Curators must
also use this administrator mode to modify an existing
record. Registered users can upload and store a limited
number of sequences to the ShrimpGPAT database for
their private use or to share with the community (see
WorkSpace and community-based annotation).
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Table 1 The number of molecular sequence records in ShrimpGPAT
Species # of records
Scientific name Common name EST Transcript contigs® cDNA Protein
Penaeus (Penaeus) monodon Black tiger shrimp 86,327 18410 1,976 602
Penaeus (Litopenaeus) vannamei Pacific whiteleg shrimp 176,592 47,058 74,828 574
Penaeus (Litopenaeus) setiferus White shrimp 1,042 126 135 27
Penaeus (Fenneropenaeus) chinensis Fleshy prawn 10,446 2714 478 257
Penaeus (Fenneropenaeus) indicus Indian prawn 714 155 348 127
Penaeus (Marsupenaeus) japonicus Kuruma prawn 3,156 662 989 743
Macrobrachium rosenbergii Giant freshwater prawn 4427 8,550° 635 389
Cherax quadricarinatus Cray fish 120 90 239 226
Pacifastacus leniusculus Signal crayfish 802 199 914 88
Homarus americanus American lobster 29,957 12,709 186 227
Scylla olivacea Orange mud crab 203 80 121 0
Scylla paramamosain Green mud crab 3,972 56 720 698
Callinectes sapidus Blue crab 10,563 2,104 173 161
Carcinus maenas Green crab 15,559 7672 273 275

*The number of transcript contigs in each species is the summation of all contig sequences constructed by a set of ESTs and by a set of SRA reads with CAP3

(with default or 97%-similarity parameters) and Newbler (with default parameters).

PIncluding SRA transcript contigs produced by Newbler.

Record retrieval and sequence analysis tools
The ShrimpGPAT user interface page contains four areas:
title, menu bar, content and footer, arranged from top to
bottom as in Figure 2. Title, menu bar and footer areas are
relatively static, but the content area displays dynamically-
generated information. ShrimpGPAT can be accessed
through three main sections listed in the menu bar area,
namely Search, BLAST and WorkSpace. The first two can
be accessed by any user, but WorkSpace can only be
accessed by a registered user (see below). Records can be
retrieved either by a keyword text search (Search button)
or by a sequence query (BLAST button). Two types of
keyword text search are currently permitted: free text
search and advanced search for specified fields. The
BLAST search function is set with default parameters but
with options for several E-value cutoffs. Records returned
by both Search and BLAST are displayed in the same for-
mat for easy viewing and investigation. Users can select re-
cords for further analysis through searching with BLAST,
creating Multiple Sequence Alignments (MSA), exporting
sequences in a FASTA file, bookmarking to their private
WorkSpace or adding of tags or comments. ShrimpGPAT
currently provides two sets of sequence analysis tools in
sections where such analyses are applicable: BLAST and
MSA. BLAST is parameterized to a default setting, except
for E-value cutoffs, and MSA provides MAFFT and
MUSCLE analyses with default parameter settings.
Records in a result list from any executed queries can be
investigated further by clicking on a ShrimpGPAT ID,
which will display full information regarding that particu-
lar record, e.g., sequence type, organism, tissue, organ of

expression, references/publications as well as external
database IDs (Figure 2). External database IDs are hyper-
linked to corresponding external database records. Homo-
log information (reference sequences and reference
groups) is displayed below the general information. Note
that only one reference sequence is displayed on this page,
but clicking on the hyperlinks “Show Details” or “Show
All Homologs” reveals all reference sequences or homo-
logous sequences with a complete BLAST result. Tags,
comments, sequence characters of a record, GO and puta-
tive PPIs are consecutively displayed below the homolog
information section.

WorkSpace and community-based annotation

WorkSpace and community-based annotation features are
reserved for registered users. ShrimpGPAT WorkSpace
provides private space for records of interest. Within
WorkSpace, a user can create virtual folders to store
records and can later delete or rename the folders. Re-
cords can be moved between or copied into virtual folders.
Records stored in WorkSpace can be used later for ad-
ditional sequence analyses or for sequence downloading.
Importantly, users can help annotate records with tags
and comments (ShrimpGPAT community-based annota-
tion). Tags are short keywords, but comments can be long
strings of text. These tags and comments are publicly
displayed for text search to any users, so they enable
knowledge sharing among the shrimp research commu-
nity. For example, users can input gene names as tags
and information of references/publications as comments.
However, some well-known shrimp gene names known by
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abbreviations such as PmRab7, may not be present as such
in description lines of GenBank full-length cDNA or pro-
tein records but instead be written in full, i.e., “Penaeus
monodon Rab7”. Thus, a search using “PmRab7” might
fail, while a search using “Penaeus monodon Rab7” or just
“Rab7” would succeed. Thus, users can easily retrieve re-
cords with gene names if such records are tagged with
corresponding gene names, but if no records are retrieved,
name variations can be tried. Usage of tags and comments
may be added to expand tags for a particular sequence or
add them to sequences that are currently uncharacterized
in the database but may later be studied and given gene
names. Users can also share their dataset with the com-
munity via the ShrimpGPAT data upload tool to deposit
the data as permanent records. Similarly, users can upload
sequences for their private use, but such private sequences
will be stored in user’s virtual folders for a period of only
three months.

Record statistics

Table 1 shows the number of molecular sequence records
for the 14 decapods currently available in the ShrimpGPAT
database. P. vannamei has the highest number of records
(~299,000), and P. monodon has the second highest
(~138,000). The numbers signify their importance as spe-
cies of the highest interest to the shrimp scientific research
community and species most-cultivated or captured for
trade. Similarly, the six penaeid shrimp have combined re-
cords that number about four times that of the other eight
decapod species in the database (i.e., ~460,000 vs. 111,000).
A large proportion of the records for each species are ESTs
and transcript contigs, whereas the numbers of cDNA and
protein records are still relatively small. The number of
transcript contigs for each species is the summation of all
contig sequences constructed by the set of ESTs and by
the set of SRA reads. Note that transcript contig records
produced by different contig assemblers (e.g, CAP3 and
Newbler) may constitute the same sequences. Regarding
transcript contigs of SRA reads, Macrobrachium rosenbergii
is the only species that currently has transcript contigs de-
rived from an SRA dataset (81,411 reads for 50 million
base pairs; [6]). Soon, SRA transcript contigs for other
species will be available, e.g., P. vannamei with eight NGS
runs in the SRA database, constituting 80 million reads
for 7.9 billion base pairs. Among the 14 species, Scylla
olivacea has the lowest number of records in its EST col-
lection. It is the first publicly-available collection of ESTs
for this species and it was recently generated by our
laboratory. The current release of the database contains
full-length ¢cDNA and protein sequences downloaded
from GenBank as of July 2013. Thus, sequences of some
known shrimp genes might not currently be in the
ShrimpGPAT database because 1) they were not present
in GenBank at the time of the most recent download,
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2) they were reported only in papers without a submission
to GenBank, or 3) they were deposited elsewhere. Such
sequences can be manually added by designated curators
or gradually submitted and reported by users. Complete
descriptive statistics and sources of ShrimpGPAT records
are available on the ShrimpGPAT statistics page.

New and improved features for the shrimp community
ShrimpGPAT provides new and improved features that
are lacking in the three existing specialized genomic
databases for shrimp. First, ShrimpGPAT provides se-
quences of full-length cDNAs, proteins and transcript
contigs from the rapidly growing number of NGS reads,
in addition to traditional EST sequences that are pro-
vided by the existing databases. Its in-silico functional
annotation pipeline can readily facilitate new data.
Currently, ShrimpGPAT holds the highest number of mo-
lecular sequence records and species of penaeid shrimp
(6 vs. 4 species in the Marine Genomics Database) and
their decapod relatives (8 vs. 4 species in the Marine
Genomics Database). Second, in terms of in-silico func-
tional annotation features, putative sets of protein-protein
interactions and reference sequences (reference groups)
can only be found in ShrimpGPAT. Reference sequences
are homologs in the genomes of D. melanogaster and
C. elegans (decapods’ closest relatives whose genomes are
better characterized). Most existing databases provide only
best-hit homologous sequences (which may or may not be
those in the genomes of D. melanogaster and C. elegans),
while ShrimpGPAT provides all homologous sequences
that meet our criteria (see above). Similar to the other da-
tabases, GO classification is provided. Third, the unique
set of tools available in ShrimpGPAT includes multiple se-
quence alignment, WorkSpace and community-based an-
notation. WorkSpace allows users to keep records of
interest and their uploaded sequences. Users can upload
sequences to share with others or use privately. Users of
ShrimpGPAT can also utilize a set of tools similar to those
found in the three existing databases (i.e., text search,
BLAST and sequence download). With a large and ex-
panding data set and its new features, ShrimpGPAT pro-
vides a more comprehensive database with more easily
accessible tools than those of the three existing databases
mentioned above. To the best of our knowledge ShrimpG-
PAT is only shrimp database that offers community-based
annotation with tags and comments.

Conclusions

ShrimpGPAT is a new online resource to help shrimp
researchers investigate molecular sequences of penaeid
shrimp and their decapod relatives. ShrimpGPAT pro-
vides shrimp biologists with easy access to a comprehen-
sive collection of rapidly growing sequence information.
The database will be periodically updated and expanded
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to cover more crustacean species with its in-silico
functional annotation pipeline. It is envisioned that col-
laborative knowledge built via community-based annota-
tion will rapidly accelerate shrimp gene discovery and
research.

Availability and requirements

ShrimpGPAT is publicly available via the Website
URL http://shrimpgpat.sc.mahidol.ac.th/. Registration
requires a valid email address. The initial dataset based
on Leekitcharoenphon et al. [10] can be accessed at
http://shrimpgpat.sc.mahidol.ac.th/v1/.
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Although captured and cultivated marine shrimp constitute highly important seafood in
terms of both economic value and production quantity, biologists have little knowledge
of the shrimp genome and this partly hinders their ability to improve shrimp aquaculiure.
To help improve this situation, the Shrimp Gene and Protein Annotation Tool (ShrimpGPAT)
was conceived as a community-based annotation platform for the acquisition and
updating of full-length complementary DNAs, Expressed Sequence Tags, transcript contigs
and protein sequences of penaeid shrimp and their decapod relatives and for in-silico
functional annotation and sequence analysis. ShrimpGPAT currently holds quality-filtered,
molecular sequences of 14 decapod species (~500,000 records for six penaeid shrimp
and eight other decapods). The database predominantly comprises transcript sequences
derived by both traditional EST Sanger sequencing and more recently by massive-parallel
sequencing technologies. The analysis pipeline provides putative functions in terms of
sequence homologs, gene ontologies and protein-protein interactions. Data retrieval can
be conducted easily either by a keyword text search or by a sequence query via BLAST,
and users can save records of interest for later investigation using tools such as multiple
sequence alignment and BLAST searches against pre-defined databases. In addition,
ShrimpGPAT provides space for community insights by allowing functional annotation
with tags and comments on sequences. Community-contributed information will allow for
continuous database enrichment, for improvement of functions and for other aspects of
sequence analysis. Regularly updated and expanded with data on more decapods,
ShrimpGCPAT is publicly available at http://shrimpgpat.sc.mahidol.acth/ for the research
community to contribute knowledge and insights about the properties of molecular
sequences for better, shared, functional characterization of shrimp genes.
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glass bottle was converted to ethanol by anaerobic process using a yeast, Saccharomyces
cerevisiaeBCC6127 at 25°C. The second step, banana wine (10% ethanol) was converted to
acetic acid by the aerobic oxidation of an acetic acid bacterium, Acetobacter acetiTISTR102
and was carried out in a 2-L B-Bruan Biostat-B bioreactor with a 1.5L working volume at
30°C and 250 rpm. The aerobic fermentation cultures were supplied with air or oxygen
enriched air at 21%, 25% and 30% OXygen concentrations. The specific composition of the
oxygen enriched air was controlled with a gas mixture at the aeration rate of 0.5vvm, The
maximum production rate and production yields (mole of acetic acid/mole of ethanol) of
acetic acid in those cultures were 0.033, 0.051, 0.056 g/lh and 344, 514, 50.4%.
respectively. It is worth noting that significantly reduction in fermentation time for
acetification under oxygen enrichment. (abstract only)
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Figure 1. Total viable count of Acetobacter aceti TISTR102 (a), ethanol concentration (b),
acetic acid concentration (c), and PH (d) during the fermentation of banana vinegar at
different oxygen enrichment levels
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Abstract: Diatomaceous earth has been used for DNA purification because it can produce

high-quality plasmid DNA. In this work, we describe an alternative and economical method

for plasmid DNA purification from a 50 ml bacterial culture using diatomaceous earth (DE),

plastic pipette tips, conical tubes, centrifuges, and without requiring a vacuum system. l
Depending on the size and the origin of replication, this method yielded approximately 200-

800 pg plasmids, which possess the As,/Asg ratio from 1.8-2.0. These purified plasmids are

suitable for many applications such as DNA sequencing and transfection assays. (abstract

only) '
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Abstract: The Shrimp Gene and Protein Annotation Tool (ShrimpGPAT) was conceived as
a community-based annotation platform for acquisition and update of full-length
complementary DNAs (cDNAs), transcript sequences by both traditional Expressed
Sequence Tags (EST) Sanger sequencing and massive-parallel sequencing technologies,
transcript contigs and protein sequences of penaeid shrimp and their decapod relatives and
for an in-silico functional annotation and sequence analyses. ShrimpGPAT currently holds
quality-filtered, molecular sequences of 14 decapod species for ~500,000 records and
provides putative functions in terms of sequence homologs, gene ontologies and protein-
protein interactions. A large proportion of records are transcript sequences of the black tiger
shrimp Penaeus (Penaeus) monodon and the Pacific white shrimp P. (Litopenaeus)
vannamei. Data retrieval can be conducted easily either by a keyword text search or by a
sequence query via the Basic Local Alignment Search Tool (BLAST), and users can save
records of interest for later investigations, such as multiple sequence alignments and BLAST
searches against pre-defined databases, Importantly, ShrimpGPAT allows community-based
functional annotation with tags and comments of insights on sequences. Community-
contributed information will allow for continuous database enrichment, for improvement of
functions and for other aspects of sequence analysis. Regularly updated and expanded for
data of more decapods, ShrimpGPAT is a new, free and easily accessed service for the
shrimp research community at http://shrimpgpat.sc.mahidol.ac.th/. (abstract only)
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Introduction
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Abstract: Although captured and cultivated marine shrimp constitute highly important
seafood in terms of both economic value and production quantity, biologists have little
knowledge of the shrimp genome and this partly hinders their ability to improve shrimp
aquaculture. To help improve this situation, this project was aimed to establish a platform for
the shrimp research community to easily access to shrimp molecular data, which has become
increasingly available and to perform analytical process on uncharacterized shrimp molecular
data and its putative protein-protein interaction network.

First, the Shrimp Gene and Protein Annotation Tool (ShrimpGPAT) was conceived as
a community-based annotation platform for the acquisition and updating of full-length
complementary DNAs (cDNAs), Expressed Sequence Tags (ESTs), transcript contigs and
protein sequences of penaeid shrimp and their decapod relatives and for in-silico functional
annotation and sequence analysis. During the three-year period of the study, we have released
two versions of the ShrimpGPAT database, namely Versions 1 and 2. ShrimpGPAT Version
2 currently holds quality-filtered, molecular sequences of 14 decapod species (~500,000
records for six penaeid shrimp and eight other decapods). The database predominantly
comprises transcript sequences derived by both traditional EST Sanger sequencing and more
recently by massive-parallel sequencing technologies. The analysis pipeline provides putative
functions in terms of sequence homologs, gene ontologies (GO) and protein-protein
interactions (PPIs). Data retrieval can be conducted easily either by a keyword text search or
by a sequence query via BLAST, and users can save records of interest for later investigation
using tools such as multiple sequence alignment and BLAST searches against pre-defined
databases. In addition, ShrimpGPAT provides space for community insights by allowing
functional annotation with tags and comments on sequences. Community-contributed
information will allow for continuous database enrichment, for improvement of functions and
for other aspects of sequence analysis. ShrimpGPAT is a new, free and easily accessed
service for the shrimp research community that provides a comprehensive and up-to-date
database of quality-filtered decapod gene and protein sequences together with putative
functional prediction and sequence analysis tools. An important feature is its community-
based functional annotation capability that allows the research community to contribute
knowledge and insights about the properties of molecular sequences for better, shared,
functional characterization of shrimp genes. Regularly updated and expanded with data on
more decapods, ShrimpGPAT is publicly available at http://shrimpgpat.sc.mahidol.ac.th/.

© The Third Thailand National Research Universities Summit (ThaiNRU IIT)
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Second, we performed an analysis putative PPI network and GO of shrimp homologs
in the Drosophila genome of ShrimpGPAT Version 1. Although several shrimp ESTs found
homologous sequences in other organisms, functions of many homologs remain
uncharacterized, resulting in unable to annotate putative functions to many shrimp sequences.
Using odds ratio calculation to calculate the triangle rate scores, Association rules via Apriori
algorithm and semantic similarity calculation, we are able to predict additional PPIs and
classify GO terms to previously-uncharacterized proteins. The triangle rate scores reflect the
possibility that any two unrelated proteins potentially interact. GO terms of an unannotated
protein can be predicted based on the association rules and semantic similarity of Gene
Ontology of the previously characterized proteins. Specifically, the total of 6,027 PPI pairs
and 35,981 GO terms are predicted to 1,793 proteins. Furthermore, our results suggest that
GO terms (especially when GO domains were considered together) can be used to
successfully predict PPIs, and that the association rules are useful to predict GO terms to
previously uncharacterized proteins. Thus, we believe that this novel method can also be
applied to data of other organisms for both PPI prediction and GO prediction.

Selected research output:
Publications (Top 5)
1. Korshkari P, Vaiwsri S, Flegel T W, Ngamsuriyaroj S, Sonthayanon B, Prachumwat
A. ShrimpGPAT: A gene and protein annotation tool for knowledge sharing and gene
discovery in shrimp. BMC Genomics. 2014;15:506. (IF 2012 =4.397)
Patents and other applicable outputs
1. Shrimp database and tool for molecular sequences (Shrimp Gene and Protein
Annotation Tool (ShrimpGPAT)). http://shrimpgpat.sc.mahidol.ac.th/.
2. A software and a novel method for protein-protein interaction and gene ontology
prediction.

Keywords: Penaeid shrimp, transcriptomes, community-based functional annotation,
prediction of protein-protein interactions and gene ontology, association rules

© The Third Thailand National Research Universities Summit (ThaiNRU III)
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Marine shrimp in the Family Penaefdae have gained status as a very important international seafood trade product and are
of particular economic importance in shrimp farming countries. Unfortunately, there is currently no completely-sequenced

for any id shrimp species and only limited characterization of shrimp genes (especially, immune genes).
Shrimp EST collections including recent transcriptome reads g d by next-gi ion sequencing technologies have
helped in shrimp gene and g marker d y. To help imp this, we first constructed the Shrimp Gene and
Protein Annotation Tool {(ShrimpGPAT) to serve as a platform to extensively collect shrimp molecular sequences for
functional annotation and to provide a channel for the shrimp research community to curate and annotate sequences in a
form of tags and comments. Second, uncharacterized can be pred their putative PPls and GO terms by a
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model of odd ratios, Association rules via Apriori algorithm and semantic similarity calculation.

Number of records In ShrimpGPAT

e eptcavon

BLAST Fiction

Display Result

Conclusion

« The prediction method showed that GO terms can be used to

Prediction model for putative PPIs and GOs in ShrimpGPAT

P Input Output
: LoalLats Penaeus Monodon 86,327 18410 1976 602
. i 5 "
et (a0 Litopenaeus vannamei 176,592 47,058 74,828 574
} Litopenaeus setiferus 1042 126 135 27 [
Feoncropenacus chinensis 10,446 2,714 478 257
- o
Fenneropanaeus indicus 74 155 348 127
Marsupenacus faponicas 3156 662 989 743
L Macrobrachium rosenbergii 4,427 8,550 635 389
rcprotn | | Amocadun Rt | [ Gene omotons
] | Cherax quadricarinatus 120 90 239 226 ’vnwu—- e i e ’
Tn-sitico Anmotation " Es " o Pacifastacus leniuscuius 802 199 914 88
| 29,957 12,709 186 227
203 Syl % | pPI prediction
Seylla olivacea 3972 56 720 698
; Db Callinectes sapidus 10563 2104 173 161
Carcir |
RS Deny 40,583 7ioze 228 212, | Biological Process 0.02624 214 1,843 1,451 70%
Total 343,880 100,585 82,015 4,394
Gellular Component ~ 0.07192 80 607 166 68%
Molecular Function 0.02816 1,521 8,282 7471 76%
Cross Categories 0.02869 743 4,678 3,889 2%

Gol00s7a7
GoDooge7s
Visualization of PPI/GO term prediction

Proteins (blue nodes), GO IDs (yellow nodes), o 1
Predicted interactions or GO annotation (edges)

ShrimpGPAT is a new onllne resource to help the shrlmp
researchers to i of

shrimp and their decapod relatives with a more comprehenslve
datak with easier ible tools than those of the existing
shrimp databases.

ShrimpGPAT is only shrimp database that offers community-
based annotation with tags and comments.

ly predict PPls, and that the Association rules are

useful to predict GO terms to previously uncharacterized

4 2 B proteins.
(&) It is isi d that llaborati! k ledge built via
v community-based tation will rapidly ate shrimp gene
bors =2 discovery and research.
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