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Abstract

Catfish is the primary aquaculture species in the United States. In recent years, the catfish
industry has encountered unprecedented challenges including increased feeding costs,
devastating diseases and fierce international competition. Traditional selective breeding have
been conducted for catfish breeds with improved traits of fast-growth, high feed efficiency and
high level of disease resistance. Genomic selection that utilizes whole genome-based markers to
assist selective breeding holds premise with increased selection intensity and accuracy.
However, genome-scale genetic markers are required for its implementation, which has been a
major limitation to most farming animals including aquaculture species. In recent years,
next-generation sequencing technologies have enabled efficient and cost-effective identification
of genome-scale genetic markers, such as single nucleotide polymorphisms (SNPs). With the
availability of a large number of SNPs, the challenge then is how to genotype these SNPs
efficiently and economically. One of the most efficient approaches is to design a high-density
array that includes hundreds of thousands of SNPs covering the entire genome. Toward
genomic selection in catfish, my research, as presented here, encompasses these two major
progresses with the generation of genome-scale SNPs and the development of a high-density
SNP array in catfish.

Using the RNA-Seq approach, over two million gene-associated SNPs were identified from
channel catfish and blue catfish, two of the most important catfish species, providing a large pool

of SNP resources for designing SNP array. Criteria-based filtering resulted in hundreds of



thousands of quality SNPs that are intra-specific in channel catfish, intra-specific in blue catfish,
and inter-specific between the two species. This is the first application of next-generation
sequencing technology in catfish for genome-wide SNP identification. With the large number of
SNPs, it’s important to select SNPs to represent each gene because SNPs within same genes are
always linked. In addition, pseudo-SNPs can be detected due to misalignment of paralogous
sequences from duplicated genes. To generate the reference gene transcript sequences for SNP
selection and to detect potential pseudo-SNPs derived from duplicated genes, the catfish
transcriptome assembly and annotation was conducted by RNA-Seq of a doubled haploid
channel catfish, which harbors two identical sets of chromosomes and therefore there should be
no variations. A comprehensive set of catfish transcript sequences was obtained including over
14,000 full-length transcripts. A set of genes putatively duplicated in catfish genome were
identified, which aided the detection of pseudo-SNPs.  With these resources, the catfish 250K
SNP array was developed with the state-of-the-art Affymetrix Axiom technology with inclusion
of over 250,000 SNPs. This is the first high density SNP array developed for catfish, which
should be valuable for both the catfish industry and research such as in genomic selection,

genome-wide association studies, fine linkage mapping and haplotype analysis.
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Chapter 1

Introduction

Overview

Catfish is the major aquaculture species in the United States. In recent years, the catfish
industry has encountered unprecedented challenges due to devastating diseases, high feed and
energy costs and fierce international competition, of which diseases cause the largest loss to the
catfish industry. Enteric septicemia of catfish (ESC) disease, caused by the bacterium,
Edwardsiella ictaluri, is one of the most serious infectious diseases in catfish. Vaccines and
antibiotics have been developed, but limited for their future use due to the drawbacks including
side-effects and lacking long-term efficacy. Decades of traditional breeding have been made to
select catfish breeds resistant to diseases. In addition, whole genome-based marker-assisted
selection (genomic selection) is a promising alternative for traditional marker-assisted selection
genetic enhancement. Genomic selection allows increased genetic gain, increased accuracy of
selection, and increased selection response for difficult-to-measure traits such as disease
resistance (EGGEN 2012; GODDARD and HAYES 2009; MEUWISSEN et al. 2001). To implement
genomic selection, genome-wide genetic markers are required, which, however, has not been
available in most non-model species until recently.

Single nucleotide polymorphisms (SNPs) are one of the most popular genetic markers. They
are among the most abundant type of genetic variations and widely distributed in any
genome. Because of their potential for high genotyping efficiency, automation, data quality,
genome-wide coverage and analytical simplicity (MoRIN et al. 2004), SNPs have rapidly become
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the marker of choice for genetics and genomics studies. In particular, SNPs are most suitable for
genome-wide association studies (GWAS) when working with performance and production traits
because linkage disequilibrium (LD) can be detected with high density SNP coverage of the
genome. To identify large numbers of SNPs, high throughput sequence reads are needed to
increase sequencing coverage and depth and ensure sequence accuracy. Such work has been
costly and time-consuming when employing traditional Sanger sequencing technology. In
recent years, genome-wide identification of genetic markers has been enabled by next-generation
sequencing technologies. Next generation sequencing technologies such as Roche/454,
[llumina/Solexa, and ABI/SOLID sequencing are particularly adapted to producing high
coverage of sequences within contigs (MARDIS 2008a; MARDIs 2008b).

With the availability of a large number of SNPs, the challenge then is how to genotype these
SNPs efficiently and economically. One of the most efficient approaches to genotype large
numbers of SNPs is to design a high-density array that includes hundreds of thousands of SNPs
distributed throughout the genome.

My research, as presented here, was conducted with the objectives to generate large-scale
SNP resources and to develop the first high-density SNP array in catfish. Accomplishing this
work should enable genome-wide association studies in catfish, and set the foundation towards
genomic selection for genetic enhancement.  Literature reviews of genomic selection,
genome-scale SNP identification using next-generation sequencing, SNP array development and
genome-wide association studies are given below. Following this are three chapters of
publication-based presentation of my findings, and a chapter of overall conclusion serving to

summarize the work and provide directions for future research in this field.



Whole genome-based selection

Domestic channel and blue catfish exhibit significant phenotypic and genetic variation for
performance traits such as growth rate, feed conversion efficiency, processing yield, and disease
resistance (ARGUE et al. 2003; DUNHAM 2007; DUNHAM and ARGUE 1998; DUNHAM and ARGUE
2000; DUNHAM et al. 1999; DUNHAM et al. 1990; DUNHAM et al. 1985; DUNHAM and
SMITHERMAN 1983a; DUNHAM and SMITHERMAN 1983b; DUNHAM et al. 1987; DUNHAM et al.
1986; DUNHAM et al. 1983; HALLERMAN et al. 1986; REzk et al. 2003; WOLTERS and JOHNSON
1995). The catfish breeding programs are currently focused on mass selection, family selection
and intraspecific crossbreeding in combination with inter-specific introgression by channel
catfish x blue catfish and production of higher generations of backcrosses. The introgression and
backcrossing strategy based on the inter-specific hybrids has been regarded as one of the best
strategies for genetic enhancement of disease resistance and processing yield. The F; hybrid
exhibits great heterosis, but mass production of fingerlings has not been possible.

Traditional breeding approaches have been effective in selecting for animals with
easy-to-measure traits, but more difficult-to-measure (and usually more important) traits cannot
effectively be selected. In the genomics era that routine discovery of millions of SNPs has been
enabled by next generation sequencing technologies and ever-decreasing cost of genotyping
genetic variation in a massively parallel fashion on high-density SNP array can be achieved,
genomic selection holds great promise for more widespread adoption than traditional
marker-assisted selection (EGGEN 2012; GODDARD and HAYES 2009). Genomic selection
estimate breeding values based on information from a large number of markers covering entire
genome without have a precise knowledge of where specific genes are located. Therefore, it does

not require prior knowledge of alleles or marker positions of loci and does not need to be



implemented within families. The principal advantages of genomic selection include that it can
be implemented in very early in life, not sex limited, reducing the generation interval, and can be
extended to any traits that are recorded in a reference population. It especially enhances the
improvement of difficult-to-measure trait by providing better selection accuracy and intensity,
increasing genetic gain and explaining a much greater portion of the genetic variance than
traditional marker-assisted selection (EGGEN 2012; GODDARD and HAYES 2009; MEUWISSEN et
al. 2001).

Genomic selection has been early implemented in cattle breeding. It has been shown that the
genetic gain per year could be doubled in dairy cattle using genomic selection, with a potential to
reduce costs for providing bulls by more than 90% (SCHAEFFER 2006). In cattle, genomic

selections are being implemented in over 15 countries on the national level

(http://www.interbull.org/). The evident benefits achieved in cattle can be transplanted to other
species, and it’s anticipated that the broader use of genomic selection can be one of the major
advances in breeding programs for all animal species (EGGEN 2012), including aquaculture
species. As genomic resources continue to be cost-effectively developed for livestock, crop and
aquaculture species, the selection decisions can be made sooner, traits that are difficult to
improve with traditional breeding method can then be effectively enhanced. Strategies for
genomic selection in aquaculture breeding programs have been tested blindly (SONESSON and
MEUWISSEN 2009), given that large numbers of genome-scale SNP markers and high-density
SNP arrays are not yet available in vast majority, if not all, aquaculture species. However, as the
cost of sequencing and SNP genotyping continues to decrease, higher density SNP arrays with
several hundred thousand SNPs are already being developed, promising the implementation of

genomic selection in aquaculture species in the very near future.
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Genome-wide SNP identification

SNPs have rapidly become the marker of choice for many applications in genetics and
genomics due to their potential for high genotyping efficiency, automation, data quality,
genome-wide coverage and analytical simplicity (DAVEY et al. 2011; FRAZER et al. 2009; MORIN
et al. 2004). In species where the whole genome has been sequenced, SNPs have been identified
from genome sequencing efforts. In most cases, SNPs were identified by sequence variations
between the two alleles of a single diploid individual whose genome was sequenced (ALTSHULER
et al. 2000; Eck et al. 2009; NIELSEN et al. 2011). Next generation sequencing (NGS) has proven
to be effective for genome-wide SNP discovery (DAVEY et al. 2011; KERSTENS et al. 2009;
RAMOs et al. 2009). When a high quality reference genome sequence is available, genomic
sequences of individuals can be aligned more easily to this reference genome to detect nucleotide
variations (DAVEY et al. 2011; L1 et al. 2009; NIELSEN et al. 2011). Numerous studies have
applied NGS platforms to achieve sufficient coverage of the genome for high quality SNP
discovery in the complex genomes of plants and animals (AHMAD et al. 2011; KERSTENS et al.
2009; LE and DuUrBIN 2011; RAMOS et al. 2009; STOTHARD et al. 2011; You et al. 2011). NGS
platforms such as Roche/454, lllumina/Solexa, and ABI/SOLID are particularly adapted to
producing high coverage of sequences within contigs (DAVEY et al. 2011; FRAZER et al. 2009;
MARDIS 2008a; MARDIS 2008b; NIELSEN et al. 2011). By comparison, the lllumina sequencing
platform is the most competitive because of its higher throughput. For instance, a single lane of
HiSeq 2000 run can generate up to 75 Gb data which can provide sufficient coverage and depth
for SNP detection in the majority of organisms, at the cost of less than $4000 (personal
communication). The utility of massively parallel Illumina sequencing has been demonstrated

effective for whole genome resequencing for accurate SNP discovery on a genome-wide scale



(Eck et al. 2009; HILLIER et al. 2008; Li et al. 2009; RAMOs et al. 2009). In Hillier et al.’s work,
about nine fold-coverage lllumina sequence reads from the Caernohabditis elegans strain
CB4858 were generated and aligned to the reference, and screened for SNPs and small indels.
Orthologous validation yielded a high validation rate of 96.3% (HILLIER et al. 2008). Another
example in a recent investigation on turkey genome variation, alignment of NGS data of 32
individuals from different populations discovered 5.49 million SNPs (AsLAM et al. 2012).
Among the SNPs throughout whole genome, gene-associated SNPs are especially important.
Gene-associated SNPs are relatively evenly distributed across genome and can themselves be
causative SNPs for traits. The identification of gene-associated SNPs in non-model species has
been fuelled by mining large numbers of expressed sequence tags (ESTs) available in many
species (GURYEV et al. 2004; MUCHERO et al. 2009; ScHMID et al. 2003; SNELLING et al. 2005).
Likewise, gene-associated SNPs derived from ESTs have been identified in several fish species,
including Atlantic salmon (MOEN et al. 2008), Atlantic cod (HUBERT et al. 2010) and catfish
(WANG et al. 2008; WANG et al. 2010). In spite of being relatively effective, SNP identification
from ESTs is limited by sequence coverage and depth. For instance, of the 303,000 putative
SNPs identified from catfish ESTs, only 48,594 were identified from contigs containing at least
four ESTs and at least two sequences bearing the minor allele. The majority of the catfish EST
contigs (56% of 45,306) contain only two or three sequences (WANG et al. 2010). Putative SNPs
identified from such contigs would have the minor alleles represented by only one sequence.
Such SNPs could represent sequencing errors and therefore, are not reliable (WANG et al. 2008).
To identify large numbers of gene-associated SNPs, high throughput expressed sequence
reads are needed to increase coverage and depth and ensure sequence accuracy. Transcriptome

sequencing using NGS (RNA-Seq) with multiple individuals has been demonstrated to be very



effective for identification of gene-associated SNPs (NOVAES et al. 2008). In this regard, 454
sequencing has been widely applied for the identification of gene-derived SNPs in a number of
species including both plant and animal (HALE et al. 2009; HELYAR et al. 2012; Hou et al. 2011,
NOVAES et al. 2008a; PARCHMAN et al. 2010; VERA et al. 2008). While the 454 sequencing
technology has been widely used, Illumina sequencing technology is being gradually accepted
for its dramatically improved sequencing throughput and quality (CiIruLLI et al. 2010;
SURGET-GROBA 2010 and MONTOYA-BURGOS 2010). Furthermore, paired-end sequencing
technology along with the longer sequence reads make it possible to assemble contigs of
transcripts from Illumina short reads. Illumina-based RNA-Seq is now being widely used for
gene-associated SNP identification in numerous non-model species (AHMAD et al. 2011;
CAaNoVAs et al. 2010; Liu et al. 2011a; TRICK et al. 2009). Transcriptome assemblies from
RNA-Seq short reads can be aided by the presence of reference genome and/or reference
transcriptome sequences (PARCHMAN et al. 2010; TRICK et al. 2009). In this context, a large

number of ESTs of catfish are available (WANG et al. 2010).

Development of SNP genotyping array

High throughput NGS platforms enable the genome-wide identification of SNPs efficiently
and economically, but the subsequent challenge is how to utilize these SNP resources for genetic
analysis. One of the most efficient approaches to genotype large numbers of SNPs is to design a
high-density array that includes hundreds of thousands of SNPs distributed throughout the
genome. A number of platforms are available for genotyping SNPs, including MassArray
(Sequenom), SNPstream (Beckman Coulter), SnaPshot Multiplex System (Applied Biosystems)
and iSelect HD Custom Beadchip (Illumina) which are based on the single-base extension for

SNP calling; GoldenGate Assays (Illumina) which use allele-specific primer extension for SNP



calling; TagMan OpenArray (Applid Biosystems) and Dynamic Array (Fluidigm) that are
designed from the TagMan technology; MyGeneChip Custom Array (Affymetrix) that uses the
chemistry of differential hybridization as the bases for SNP detection. Among them, the
Sequenom MassArray, lllumina GoldenGate Assay and iSelect HD Custom BeadChip, and
Affymetrix MyGeneChip Custom Array are widely used. More recently, Affymetrix adopted the
Axiom myDesign Array Genotyping Services, which enable to create fully- or semi-customized
genotyping arrays containing 1,500 to 2.6 million markers and have them processed with
high-quality and fast turnaround time. Each of these platforms has significantly different
requirements for SNP marker number, sample size, cost and automation. The appropriate
platform for SNP genotyping needs to be chosen depends on specific project goals and budget
levels.

SNP studies in human have usually been divided between genome-wide association studies
and fine mapping. GWAS usually utilize Affymetrix MyGeneChip Array or lllumina iSelect HD
Beadchip platforms to genotype several thousand samples for over half a million SNPs. Fine
mapping studies follow up GWAS results to confirm and/or refine findings by scanning a SNP
subset with a larger sample size (FLINT and ESKIN 2012; KRUGLYAK 2008; MCCARTHY et al.
2008). The majority of SNP genotyping platforms were initially developed for GWAS and fine
mapping in human, and subsequently adopted into other model species including several
agriculturally important livestock species. The human Affymetrix arrays for massively parallel
genotyping of SNPs started with the Mapping 10K array (KENNEDY et al. 2003). After that, the
Mapping 100K array set was developed as the first SNP array suitable for association studies and
produced the first GWAS finding (KLEIN et al. 2005; MATSUZAKI et al. 2004). The Mapping

500K array was the first array set with sufficient density to enable highly powered GWAS, then



the Affymetrix SNP 5.0 array was developed with essentially the same SNP content as the
Mapping 500K, but the design involves multiple replicates of the most informative probes rather
than a single copy of many different probe sequences (MCCARROLL et al. 2008). The Affymetrix
SNP 6.0 array was designed based on screening over two million SNPs and selection of 906K

SNPs to optimize the whole genome coverage (www.affymetrix.com). Recently, an Affymetrix

Axiom-based SNP array was developed, optimizing to genotype individuals with European
ancestry. The array contains 674,517 SNPs, and provides excellent genome-wide and gene-based
SNP coverage (HOFFMANN et al. 2011). In parallel, Illumina launched the first Infinium product,
the Human-1 Genotyping BeadChip, includes over 100,000 markers on a single BeadChip in
middle of 2005. The HumanHap300 Genotyping BeadChip, which leverages tag SNP content to
deliver over 300,000 markers on a single microarray, was developed a year later. lllumina
launched the next BeadChip in its Infinium whole-genome genotyping, the HumanHap550, with
over 550,000 SNP markers. The third BeadChip in its Infinium whole-genome genotyping
offering, Infinium HumanHap650Y BeadChip, was designed with over 650,000 SNPs. The
HumanlM and Human450S BeadChips were developed to combining an unprecedented level of

content for both whole-genome and copy number variation analysis (http://www.illumina.com/).

Several high throughput SNP genotyping arrays have been developed in livestock species
including cattle, pig, horse, sheep, dog and chicken. The BovineSNP50 Beadchip powered by
[llumina Infinium HD assay was first developed for detecting variation in cattle breeds
(MATUKUMALLI et al. 2009). The BovineSNP50 features 54K informative SNP probes that
uniformly span the entire genome. The evaluation on a panel of 576 animals from 21 cattle
breeds and six outgroup species revealed 74%-86% polymorphic SNPs within individual breeds

(MATUKUMALLI et al. 2009). Two higher-density genotyping arrays have recently become


http://www.illumina.com/

available to the bovine genomics community (RINCON et al. 2011). The High-Density Bovine
BeadChip (BovineHD) array (777K) using lllumina Infinium HD assay, and the Axiom
Genome-Wide BOS 1 Array (BOS 1) (648K) using Affymetrix Axiom technology. The
performance to these two bovine high-density genotyping platforms was tested in Holsteins and
Jerseys. The results indicated that both Affymetrix BOS 1 and Illumina BovineHD genotyping
platforms were well designed and provided high-quality genotypes and similar genome coverage
(RINCON et al. 2011). A high-density SNP genotyping assay (PorcineSNP60) in the pig was
designed using SNPs identified by next generation sequencing technology (RAmMOS et al. 2009).
The results of this study indicated the utility of NGS to identify large numbers of reliable SNPs
for array design. An equine SNP genotyping array (EquineSNP50 BeadChip) was developed and
evaluated on a panel of samples representing 14 domestic horse breeds and 18 evolutionarily
related species (MCCUE et al. 2012). The utility of the SNP array in GWAS was confirmed by
mapping the known recessive chestnut coat color locus (MC1R) and defining a conserved
haplotype of ~750kb across all breeds. Additionally, the lllumina OvineSNP50 BeadChip that
provided 42,469 SNP markers was developed by the International Sheep Genomics Consortium
(ISGC). In dog, Illumina developed the CanineSNP20 BeadChip and then a recent upgraded
version of CanineHD BeadChip. The Illumina CanineHD BeadChip was developed to contain
over 170,000 evenly spaced and validated SNPs enabling the interrogation of genetic variation in
any domestic dog breed (MOGENSEN et al. 2011). A 60K chicken SNP array powered by
[llumina iSelect BeadChip was designed to consist of 57,636 SNPs (GROENEN et al. 2011). The
evaluation indicated that 94% of SNPs could be genotyped and shown to be segregating in
chicken populations. More recently, a 600K chicken SNP array with Affymetrix Axiom

technology was developed (KRANIS et al. 2013).
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Although medium- to high-throughput SNP genotyping is still in its early stage, several
projects have been conducted in aquaculture species. The lllumina GoldenGate Assay was used
to evaluate 384 rainbow trout SNPs of a large set of SNPs discovered by reduced representation
shotgun sequencing. A total of 192 samples were genotyped, resulting in a validation rate of 48%
for the tested SNPs (SANCHEZ et al. 2009). The GoldenGate Assay was also used to genotype
192 catfish for 384 EST-derived SNPs in catfish (WANG et al. 2008). The research provided
assessments of factors affecting SNP validation rates including contig size, minor allele
frequency and flanking sequence quality. The Sequenom MassArray platform was used in
several studies in the context of QTL analysis, linkage mapping and map integration. Boulding et
al. (2008) examined associations between SNPs and QTLs for adaptive traits in juvenile Atlantic
salmon. Genotyping of 980 fish for 129-320 SNPs using the MassArray platform enabled the
detection of 79 significant associations between SNPs and QTLs for the adaptive traits
(BoULDING et al. 2008). An Atlantic cod genetic linkage map was constructed by genotyping
1,146 offspring from 12 full-sib families for 257 SNPs on the MassArray system (MOEN et al.
2009). A total of 174 SNPs were successfully placed on the linage map. Using the MassArray
system, a gene-associated SNP linkage map was also created for Pacific white shrimp by
genotyping 144 individuals for 825 SNPs (Du et al. 2010). In this case, a total of 418 SNPs were
incorporated into the linkage map. The MassArray system was also used for the Atlantic salmon
physical map-linkage map integration (LORENZ et al. 2010). They resequenced bacterial artificial
chromosome (BAC) end sequences from 14 individuals to discover a total of 180 SNPs. They
then genotyped 376 fish for these SNPs and positioned 110 SNPs on the existing linkage map,

then successfully anchored 73 BAC contigs to the Atlantic salmon linkage map.
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Recently, a custom Illumina iSelect SNP-array containing approximately 6K SNP markers
from Atlantic salmon has been developed and used to analyze genetic differences between
farmed and wild Atlantic salmon (KARLSSON et al. 2011). This SNP array was also used to
construct a relatively dense SNP linkage map (LIEN et al. 2011) and identify QTL related to
body weight of this species (GUTIERREZ et al. 2012). Linkage mapping based on genotyping of
3,297 Atlantic salmon from 143 families resulted in a linkage map with a total of 5,650 SNPs
(LIEN et al. 2011). Based on this linkage map, QTL analysis by genotyping 5 Atlantic salmon

families identified 5 significant QTL associated with body-weight traits (GUTIERREZ et al. 2012).

Genome-wide association studies

Along with the development of high throughput SNP genotyping technologies, GWAS has
been extensively conducted in human disease research. For instance, in 2005, an association was
found between age-related macular degeneration (ARMD) and a variation in the gene for
complement factor H (CFH). Use of variation in the CFH gene, along with four other variants,
can predict half the risk of ARMD between siblings, and this work was regarded as among the
most successful examples of GWAS (KLEIN et al. 2005). Similarly, a GWAS involving
genotyping of around 400K SNPs in a French case—control cohort allowed detection of an
association between type 2 diabetes and a variation in several SNPs in the genes TCF7L2,
SLC30A8 and others (SLADEK et al. 2007), which can explain a substantial portion of disease
risk. In 2007, the Wellcome Trust Case Control Consortium carried out GWA studies for
14,000 cases of seven common diseases including coronary heart disease, type 1 diabetes, type 2
diabetes, rheumatoid arthritis, Crohn's disease, bipolar disorder, and hypertension. This study
was successful in uncovering many new genes underlying these diseases (BURTON et al. 2007).

In recent years, numerous GWA studies utilizing high-density SNP arrays have been conducted

12


http://en.wikipedia.org/wiki/Age-related_macular_degeneration
http://en.wikipedia.org/wiki/Complement_factor_H
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_2
http://en.wikipedia.org/wiki/TCF7L2
http://en.wikipedia.org/wiki/SLC30A8
http://en.wikipedia.org/wiki/Coronary_heart_disease
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_1
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_2
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_2
http://en.wikipedia.org/wiki/Rheumatoid_arthritis
http://en.wikipedia.org/wiki/Crohn%27s_disease
http://en.wikipedia.org/wiki/Bipolar_disorder
http://en.wikipedia.org/wiki/Hypertension

for human diseases (ANTTILA et al. 2010; BARRETT et al. 2009; BURTON et al. 2007; CAl et al.
2011; CHAMBERS et al. 2009; CHIo et al. 2009; EELES et al. 2009; FLETCHER et al. 2011;
GUDMUNDSSON et al. 2009; HAN et al. 2009; HAROLD et al. 2009; Hu et al. 2011; HUANG et al.
2010; HUANG et al. 2012; KHOR et al. 2011; Kim et al. 2011; LiN et al. 2012a; LIN et al. 2012b;
Lu et al. 2012; MANoOLIO 2010; MELUM et al. 2011; NEWTON-CHEH et al. 2009; PAINTER et al.
2011; Qretal. 2010; RAPLEY et al. 2009; SH1 et al. 2011; SIMON-SANCHEZ et al. 2009; SLADEK
et al. 2007; SuN et al. 2011; VITHANA et al. 2012; WANG et al. 2011; Wu et al. 2011; Wu et al.
2012a; Wu et al. 2012b; Xu et al. 2012; ZHANG et al. 2009) see reviews (HARDY and
SINGLETON 2009; HIRSCHHORN and DALY 2005; KRUGLYAK 2008; MANOLIO 2010; MCCARTHY
et al. 2008) and for several agriculturally important traits in crops (FAMOsO et al. 2011; HUANG
et al. 2010; HUANG et al. 2012).

In recent years, along with the development of high-density SNP arrays, GWAS were
extended to the field of domestic animals including cattle, pig, horse, sheep, dog, and chicken. A
recent review paper provides a comprehensive summery of GWA studies conducted in domestic
animals (ZHANG et al. 2012).  In cattle, tens of GWA studies have been conducted for several
economically important traits, including mile yield and quality, fertility, growth, meat quality,
carcass yield and bovine diseases (BOLORMAA et al. 2011; FINLAY et al. 2012; JIANG et al. 2010;
MaAl et al. 2010; MEREDITH et al. 2012; PANT et al. 2010; SAHANA et al. 2010; SAHANA et al.
2011; ScHOPEN et al. 2011; SETTLES et al. 2009; UEMOTO et al. 2010; VAN HULZEN et al. 2012).
The majority of these studies employed the bovineSNP50 for SNP genotyping, while one recent
study using llumina BovineHD (777K) for Dominant White Phenotype and Bilateral Deafness
has been conducted (PHILIPP et al. 2011). The results of this study revealed a most significant

associated-region on bovine chromosome 22 and a missense mutation in exon 7 of MITF gene
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was responsible for the trait. The first example of GWAS in pig was reported by DUIJVESTEIN et
al. (2010). They used the PorcineSNP60 BeadChip to genotype 987 pigs divergent for
androstenone concentration from a commercial Duroc-based sire line. The results of this study
revealed that 37 SNPs on chromosomes 1 and 6 significantly affect the androstenone levels in fat
tissue (DUIVESTELN et al. 2010). Soon after, GWAS were conducted for several other
economically important traits including skatole levels, boar taint, fertility, backfat, body
confirmation, fatness and coat color (GRINDFLEK et al. 2011; ONTERU et al. 2012; ONTERU et al.
2011; PONSUKsILI et al. 2011; RAMos et al. 2011). The lllumina EquineSNP50 BeadChip
genotyping array enabled several GWAS on traits of racing distance and some disorder and
diseases in horse (BROOKS et al. 2010; Dupuis et al. 2011; HiLL et al. 2010; ORR et al. 2010).
The first report of GWAS in sheep was conducted on horn types using Illumina OvineSNP50
BeadChip (JOHNSTON et al. 2011). This study determined an autosomal gene, RXFP2, as the
main genetic candidate for horn-type, accounting for up to 76% of the additive genetic variation
in this trait (JOHNSTON et al. 2011). Another study of GWAS in sheep using the same SNP array
revealed that a nonsense mutation on exon 6 of dentin matrix protein 1 (DMP1) was responsible
for inherited rickets in Corriedale sheep (ZHAO et al. 2011). The special roles of dog related to
human made it popular for genomics and genetics studies. A number of GWA studies on dog
diseases have been conducted including Degenerative myelopathy (DM), Canine atopic
dermatitis (CAD), and Arrhythmogenic right ventricular cardiomyopathy (ARVC) (AWANO et al.
2009; HALE et al. 2009; MEURs et al. 2010). A recent GWAS analysis using Illumina CanineHD
BeadChip was carried out to identify genetic variants associated with intervertebral disc
calcification in Dachshunds (MOGENSEN et al. 2011). The first GWAS in chicken was

conducted on fatness using 3K SNPs in two F2 populations (ABASHT and LAMONT 2007). After
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the development of chicken 60K Illumina iSelect SNP array, several recent GWA studies were
published for various traits including body weight, growth, egg production and quality, and
diseases in chicken (Gu et al. 2011; Li et al. 2012; WELLS et al. 2012; XIE et al. 2012).

In spite of being very powerful, GWAS has not been applied to aquaculture species. The
primary reason was the lack of genome-wide polymorphic markers until recently. Now that a
large number of SNPs are available for a number of aquaculture species, future applications in
GWAS for aquaculture species is clearly technically feasible. It’s anticipated that GWA studies
for production traits in aquaculture species will soon be available given the ever-decreasing cost

for sequencing and high-throughput SNP genotyping.
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Chapter 2
Generation of genome-scale gene-associated SNPs in catfish for the construction of a

high-density SNP array

Abstract

Single nucleotide polymorphisms (SNPs) have become the marker of choice for
genome-wide association studies. In order to provide the best genome coverage for the analysis
of performance and production traits, a large number of relatively evenly distributed SNPs are
needed. Gene-associated SNPs may fulfill these requirements of large numbers and genome
wide distribution.  In addition, gene-associated SNPs could themselves be causative SNPs for
traits. The objective of this project was to identify large numbers of gene-associated SNPs
using high-throughput next generation sequencing. Transcriptome sequencing was conducted for
channel catfish and blue catfish using Illumina next generation sequencing technology.
Approximately 220 million reads (15.6 Gb) for channel catfish and 280 million reads (19.6 Gb)
for blue catfish were obtained by sequencing gene transcripts derived from various tissues of
multiple individuals from a diverse genetic background. A total of over 35 billion base pairs of
expressed short read sequences were generated. Over two million putative SNPs were
identified from channel catfish and almost 2.5 million putative SNPs were identified from blue
catfish. Of these putative SNPs, a set of filtered SNPs were identified including 342,104
intra-specific SNPs for channel catfish, 366,269 intra-specific SNPs for blue catfish, and 420,727

inter-specific SNPs between channel catfish and blue catfish. These filtered SNPs are
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distributed within 16,562 unique genes in channel catfish and 17,423 unique genes in blue catfish.
For aquaculture species, transcriptome analysis of pooled RNA samples from multiple
individuals using lllumina sequencing technology is both technically efficient and cost-effective
for generating expressed sequences.  Such an approach is most effective when coupled to
existing EST resources generated using traditional sequencing approaches because the reference
ESTs facilitate effective assembly of the expressed short reads. When multiple individuals with
different genetic backgrounds are used, RNA-Seq is very effective for the identification of SNPs.
The SNPs identified in this report will provide a much needed resource for genetic studies in
catfish and will contribute to the development of a high-density SNP array. Validation and
testing of these SNPs using SNP arrays will form the material basis for genome association

studies and whole genome-based selection in catfish.

Introduction

Single nucleotide polymorphisms (SNPs) are alternative bases at any given position of DNA.
They are among the most abundant type of genetic variations and widely distributed within
genomes. Theoretically, SNPs can have four alleles in the population, but they most often exist
as bi-allelic markers. Because of their potential for high genotyping efficiency, automation,
data quality, genome-wide coverage and analytical simplicity (MoORIN et al. 2004), SNPs have
rapidly become the marker of choice for many applications in genetics and genomics. In
particular, SNPs are most suitable for whole genome association studies because linkage
disequilibrium can be detected with high density SNP coverage of the genome when working
with performance and production traits. For instance, simultaneous analysis of thousands of
SNPs have enabled genome-wide association studies for complex traits in chicken (ABASHT and

LAMONT 2007), pig (Du et al. 2009; DulBVESTERN et al. 2010) cattle (KHATKAR et al. 2008; Kim
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et al. 2009; MEUWwISSEN et al. 2001) horse (BROOKS et al. 2010) and sheep (BECKER et al. 2010;
Kuas et al. 2009). However, such studies have not been possible with most aquaculture
species including catfish because large numbers of SNPs have not been available.

In species where the whole genome has been sequenced, SNPs have been identified from
genome sequencing efforts.  In most cases, SNPs were identified by sequence variations
between the two alleles of a single diploid individual whose genome was sequenced (Eck et al.
2009). More recently, the identification of SNPs in non-model species has been fuelled by
mining large numbers of expressed sequence tags (ESTs) available in many species. Likewise,
gene-associated SNPs derived from ESTs have been identified in several fish species, including
Atlantic salmon (MOEN et al. 2008), Atlantic cod (HUBERT et al.) and catfish (HE et al. 2003;
WANG et al. 2010; WANG et al. 2008). In spite of being relatively effective, SNP identification
from ESTs is limited by sequence coverage and depth. For instance, of the 303,000 putative
SNPs identified from catfish ESTs, only 48,594 were identified from contigs containing at least
four ESTs and at least two sequences bearing the minor allele.  The majority of the catfish EST
contigs (56% of 45,306) contain only two or three sequences (WANG et al. 2010). Putative
SNPs identified from such contigs would have the minor alleles represented by only one
sequence. Such SNPs could represent sequence errors and therefore, are not reliable (WANG et
al. 2008).

To identify larger numbers of gene-associated SNPs, higher throughput expressed sequence
reads are needed to increase coverage and depth and ensure sequence accuracy. Next
generation sequencing technologies such as Roche/454, lllumina/Solexa, and ABI/SOLiID
sequencing platforms are particularly adapted to producing high coverage of expressed

sequences within contigs (MARDIs 2008a; MARDIS 2008b).  Transcriptome analysis using next
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generation sequencing with multiple individuals has been demonstrated to be very effective for
SNP identification (NOVAES et al. 2008). Recently, 454 sequencing was applied for the
identification of gene-derived SNPs in a number of species such as eucalyptus grandis (NOVAES
et al. 2008), pine tree (PARCHMAN et al.2010), butterfly (VERA et al. 2008), lake sturgeon (HALE
et al. 2009) and coral (MEYER et al. 2009).

While the 454 sequencing technology has been widely used for transcriptome analysis,
Illumina sequencing technology is being gradually accepted for its dramatically improved
sequencing throughput and quality (CIRuLLI et al. 2010; SURGET-GROBA 2010 and
MoONTOYA-BURGOS 2010). Paired-end sequencing technology along with the longer sequence
reads make it possible to assemble contigs of transcripts from Illumina short reads. Such
assemblies are aided by the presence of reference genome and/or reference transcriptome
sequences (PARCHMAN et al. 2010 ; TRICK et al. 2009). In this context, a large number of ESTs
of catfish are available. The objective of this study is to conduct transcriptome sequencing
from multiple individuals of both channel catfish (Ictalurus punctatus) and blue catfish (I.

furcatus) in order to identify gene-associated SNPs for the development of SNP arrays in catfish.

Materials and Methods

Sample and RNA isolation

Channel catfish of 47 individuals from five different aquaculture populations/fingerling
sources (8 Marion Select, 10 Pearson, 11 Moyer, 10 Holland, 8 Noble) and blue catfish of 19
individuals from two different strains (7 Rio Grande and 12 D&B) were used for this study.
Samples of 11 tissues including brain, gill, head kidney, intestine, liver, muscle, skin, spleen,

stomach, heart, and trunk kidney were collected. The fish were euthanized with tricaine
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methanesulfonate (MS 222) at 300 mg/l before tissue collection. Tissue samples from each
species were collected, pooled, immediately placed in 5 ml RNA later™ (Ambion, Austin, TX,
USA) and kept at 4 <C for 2-4 days until RNA extraction. Equal weight of each tissue from
individuals of each species were combined, ground to a fine powder with mortar and pestle in the
presence of liquid nitrogen and thoroughly mixed. A fraction of the tissue samples was used
for RNA isolation. Total RNA was isolated using the RNeasy plus Mini Kit (Qiagen, Valencia,

CA, USA) with DNase I (Invitrogen, USA) treatment following the manufacturer’s protocol.

Illumina sequencing

Sequencing was conducted commercially in HudsonAlpha Genomic Services Lab
(Huntsville, AL, USA). Briefly, 100 ng of total RNA was used to prepare amplified cDNA
using Ovation RNA-seq, a commercially available kit optimized for RNA sequencing (NUGEN
Technologies, San Carlos, CA). The produced double-stranded cDNA was subsequently used
as the input to the Illumina library preparation protocol starting with the standard end-repair step.
The end-repaired DNA with a single ‘A’-base overhang is ligated to the adaptors in a standard
ligation reaction using T4 DNA ligase and 2 uM-4 uM final adaptor concentration, depending on
the DNA yield following purification after the addition of the ‘A’-base. Following ligation, the
samples were purified and subjected to size selection via gel electrophoresis to isolate 350 bp
fragments for ligation-mediated PCR (LM-PCR). Twelve cycles of LM-PCR were used to
amplify the ligated material in preparation for cluster generation. For each species of channel
catfish and blue catfish, the prepared cDNA library was sequenced with 36-bp paired-end reads
on one flow cell lane of the Illumina Genome Analyzer Il platform and 100-bp paired-end reads
on one flow cell lane of the Hiseq 2000 platform, respectively. The image analysis, base

calling and quality score calibration were processed using the Illumina Pipeline Software v1.4.1
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according to the manufacturer’s instructions. Reads were exported in the FASTQ format and
has been deposited at the NCBI Sequence Read Archive (SRA) under accession number

SRA025099.

Assembly of expressed short reads

Sequence analysis was performed using the high-throughput sequencing module of CLC
Genomics Workbench (version 4.0.2; CLC bio, Aarhus, Denmark). The raw reads were cleaned
by trimming of adaptor sequences, ambiguous nucleotides (‘N” in the end of reads) and low
quality sequences with average quality scores less than 20. Trimmed reads less than 15 bp were
also discarded from further analysis, the remaining reads were used in subsequent assembly.

The approach of assembly in this study was based on a combination of reference assembly and
de novo assembly. A reference-based assembly was firstly executed using a set of catfish
unique sequences generated from ~500,000 Sanger-ESTs of both channel and blue catfish as a
reference. For the reference assembly, the default local alignment settings were used to rank all
potential matches, with mismatch cost of 2, deletion cost of 3 and insertion cost of 3.  The
highest scoring matches that shared > 80% similarity with the reference sequence across > 50%
of their length were included in the alignment.  This permissive alignment ensured that even
reads derived from highly mutated orthologs between channel catfish and blue catfish would not
be discarded. Reads that were not assembled into contigs in the reference assembly were
entered into a subsequent de novo assembly with a higher stringency minimum match similarity
(90%). Three separate assemblies were generated: channel catfish assembly, blue catfish

assembly, and all catfish assembly (Figure 1).
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Figure 1. Schematic presentation of the catfish transcriptome analysis.

Gene identification and annotation

Unique consensus sequences from the all catfish assembly were compared against the
Uniprot database and the zebrafish Refseq protein database (NCBI) using BLASTX (cutoff
E-value of 1E-10) to obtain the putative gene identity. To estimate the proportion of annotated
contigs that matched to unique genes in the known protein database, all BLASTX hits were
filtered for redundancy in protein accessions. Assignment of Gene Ontology terms to annotated

unique sequences was conducted using the program Blast2GO (CoNESA et al. 2005). Ontology
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was categorized with respect to Biological Process, Molecular Function, and Cellular

Component.

SNP and microsatellite markers identification

Assembled contigs were scanned for SNPs utilizing SNP detection software included in
CLC Genomics Workbench (CLC bio, Aarhus, Denmark). The central base quality score of >
25 and average surrounding base quality score of > 20 were set to assess the quality of reads at
positions for SNP detection. Under the criteria of minimum coverage (read depth) of four and
the minimum variant frequency of two, the variations compared to the reference sequence were
counted as SNPs.  Three lists of SNPs were generated from channel catfish, blue catfish and all
catfish assembly, respectively. The identification of intra-specific SNPs for both channel and
blue catfish, and inter-specific SNP between channel and blue catfish was achieved by
comparing these three lists of SNPs. Inter-specific SNPs were defined as those that have
sequence variations between channel catfish and blue catfish, but no sequence variations within
channel catfish or within blue catfish; similarly, intra-specific SNPs were identified within
channel catfish or within blue catfish; and intra-specific SNPs for both channel catfish and blue
catfish were identified within both channel catfish and blue catfish at the same SNP position.

All the unique sequences were used to search for microsatellite makers using Msatfinder
(THURSTON MI) with a repeat threshold of eight di-nucleotide repeats or five tri-, tetra-, penta-, or
hexa- nucleotide repeats. The presence of at least 50-bp sequence on both sides of the
microsatellite repeats were considered sufficient for primer design (ROzeN and SKALETSKY 2000;

SOMRIDHIVE! et al. 2008).
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Quality SNP screening

In order to identify quality SNPs, putative SNPs identified as mentioned above were further
screened following specific criteria based on the read depth, minor allele frequency, the quality
of flanking regions and absence of other SNPs within 15-bp flanking regions: only those SNPs
with minor allele sequences representing no less than 10% of the reads aligned at the
polymorphic loci were declared as quality SNPs; no extra SNPs or indels within 15-bp flanking
regions were allowed; SNPs located in repetitive regions were also not considered. Potential
repetitive elements were detected by RepeatMasker (http://www.repeatmasker.org/). SNPs
located in repetitive regions were checked and ruled out using custom scripts. For practical
application in SNP genotyping assays, only bi-allelic SNPs were considered in this study. To
get a snapshot of the SNP distribution across the catfish genome, SNP- containing contigs with
BLAST hits to the Ensembl zebrafish transcripts database were plotted along the zebrafish

chromosomes.

Results

Generation of expressed short reads

Illumina sequencing was conducted to generate short sequence reads of expressed sequences.
Two cDNA libraries were made from pooled RNA samples prepared from a total of 11 tissues of
47 channel catfish and 19 blue catfish, respectively, representing major strains used in
commercial production. The cDNAs were sequenced with one lane each using lllumina GA-I1I
and Illumina HiSeq 2000 that generated 48.6 million 36-bp paired-end reads and 173.9 million
100-bp paired-end reads for channel catfish, and 66.9 million 36-bp paired-end reads and 216.6

million 100-bp paired-end reads for blue catfish (Table 1). After removal of ambiguous
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nucleotides, low-quality sequences (quality scores < 20) and sequences less than 15 bp,
sequences totaling 15.6 billion base pairs for channel catfish and 19.6 billion base pairs for blue
catfish were generated (Table 1).

Table 1. Generation of Illumina expressed short reads. Eleven tissues were used for RNA
preparation including brain, gill, head kidney, intestine, liver, muscle, skin, spleen, stomach,

heart, and trunk kidney. *Paired-end reads were generated in different lengths of either 36 bp
or 100 bp as a result of different sequencers, Illumina GA-II or HiSeq 2000.

Species No. of Sequencer Sequence Reads Bases Reads Bases after

fish length* (X10°%) sequenced after trimming
(X10%) trimming (X10%)
(X10°%)

Channel Hlumina GA-II 36 bp 48.6 1.8 47.2 1.7

catfish HiSeq 2000 100 bp 173.9 17.4 171.6 13.9

Blue 9 Hlumina GA-II 36 bp 66.9 2.3 62.1 2.2

catfish HiSeq 2000 100 bp 216.6 21.7 2125 17.4

Total - - - 506.0 43.2 493.4 35.2

Assembly of the expressed short reads

Assembly of the expressed short reads was conducted in several ways. First, reference
assemblies of channel catfish expressed short reads and blue catfish expressed short reads were
conducted separately using all existing catfish ESTs as a reference. Such assemblies would
allow establishment of contigs for channel catfish expressed short reads and blue catfish
expressed short reads separately to allow identification of intra-specific SNPs that are anchored
(scaffold) by longer EST reference sequences. Such an assembly is superior to the total de
novo assembly of the expressed short reads which generates very large numbers of contigs, over
800,000 (data not shown). As shown in Table 2, over two thirds of the expressed short reads
were assembled with the reference assemblies. Over 152 million reads of channel catfish

(69.8%) and 183 million reads of blue catfish (66.7%) were assembled into 103,650 and 104,475
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contigs, respectively. The contigs were reasonably long with an average contig length of 670
bp and 775 bp, respectively, for channel catfish and blue catfish (Table 2).

Table 2. Reference assembly of expressed short reads. “Number of reads per contig. “Total
number of assembled read bases/Total number of bases in consensus sequence

Species No. of reads No. ofreads % No. of Average Average Average
used for assembled sequences  contigs contig contig coverage
assembly assembled length (bp)  size” i

Channel catfish ~ 218.8x10°  152.6 x 10° 69.8% 103,650 670 1,473 137.4

Blue catfish 2746 x10°  183.8x10° 66.7% 104,475 775 1,760 164.2

Despite generating an efficient reference assembly, over 66 million channel catfish reads and
90 million blue catfish reads were not assembled with the reference assembly. These reads
could represent additional genes that were not represented by the EST reference sequences, or
they could come from gene regions that were not represented by the EST references. In order
to make them useful resources for SNP identification, de novo assembly of these remaining reads
was conducted. As shown in Table 3, over 70% of these unassembled expressed short reads
could be assembled de novo, generating 420,165 contigs and 420,953 contigs for channel catfish
and blue catfish, respectively. However, the average contig length was much shorter than those
in the reference assembly, with 298 bp and 315 bp for channel catfish and blue catfish,
respectively. These contigs are also useful resources for the identification of intra-specific
SNPs.
Table 3. De novo assembly of the unassembled expressed short reads.  All the newly
generated expressed short reads were first assembled using reference assembly (Table 2), and
those that were not assembled, i.e., they did not align in silico to the existing catfish ESTs, were

used for the de novo assembly. "Number of reads per contig. “Total number of assembled read
bases/Total number of bases in consensus sequence.

Species No. of reads  No. of % No. of Average Average Average
used for reads sequences  contigs contig contig coverage
assembly assembled assembled length (bp)  size* i

Channel catfish ~ 66.2 x 10° 46.8 x 10° 70.7% 420,165 298 111 19.7

Blue catfish 90.8 x 10° 64.3 x 10° 70.8% 420,953 315 153 26.4
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After separate analyses of channel catfish and blue catfish expressed short reads, reference
and de novo assemblies were conducted using combined channel catfish and blue catfish
expressed short reads in order to identify inter-specific SNPs. A total of 493.4 million
expressed short reads from both channel catfish and blue catfish (all catfish) were used. The
reference assembly of all catfish expressed short reads placed 336.0 million reads (68%) into
104,870 contigs, with an average contig length of 686 bp. Similarly, the de novo assembly of
all catfish expressed short reads generated 421,229 contigs, with an average contig length of 340
bp (Table 4). These contigs should be useful for the identification of inter-specific SNPs.
Table 4. Summary of assembly using all catfish expressed short reads. Al expressed short
reads from both channel catfish and blue catfish were first assembled using existing ESTs as
references. “Those that were not assembled into contigs with the reference ESTs were then

assembled de novo. *Total number of assembled read bases/Total number of bases in consensus
sequence.

No. of No. of % No. of Avg. Max No. of Avg.
Assembly reads used  reads sequences contigs  contig length  contigs  coverage”
assembled  assembled length (>1kb)
Reference’  493.4x10° 336.0x10°  68.1% 104,870 686 6,849 17,756 330.8
De novo® 157.4x10° 107.2x10° 68.2% 421,229 340 4615 4,133 44.1

Putative gene identity and annotation

Before SNP identification, we conducted analysis of putative gene identities to help assess
how many genes may be included in the assemblies. To determine the putative gene identities,
unique consensus sequences from the all catfish reference assembly and de novo assembly were
searched against the Uniprot database and NCBI zebrafish Refseq protein database using
BLASTX with a cutoff E-value of 1E-10. Of 104,870 all catfish contigs from the reference
assembly, 32,350 (30.9%) had BLAST hits to the Uniprot database, and matched 17,766 unique

protein accessions. As expected, a lower percentage of the contigs from de novo assembly had
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BLAST hits to Uniprot proteins.  Of the 421,229 contigs, 24,168 (5.7%) had BLAST hits to the
Uniprot database, with matches to 12,331 unique proteins. Altogether, of the 526,099 contigs,
56,518 (10.7%) had significant BLAST hits to the Unitprot database, and matched 24,440 unique
protein accessions. Larger numbers of contig hits but fewer matches to unique proteins were
observed when compared to the zebrafish Refseq protein database (Table 5). Altogether,
66,285 (12.6%) had BLAST hits to known proteins in zebrafish Refseq protein database that
matched 19,899 unique protein accessions. This seemingly low percentage of contigs with
BLAST hits is partially due to a high proportion of short contigs in the assembly of expressed
short reads, although the percentage of the unique proteins of zebrafish hit by the unique catfish
sequences in this study is comparable to levels reported in our previous catfish EST project
(WANG et al. 2010). Longer contigs were more likely to have BLAST hits to the annotated
protein databases, 80% of our contigs with BLAST hits were over 350 bp in length, similar to
observations in previous studies (WANG et al. 2010; NovAEs et al. 2008; PARCHMAN et al.2010).
Nonetheless, BLAST searches identified a total of 24,440 unique protein accessions including
6,674 genes that were identified for the first time here from the catfish transcriptome.

Table 5. Summary of BLASTX searches to annotated protein databases. Contigs of two
assemblies, the reference assembly with 104,870 contigs and the de novo assembly with 421,229

contigs, were used to search the Uniprot database and the zebrafish Refseq protein database to
assess the number of related genes represented by catfish expressed sequences.

Contigs hit % contigs Unique Contigs hit % contigs  Unique

Uniprot with hits  protein hits zebrafish with hits  zebrafish
Refseq Refseq
hits

Reference 32,350 30.9% 17,766 36,597 34.9% 14,874

assembly

De novo 24,168 5.7% 12,331 20,688 71% 10781

assembly

Total 56,518 10.7% 24,440 66,285 12.6% 19,899
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To assess the coverage of the catfish transcriptome achieved by our sequencing effort, the
distribution of gene ontology (GO) annotations in catfish was compared with that of zebrafish.
The unique genes from the catfish and the zebrafish annotated database were analyzed using
generic GO-slim terms with Blast2GO (Lomax 2005). The percentages of annotated catfish
sequences assigned to GO-slim terms are very similar to those of zebrafish genes (Figure 2),
suggesting a generally similar distribution of genes in different functional categories, and the

depth of the coverage of the transcriptome.
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Figure 2. Similarity of GO-term assignments for catfish and zebrafish genes. Proportions
of GO-terms assigned to annotated contigs from catfish assembly compared with the proportions
found in the zebrafish genome annotation which serves as an indicator of the extent to which the
catfish transcriptome has been characterized.

SNP identification

As summarized in Table 6, a total of 2,030,410 intra-specific SNPs were identified from the

channel catfish sequence assembly; 2,497,806 intra-specific SNPs were identified from the blue
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catfish sequence assembly; and 4,236,135 SNPs were identified from the all catfish sequence
assembly (intra-specific blue + intra-specific channel — intra-specific both + inter-specific).

Almost two thirds of the putative SNPs were transitions.

Table 6. Summary of putative SNP identification. Putative SNPs include all base variations
involved in the sequence assemblies with at least four sequences present at the SNP position with
minor allele sequences represented at least twice. All catfish represents both intra-specific and
inter-specific SNPs.  Note that the total SNPs from all catfish assembly is fewer than the sum of
total SNPs from channel catfish and blue catfish due to shared SNP positions in the two catfish
species.

Channel catfish Blue catfish All catfish

Contigs under analysis 523,815 525,428 526,099

Total SNPs 2,030,410 2,497,806 4,236,135
Transitions 1,311,220 1,616,477 2,751,244
Transversions 719,190 881,329 1,484,891

SNP/100 bp 1.6 1.8 3.0

Our previous research suggested that SNPs identified from contigs with at least four
sequences at the SNP sites with the minor allele being represented at least twice are more reliable
(WANG et al. 2008). In this study, putative SNPs were further screened following specific
criteria based on the read depth, minor allele frequency, the quality of flanking regions and
absence of additional SNPs in the 15-bp flanking regions (see Methods). With these criteria, a
total of 342,104 putative filtered SNPs were identified from channel catfish; 366,269 putative
filtered SNPs were identified for blue catfish (Table 7); of these 25,143 putative filtered SNPs
were identified from same positions in both channel catfish and blue catfish, while 420,727
putative filtered inter-specific SNPs were identified. The number of intra-specific SNPs
identified from same positions in both channel catfish and blue catfish may be underestimated,
due to failure to capture sequences from one or both species in the current sequence data. A total
of 146,573 filtered intra-specific SNPs in channel catfish were identified from positions where

there were fewer than four blue catfish sequences, and similarly, 174,034 filtered intra-specific
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SNPs in blue catfish were identified from positions where there were fewer than four channel
catfish sequences. Obviously, the failure to obtain sequences from one or both species at same

positions would also cause the underrepresentation of inter-specific SNPs.

Table 7. Quality SNPs selected from the putative SNPs with a set of criteria. *SNPs
identified at positions where there were SNPs within channel catfish; 2SNPs identified at
positions where there were SNPs within blue catfish; *SNPs identified at positions where there
were no intra-specific channel catfish SNPs or intra-specific blue catfish SNPs, but the bases
differed between the two species.

Intra-specific SNPs Inter-specific

Channel catfish* Blue catfish? SNPs®

Total SNPs 342,104 366,269 420,727
Transitions 208,517 230,031 262,048
Transversions 133,587 136,238 158,679
No. of cont@gs W@th SNPs 168,458 190,197 232,972
B‘;I&fo‘t’%?tts'gg‘g’;\%s 28,067 30,376 32,515
No. of unique known 16,562 17,423 18,085

genes containing SNPs

Since the information on minor allele frequency (MAF) is an important consideration in
choosing which SNPs to be included in SNP arrays, the minor allele frequencies of SNPs in the
discovery populations were estimated from the sequence data. As shown in Figure 2, the
majority of SNPs have sequence derived minor allele frequencies more than 15%, and the
average MAFs were 0.28, 0.26 and 0.31 in putative filtered SNPs identified for channel catfish,

blue catfish and inter-species, respectively (Figure 3).
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Figure 3. Distribution of minor allele frequencies of SNPs. A: Intra-specific SNPs in channel
catfish; B: Intra-specific SNPs in blue catfish and C: Inter-specific SNPs between the two species.
The X-axis represents the SNP sequence derived minor allele frequency in percentage, while the
Y-axis represents the number of SNPs with given minor allele frequency. Note that the majority
of SNPs have minor allele frequencies more than 10%.

While the number of SNPs is important, their distribution in contigs and genes within the
genome is also important when used for genetic analysis. A total of 168,458 channel catfish
contigs and 190,197 blue catfish contigs were found to contain putative filtered SNPs, of which
13,414 contigs contain SNPs at same positions in both channel catfish and blue catfish. The
number of unique Uniprot accessions hit by contigs containing SNPs was 16,562 for channel
catfish, and 17,423 for blue catfish, suggesting that putative filtered SNPs were identified from
the vast majority of catfish genes.

One important aspect of using the inter-specific hybrid system is to identify inter-specific
SNPs.  From this work, a total of 232,972 contigs were identified to contain 420,727
inter-specific SNPs, i.e., sequence variations between the two species, channel catfish and blue

catfish. These SNPs were from at least 18,085 distinct genes as determined by unique hits to

the Uniprot protein database (Table 7).
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Microsatellite markers identification

The 526,099 catfish contigs were surveyed to identify microsatellite markers. A total of
57,379 microsatellites were initially identified from 49,883 contigs. The majority of the
microsatellites are dinucleotide repeats (Table 8). Of these microsatellites, 39,516 distributed
within 34,539 contigs had sufficient flanking sequences on both sides for primer design. These

microsatellites should be useful for genetic linkage mapping and other genetic studies.

Table 8. Summary of microsatellite markers identification.

Number of contigs of sequences surveyed 526,099

Number of contigs containing microsatellites 49,883

Total number of microsatellites identified 57,379
Di-nucleotide repeats 31,657
Tri-nucleotide repeats 16,925
Tetra-nucleotide repeats 8,235
Penta-nucleotide repeats 506
Hexa-nucleotide repeats 56

Number of microsatellites with sufficient flanking sequences 39,516

Number of contigs containing microsatellites with sufficient flanking

sequences 34,539

Assessment of SNP distribution

SNPs distribution along the chromosomes of a genome is important for consideration of
genome coverage using SNP markers. In the absence of a whole genome sequence assembly in
catfish, we have taken a comparative genomic approach to plot the SNPs from expressed
sequences onto the zebrafish genome sequence assembly.  Contigs containing SNPs were used
as queries against zebrafish transcripts to plot their putative genomic locations based on

homology. As shown in Figure 3, the catfish expressed SNPs represent genes that are widely
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distributed along the chromosomes of all 25 zebrafish chromosomes. There are few gaps over

one million base pairs in this comparative alignment (Figure 4).
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Figure 4. Comparative analysis of the genes containing SNPs on zebrafish genome. Each
of the 25 zebrafish chromosomes was laid out in the X-axis with one million base pairs intervals,
and the number of genes contained with filtered SNPs residing in the interval was plotted on the
Y-axis.

Discussion

In this work, we have conducted RNA-Seq analysis with pooled RNA samples from
multiple individuals of both channel catfish and blue catfish to develop large numbers of
high-quality SNPs. A total of 493.4 million reads allowed generation of a total of over 35
billion base pairs of expressed sequences. Previous to this report, a total of approximately 290
million base pairs of expressed sequences of catfish had been generated using traditional Sanger

sequencing. This work represents more than 100 times more transcript sequences than the total
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previously submitted to GenBank. Our results demonstrate the efficiency and
cost-effectiveness of next generation sequencing technologies in generating expressed sequences.

One great challenge of transcriptome analysis using lllumina sequencing is the short read
length. In this study, we have used both the lllumina GA-I1 and HiSeq 2000 sequencing
platforms that generated read lengths of 36 bp or 100 bp. De novo assembly of the expressed
short reads proved to be problematic even with gene-associated sequences. For instance, a total
de novo assembly of the 218.8 million short reads from channel catfish would lead to over
800,000 contigs. Similarly, de novo assembly of 274.6 million short reads from blue catfish
would lead to over 1,000,000 contigs. Such large numbers of short contigs may make
subsequent applications of the EST or SNP resources less effective. However, such challenges
are significantly alleviated when a large EST resource is available, as demonstrated by drastic
reduction of contig numbers with the reference assembly in this study.

A second challenge is the over representation of highly expressed gene tags in transcriptome
analysis.  As shown in Figure 5, a small number of contigs (254) accounted for 32.6% of total
reads. Clearly, there is a huge proportion of repeated sequencing and over representation of
abundantly expressed genes. Obviously, this problem can be reduced by normalization of the
cDNA. However, when a good EST reference is available, such a seemingly large problem is
not as serious as the numbers indicate. As shown in Table 5, BLAST analysis of the reference
assembly and de novo assembly contigs revealed that 24,440 unique Uniprot accessions were
represented, suggesting that the expressed short reads provided good coverage of the catfish
transcriptome.  Additionally, previous, extensive EST sequencing of normalized and subtracted
cDNA libraries resulted in 105,182 unique consensus sequences from channel catfish and blue

catfish. Our sequencing here covered 104,870 of those contigs (99.7%), produced significant
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hits to 6,674 previously uncaptured genes, and covered thousands of additional transcript regions

currently without annotation.
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Figure 5. Frequency of contigs of various sizes from the all catfish reference assembly.
The X-axis represents contig size (number of reads per contig). The curved line denotes the
cumulative percentage of reads assembled. Note that a small number of very large contigs
account for the majority of total reads. For instance, less than 0.3% of the contigs with over
100,000 reads per contig represent over 32% of all sequence reads assembled.

Pooling of RNA samples from multiple individuals followed by transcriptome analysis using
next generation sequencing is among the most efficient methods for SNP identification.
Through many years of efforts, a total of approximately 303,000 putative catfish SNPs were
previously identified (WANG et al. 2010). However, this study alone allowed identification of
over 2 million SNPs from channel catfish and almost 2.5 million SNPs from blue catfish.  This
efficiency is even more obvious when considering filtered (high-quality) SNPs.  While only
48,594 filtered SNPs were identified among all catfish ESTs (WANG et al. 2010), this work
resulted in 342,104 filtered SNPs within channel catfish and 366,269 within blue catfish. In

addition, more than 420,000 filtered SNPs were identified as inter-specific SNPs, and are

valuable in genetics and breeding studies involving hybrid catfish.

36



One major challenge for SNPs is the problem caused by paralogous sequence variants (PSVs)
and multisite sequence variants (MSVs) (GuT and LATHROP 2004). Putative SNPs detected
may be false positives, potentially arising from sequencing errors or misassembly of PSVs or
MSVs. Paralogs that share high levels of sequence similarity may have been assembled in the
same contig due to the short read length of Illumina reads. A higher stringency of assembly
may better discriminate between paralogs, but complete discrimination may prove to be difficult
due to the lack of a reference genome sequence. On the other hand, a higher stringency of
assembly would lead to the separate assembly of haplotypes from highly polymorphic genes
(NovAEs et al. 2008). Therefore, in order to select SNPs with high confidence, putative SNPs
were screened based on several factors including surrounding sequence quality, absence of
additional SNPs in the flanking regions, sequence depth and minor allele frequency. SNPs
detected within contigs or regions of high sequence depth are more likely to be false positives.
Therefore, setting a minimum minor allele frequency (e.g. 10%) for larger contigs may help
reduce false SNP calling based on sequence errors.  Additionally, multiple SNPs located close
to one another (< 15 bp) often represent sequence errors and prevent the design of primers and
probes for SNP genotyping. A requirement of no additional SNPs in the 15-bp flanking region
around a putative SNP was therefore applied.

Given the large numbers of SNPs generated that meet these minimal requirements, more
stringent parameters can be applied in picking SNP sets for different applications. Average
depth at putative SNP positions is greater than 100 sequences, providing high confidence in
accuracy of identified SNPs within the pooled samples. Re-sequencing or limited validation of
these samples by low-throughput SNP genotyping is costly and is unlikely to generate additional

information.  Ultimately, SNPs need to be validated by genotyping in a variety of reference
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mapping families and trait-selected populations using a high-density screening array. In catfish,
the use of homozygous gynogenetic catfish (WALDBIESER et al. 2010) as controls will allow
detection of false positives caused by PSVs or MSVs.

Genome-wide association studies of complex traits require a large number of SNPs.
However, for research communities focused on non-model organisms, it is cost-prohibitive to
genotype all SNPs in an association study with the throughput of current technologies.

Selection of uniformly distributed SNPs across the genome for association studies is therefore
very important (ZHANG and SUN 2005). Gene-associated SNPs identified in this study, as
anticipated, appear to be widely distributed across the catfish genome based on comparative
analysis with zebrafish.  About 30% of all contigs with identified SNPs had one SNP and 66%
had three or fewer SNPs per contig (Figure 6). In absence of a whole genome assembly, the
assessment of the exact pattern of the SNP distribution in the catfish genome is not possible.
However, when the contigs containing filtered SNPs were plotted to the zebrafish genome by
BLAST analysis, they had a good coverage of all regions of all 25 zebrafish chromosomes
(Figure 4). While chromosome breakage, fusions, and rearrangements between catfish and
zebrafish have occurred during genome evolution, at the genomic scale it is reasonable to assume
that these widely distributed genes in the zebrafish genome will have a similar genomic

distribution in catfish.
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Figure 6. Distribution of filtered SNPs per contig. Histograms depict frequency of contigs
with a given number of SNPs identified. Note that the majority of contigs have 5 or fewer
SNPs per contig.

Conclusions

The approach to sample animals of diverse genetic backgrounds and sequence to sufficient
depth for reliable SNP identification allowed the ability to detect many common SNPs across the
entire genome. We have demonstrated that transcriptome analysis of pooled RNA samples
from multiple individuals using lllumina sequencing technology is both technically efficient and
cost-effective for generating expressed sequences.  Such an approach is most effective when
coupled to existing EST resources generated using traditional sequencing approaches because the
reference ESTSs facilitate effective assembly of the expressed short reads. The SNPs identified
in this report will provide a much needed resource for genetic studies in the catfish scientific

community and will contribute to the development of high density, cost-effective genotyping
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platforms. Validation and testing of SNPs using high-density arrays will subsequently lead to
the production of a SNP array with well-spaced SNPs providing a powerful genotyping tool for

the study of performance and production traits in catfish.
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Chapter 3
Efficient assembly and annotation of catfish transcriptome: generation of full-length transcripts

and detection of pseudo-SNPs

Abstract

Upon the completion of whole genome sequencing, thorough genome annotation that
associates genome sequences with biological meanings is essential. Genome annotation depends
on the availability of transcript information as well as orthology information. In teleost fish,
genome annotation is seriously hindered by genome duplication. Because of gene duplications,
one cannot establish orthologies simply by homology comparisons. Rather intense
phylogenetic analysis or structural analysis of orthologies is required for the identification of
genes. To conduct phylogenetic analysis and orthology analysis, full-length transcripts are
essential. Generation of large numbers of full-length transcripts using traditional transcript
sequencing is very difficult and extremely costly. In this work, we took advantage of a doubled
haploid catfish, which has two sets of identical chromosomes and in theory there should be no
allelic variations.  As such, transcript sequences generated from next-generation sequencing can
be favorably assembled into full-length transcripts. Deep sequencing of the doubled haploid
channel catfish transcriptome was performed using lllumina HiSeq 2000 platform, yielding over
300 million high-quality trimmed reads totaling 27 Gb.  Assembly of these reads generated
370,798 non-redundant transcript-derived contigs. Functional annotation of the assembly

allowed identification of 25,144 unique protein-encoding genes. A total of 2,659 unique genes
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were identified as putative duplicated genes in the catfish genome because the assembly of the
corresponding transcripts harbored PSVs or MSVs (in the form of pseudo-SNPs in the assembly).
Of the 25,144 contigs with unique protein hits, around 20,000 contigs matched 50% length of
reference proteins, and over 14,000 transcripts were identified as full-length with complete open
reading frames. The characterization of consensus sequences surrounding start codon and the
stop codon confirmed the correct assembly of the full-length transcripts. The large set of
transcripts assembled in this study is the most comprehensive set of genome resources ever
developed from catfish, which will provide the much needed resources for functional genome
research in catfish, serving as a reference transcriptome for genome annotation, analysis of gene
duplication, gene family structures, and digital gene expression analysis. The putative set of
duplicated genes provide a starting point for genome scale analysis of gene duplication in the
catfish genome, and should be a valuable resource for comparative genome analysis, genome

evolution, and genome function studies.

Introduction

Recent advances in next-generation sequencing enabled an array of whole genome
sequencing or re-sequencing projects in both model and non-model species. Such efforts have
produced a wealth of genome resources. However, thorough genome analysis thereafter is
essential to associate genome sequences with biological meanings (ADAMIDI et al. 2011; BRUNO
et al. 2010). An important step in genome analysis is to decipher the complete protein coding
sequence (CDS) region of each gene. In eukaryotes, prediction of CDS regions in genomic
sequence is complicated by the intron interruptions and the low proportion of protein coding
regions in the genome. It is still problematic at present to predict the correct distribution of CDS

regions solely based on genomic sequences (FURUNO et al. 2003). To obtain information about
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the portion of a genome that is transcribed as RNAs and then translated into proteins, a
comprehensive set of full-length transcripts is needed (DENOEUD et al. 2008).

In teleost fish, genome annotation is further seriously hindered by genome duplication.
Because of gene duplications, it’s unable to establish orthologies simply by homology
comparisons. Rather intense phylogenetic analyses or syntenic analyses of orthologies are
required for the identification of genes. To conduct phylogenetic analysis and orthology analysis,
full-length coding regions of transcripts are essential. Furthermore, the nature of highly
diversified and duplicated genome of fish species hindered sequence assembly and complicated
the genome annotation as well as SNP identification. Previous efforts aiming at SNP discovery
for catfish rendered the issue about discrimination of false positive SNPs derived from
paralogous sequences and multisite sequences (PSVs/MSVs) (LIu et al. 2011).

Obtaining large numbers of full-length transcripts is not an easy task. In most cases,
full-length transcripts were obtained by Sanger-based sequencing of full-length cDNA clones.
This strategy works well for many highly abundantly expressed and short transcripts because in
such cases: 1) clones containing full-length transcripts can be readily identified, and 2) complete
sequencing can be achieved through sequencing from both ends of the clones. However, such a
task for rarely expressed genes and large transcripts can be troublesome because the
identification of full-length cDNA containing clones is itself a huge challenge, and even if the
clones are identified, complete sequencing of long inserts using Sanger sequencing can still be
time-consuming and expensive. Recently, next-generation sequencing has been recognized as
one solution for transcriptome sequencing at a reasonable cost (SANDMANN et al. 2011; WANG et
al. 2009). High-throughput sequencing of cDNA (RNA-Seq) does not rely on prior knowledge,

enabling interrogation of all transcripts including potentially novel transcripts uncaptured in
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Sanger-based sequencing (TORRES et al. 2008). RNA-Seq can provide sufficient sequencing
coverage on whole transcriptome scale to ensure the precision of each single base and integrality
of full-length transcripts (GRABHERR et al. 2011; SANDMANN et al. 2011). However, huge
amount of short reads generated from RNA-Seq make the transcriptome assembly difficult,
which is not only impeded by repeats but also by alternatively spliced transcripts. Moreover,
while genomic sequencing coverage is generally uniform across the genome, transcriptome
sequencing coverage is highly variable, depending on gene expression levels, excluding the use
of coverage information to resolve repeated motifs (ZERBINO and BIRNEY 2008). Since a
transcriptome assembly with good quality is essential for all the downstream analysis, extra
efforts are required to improve the transcriptome assembly. An optimized assembly strategy can
be obtained by combinatory use of different assembly softwares, especially the ones using
multiple k-mers to resolve the problem of biased coverage of transcriptome sequencing. A higher
k-mer length will theoretically results in a more contiguous assembly of highly expressed
transcripts. On the other hand, poorly expressed transcripts will be better assembled if lower
k-mer lengths are used (ZERBINO and BIRNEY 2008). Therefore, multiple k-mer approach can be
used to increase the assembly sensitivity and contiguity. With the fast development of assemblers
able to efficiently handle a greater number of sequence reads (SiMPSON et al. 2009; ZErBINO and
BIRNEY 2008), short-reads can be of considerable utility for assembling transcriptomes of
non-model organisms (GIBBONS et al. 2009; GRABHERR et al. 2011; MizrRACHI et al. 2010). The
most significant issue with RNA-Seq for the assembly of transcriptome, however, is the allelic
variation. Most vertebrate species are diploid organisms and therefore two sets of chromosomes
are involved in the generation of transcripts. Even if only one individual is used for RNA-Seq,

the assembly of related transcripts from the two sets of chromosomes creates “haplotypes” that
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do not exist, and this alone prohibits assembly of full-length transcripts from multiple sequences.
To overcome this huge problem, the ideal approach is to create an individual with doubled
haploid genome and therefore there are no allelic variations such that the short reads from
RNA-Seq can be assembled, not only technically feasible by the software packages, but also
biologically meaningful as they are transcribed from the same sequences.

In catfish, years of efforts have resulted in nearly 500,000 quality ESTs (WANG et al. 2010),
but a limited number of full-length transcripts were obtained through the traditional
clone-by-clone approach using Sanger sequencing (CHEN et al. 2010). Recent efforts using
RNA-Seq allowed the identification of a large number of transcripts in catfish (Liu et al. 2011),
but the assembly of full-length transcripts was hindered by the reasons discussed above. In
order to circumvent this problem and generate a large set of full-length coding sequences to
support the genome sequencing and annotation in catfish, doubled haploid catfish was produced
that has been demonstrated to harbor two sets of homozygous chromosomes (WALDBIESER et al.
2010). Such homozygous catfish is ideal material for the generation and assembly of
full-length transcripts using RNA-Seq. Here we report deep sequencing of catfish
transcriptome by RNA-Seq using this gynogenetic homozygous catfish. The two main objectives
of this study were to develop a comprehensive set of reference transcript sequences for
genome-scale gene discovery and expression studies in catfish; and to obtain a large number of
full-length transcripts for whole genome annotation, duplicate gene identification, and

facilitating detection of false SNPs derived from PSVs/MSVs.

45



Materials and Methods

Sample and RNA isolation

To better characterize the catfish transcriptome and improve discovery of variations derived
from duplicated genes, a haploid transcriptome is needed. Doubled haploid channel catfish, that
have two identical copies of each chromosome, were established using gynogenesis
(WALDBIESER et al. 2010). Tissues were collected from a single doubled haploid female channel
catfish adult for this study. The fish were euthanized with tricaine methanesulfonate (MS 222) at
300 mg/l before tissue collection. Samples of 19 tissues including head kidney, fin, pancreas,
spleen, gill, brain, trunk kidney, adipose, liver, stomach, gall bladder, ovary, intestine, thymus,
skin, eye, swim bladder, muscle, and heart were collected. Tissues were flash-frozen in liquid
nitrogen and shipped on dry ice then stored at -80 €€ until RNA extraction. Tissue samples were
ground to a fine powder with mortar and pestle in the presence of liquid nitrogen and thoroughly
mixed. A fraction of the tissue samples was used for RNA isolation. Total RNA was isolated
using the RNeasy plus Mini Kit (Qiagen, USA) followed by DNase I (Invitrogen, USA)
treatment according to the manufacturer's protocol as in previous study (Liu et al. 2011). Equal

amount of total RNA from each tissue was combined and sent out for commercial sequencing.

Illumina sequencing

Sequencing was conducted commercially in HudsonAlpha Genomic Services Lab
(Huntsville, AL, USA) similarly as in previous study (Liu et al. 2011). Briefly, 100 ng of total
RNA was used to prepare amplified cDNA using Ovation RNA-Seq, a commercially available
kit optimized for RNA sequencing (NUGEN Technologies, San Carlos, CA). The produced

double-stranded cDNA was subsequently used as the input to the Illumina library preparation
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protocol starting with the standard end-repair step. The end-repaired DNA with a single ‘A’-base
overhang is ligated to the adaptors in a standard ligation reaction using T4 DNA ligase and 2
uM-4 uM final adaptor concentration, depending on the DNA yield following purification after
the addition of the ‘A’-base. Following ligation, the samples were purified and subjected to size
selection via gel electrophoresis to isolate 350 bp fragments for ligation-mediated PCR
(LM-PCR). Twelve cycles of LM-PCR were used to amplify the ligated material in preparation
for cluster generation. The prepared cDNA library was sequenced for 100-bp paired-end reads on
three flow cell lanes using the Hiseq 2000 platform, but one of which was partitioned for
including three other samples, generating less number of sequences as in other two lanes for
catfish. The image analysis, base calling and quality score calibration were processed using the
[llumina Pipeline Software v1.4.1 according to the manufacturer's instructions. Reads were
exported in FASTQ format and has been deposited at the NCBI Sequence Read Archive (SRA)

under accession number SRA047025.

Assembly of expressed short reads

The raw reads were cleaned by trimming of adaptor sequences, ambiguous nucleotides (‘N’
in the end of reads) and low quality sequences with average quality scores less than 20. Reads
less than 15 bp after trim were also discarded, the remaining reads were used in subsequent
assembly. In order to obtain a comprehensive and reliable assembly, three different assemblers
including CLC Genomics Workbench (version 4.2; CLC bio, Aarhus, Denmark), ABySS
(version 1.2.6) and Velvet (version 1.1.02) were used for de novo assembly. In brief, the CLC de
novo assembly was performed with a choice of an optimized k-mer length based on the input
data by default settings. In case of ABySS and Velvet assembly, multiple k-mer approach with

every other k-mer values from 21 to 95 for ABySS and from 45 to 95 for Velvet were used so as
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to maximize assembly contiguity and sensitivity. Subsequently, the multiple k-mer assemblies
from ABYSS and Velvet were merged by running the first stage of the trans-ABYySS analysis
pipeline (version 1.2.0) (ROBERTSON et al. 2010), respectively. Afterwards, these three
assemblies were combined to produce the final non-redundant assembly. As anticipated, some
identical contigs were generated from more than one assemblies introducing duplicates. The
CD-HIT-EST (L1 and Gobzik 2006) was used to remove redundancy and retain the longest
possible contigs. The short redundant contigs were removed, and the remaining contigs

composed the final assembly of non-redundant transcripts.

Functional annotation and identification of putative full-length transcripts

All the non-redundant transcripts from final assembly were searched against NCBI zebrafish
RefSeq protein database and Uniprot/Swiss-Prot database using BLASTX with E-value < le-10.
The ORFs were predicted with the software orfPredictor (MIN et al. 2005) by using BLASTX as
a guide for the prediction. The BLAST X-aided method detects ORFs by finding the starting
methionine and stop codon in catfish transcripts relative to the same features in the most closely
related species identified by BLASTX. In the cases where the catfish transcripts did not show
high similarity to reference protein, ORF identified by finding the longest stretch of
uninterrupted sequence between a start codon and a stop codon in both strand orientations. The
completeness of ORFs in each transcript sequence was determined by the BLASTX alignment.
We considered a full-length transcript to contain a complete CDS if the ORF revealed a start
codon and stop codon in agreement with the match in the database. In the context of this work,
the full-length transcript was defined as a consensus sequence containing the complete CDS and
at least partial 5> and 3° UTR sequence. The start and stop codons of CDSs were used to define

the boundary between the CDSs and the 5" and 3' UTRs. If a significant match did not contain a
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start codon in the 5' or a stop codon in the 3' end of the coding sequence and the pairwise
alignment indicated that the transcript lacked some 5' or 3' coding sequence, it was considered to

be a transcript with a partial coding sequence.

Detection of catfish putative duplicated genes

Since the doubled haploid channel catfish were used, there should be no allelic variations,
and the gene-derived transcripts showing signs of “SNPs” would be assembled from duplicate
gene copies. In order to detect the PSVs or MSVs derived from the duplicated genes, the catfish
transcripts that had unique protein hits were used as reference, and all the short reads were
mapped with the similarity of 99%. The “SNPs” (actually the PSVs or MSVs) were detected as
SNP detection in previous work (Liu et al. 2011). Briefly, at least four short reads were
required for “SNP” detection at each position, the minimum number of variant alleles was
required as at least two, and minor allele frequency was required as at least 10%. Putative catfish
duplicated genes were assessed by aligning the transcripts with the preliminary catfish whole
genome assembly (unpublished data) using BLASTN with the E-value cutoff of 1e-10 and

minimum alignment length of 100 bp.

Analysis of UTRs of full-length transcripts

The catfish Kozak consensus sequences were examined in the 5 UTR analysis. Eight-base
sequences spanning from position -4 to position +4 of transcripts were selected. The extracted
sequences were used as input into WebLogo (CROOKS et al. 2004) to assess the common Kozak
consensus sequence in catfish transcripts.

For 3’ UTR analysis, the TEIRESIAS-based pattern discovery tool (RiGouTsos and

FLORATOS 1998) was used to search the most frequently occurring motifs. A search for putative
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polyadenylation signals (PAS) in full-length transcripts was performed using 35 bp sequence
immediate upstream of the polyA tail as input. Pattern discovery tool conditions in the program
were: “exact discovery”, L=6 and W=6. To elucidate the sequence patterns that could affect the
efficiency of translation termination, the bases around the stop codons (-6 to +12) in the catfish
full-length transcripts were extracted and illustrated using WebLogo (CROOKS et al. 2004).

To identify evolutionarily conserved regulatory motifs in catfish transcripts, we searched the
UTR database collection (UTRdb) (GRILLO et al. 2010) using the 5’ and 3” UTRs as queries with

the pattern match program UTRscan.

Results

Transcriptome sequencing

Illumina sequencing was conducted to generate short reads of transcripts from a doubled
haploid channel catfish. The cDNA was made from pooled RNA samples isolated from 19
tissues of the catfish (See Methods for details). High throughput sequencing was conducted
using the Illumina Hiseq 2000 platform to generate 100-bp paired-end reads. A total of
315,703,698 reads (157,851, 849 from each end) were generated. After removal of ambiguous
nucleotides, low-quality reads (quality scores < 20) and sequences less than 15 bp, over 300
million reads totaling 27.1 billion bases were obtained for further analysis (Table 1).

Table 1. Summary of data generated for catfish transcriptome. *Sequencing was conducted
using the total RNA isolated from nineteen tissues of a doubled haploid channel catfish. Tissues

include head kidney, fin, pancreas, spleen, gill, brain, trunk kidney, adipose, liver, stomach, gall
bladder, ovary, intestine, thymus, skin, eye, swim bladder, muscle, and heart.

Sequencing No. of No. of raw  Read length  No. of reads Avg. length No. of bases
tissues* reads (bp) after trim after trim (bp)  after trim (Gbp)

s411 19 49,077,054 100 48,743,295 92.8 4.5

s41 19 128,862,236 100 124,882,873 87.6 10.9

s51 19 137,764,408 100 133,926,741 87.1 11.7

Total - 315,703,698 100 307,552,909 88.0 27.1

50



Transcriptome assembly

In order to obtain a comprehensive and reliable assembly, three different assemblers were
used including CLC Genomics Workbench (version 4.2), ABySS (version 1.2.6) and Velvet
(version 1.1.02) for de novo assembly. Although all these three assemblers use the same de
Bruijn graph algorithm, they are different in how to treat sequencing errors, resolve ambiguities
and utilize read pair information (FLICEK and BIRNEY 2009). Furthermore, multiple k-mer
approach applied in ABYSS and Velvet has the capability of producing a better assembly for
transcripts from both highly and lowly expressed genes. Therefore, we believe that the
combinatory use of these three assemblers could improve the assembly.

As shown in Table 2, the ABySS assembly generated 192,558 contigs with minimum length
of 200 bp, and generated the highest N50 and average contig lengths (1,888 bp and 1,004 bp,
respectively). The CLC assembly resulted in a total of 217,114 contigs (= 200 bp) with N50
length of 1,120 bp, and average contig length of 658 bp. The contigs from Velvet assembly were
relatively short with N50 and average contig lengths of 809 bp and 580 bp, respectively. Though
a smaller number of contigs with minimum length of 200 bp were assembled in the ABySS
assembly, it allowed the assembly of the largest number of contigs with length greater than 1 kb
among the three assemblers (56,229 contigs >1 kb).

Table 2. Summary of assemblies generated using various de novo assemblers. *CLC denotes
the assembly generated by CLC Genomics Workbench, ABySS denotes the assembly generated
by ABYSS with multiple k-mers and merged by running the first stage of Trans-ABYSS pipeline,
Velvet denotes the assembly generated by Velvet with multiple k-mers and merged by running
the first stage of Trans-ABYSS pipeline, and Final merged denotes the final assembly generated

by combining the three sets of assembly and retain only one of longest contigs for the ones
assembled by more than one assemblers.
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No. of No. of contigs  No. of contigs Avg. contig NS0 Total size

. . . .
Assemblies ;gg‘gg; Wlt;\lﬁsr(l)gth Wltgllliggth length (bp) (bp) (Mbp)
CLC 217,114 29,564 33,332 658 1,120 142.8
ABySS 192,558 28,791 56,229 1,004 1,888 1935
Velvet 311,734 56,471 42,685 580 809 181.0
Final merged 370,798 48,730 68,569 743 1,395 2755

The multiple k-mer assemblies encompass both higher k-mer lengths to result in a more
contiguous assembly of highly expressed transcripts, and lower k-mer lengths to better assemble
poorly expressed transcripts to increase assembly sensitivity. In order to compare the ability of
each assembler to reconstruct protein-coding gene transcripts on sensitivity and contiguity, each
assembly was searched against annotated protein database using BLASTX. The significant
unique protein hits were identified from both zebrafish RefSeq protein and Uniprot/Swiss-Prot
database with E-value cutoff of 1e-10. The largest number of unique protein hits was obtained by
Velvet assembly in comparison to the assemblies generated by CLC and ABySS. The contigs
generated by ABYSS showed higher N50 and average lengths, but a smaller number of unique
protein hits was obtained (Table 2). By comparison, the contigs generated from CLC offered
larger number of unique protein hits than ABySS, while providing higher N50 than Velvet.

A total of 370,798 non-redundant transcript-derived contigs were obtained as the final
assembly based on the three sets of assemblies. The combined final assembly had a N50 length
of 1,395 bp and average contig length of 743 bp, including 68,569 contigs with length greater
than 1 kb (Table 2). Such assembly took advantage of each assembler to achieve both highest
assembly sensitivity and contiguity. In order to assess the transcriptome capture obtained by the
current work, we aligned all the channel catfish ESTs currently available in NCBI (354,488) with
transcripts of the final assembly reconstructed in this study. The results showed that the vast
majority (97% of the total) of the ESTs were represented in our data set showing > 90% identity

over a length of > 100 bp and E-value of < 1e-10. All the 370,798 transcript-derived contigs have
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been submitted to the NCBI Transcriptome Shotgun Assembly (TSA) database under accession

numbers: JT123347-JT494144.

Assessment of transcriptome assembly

We previously generated a total of 1,087 full-length cDNAs from channel catfish by direct
sequencing of full-length cDNA clones (CHEN et al. 2010). This independently generated
full-length cDNAs provided the material basis for the evaluation of the transcriptome assembly
presented here, at least partially. The previously sequenced full-length cDNA sequences were
used as queries to compare the transcript contigs assembled in this study. Based on the
comparison, a general assessment can be obtained on what proportion of transcripts was
successfully reconstructed with full-length in this work. The results were summarized in Table 3.
Of the 1,087 full-length cDNAs, 1,011 (93%) were reconstructed completely with the same open
reading frames (ORFs) in the present study. Among the remaining 76 transcripts, 45 transcripts
were almost fully assembled, but lacking some sequences at either 5’ end or 3’ end, and 31
transcripts (< 3%) were poorly assembled in the current study which did not get any specific
match with contigs in the final assembly (Table 3). These results demonstrated that the assembly
quality was highly reliable; and a small fraction of transcripts that cannot be assembled were due
to the absence of sequences in the current RNA-Seq sequence pool.

Table 3. Assessment of transcriptome assembly. A total of 1,087 previously identified catfish

full-length cDNAs were used to compare with the assembled transcripts in this study to assess
the transcriptome assembly.

Number Percentage
Total previous full-length cDNAs 1,087
Completely assembled with same ORFs 1,011 93.0%
Partially assembled 45 4.1%
Poorly assembled 31 2.9%
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BLASTX annotation based on homology search

To identify the putative function of catfish transcripts, all the sequences were blasted against
the reference proteins available in NCBI RefSeq and Uniprot/Swiss-Prot protein databases using
BLASTX with E-value < 1¢-10. A total of 87,931 (23.7%) catfish contigs had significant hits to
zebrafish RefSeq proteins corresponding to 19,711 unique proteins. When blasted against the
Uniprot database, 80,012 (21.6%) catfish contigs had significant hits, corresponding to a total of
26,369 unique accession numbers and 17,669 unique proteins. Cumulatively, a total of 94,476
(25.5%) catfish contigs had significant hits to known proteins from either NCBI RefSeq or
Uniprot, corresponding to a total of 25,144 unique proteins (Table 4). The remaining contigs
may represent UTRs, non-protein coding genes or additional transcripts from catfish-specific
genes which are too divergent to be annotated by homology search with current E-value cutoff.
Table 4. Summary of BLASTX searches to annotated protein databases. Final assembly
containing 370,798 contigs was used to search the zebrafish RefSeq protein database and the

Uniprot database to identify the homologous genes represented by the catfish expressed
sequences.

No. of contigs No. of unique No. of unique

with hits accessions protein hits
Zebrafish RefSeq 87,931 19,711 19,711
Uniprot/Swiss-Prot 80,012 26,396 17,669
Total 94,476 - 25,144

Analysis of BLAST top hit species and potential presence of non-catfish transcripts

In addition to its high capability of capturing transcripts from the target species, high
throughput transcriptome sequencing using the next-generation technology had enabled capture
of expressed sequences from xenobiotic species that are commensal with the species of study

(HALE et al. 2009; VERA et al. 2008). In this study, total RNA of catfish samples was isolated
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from 19 tissues including intestine and stomach that are particularly prone to contamination of
xenobiotic species. Therefore, it is possible that some of the sequences in our dataset are from
xenobiotic species that are commensal with catfish. We, therefore, conducted BLASTX analysis
and attempted to determine species with which the top hits were generated. Our data showed
that 89% of our sequences with a significant BLAST hit had the top hits from a vertebrate
species (Figure 1A), and of these 76% had top hits from fish sequences (Figure 1B). Among the
sequences with top hits from fish, 99% had top hits with zebrafish, as expected with the

phylogenetic relationship (Figure 1C).
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Figure 1. Distribution of taxonomic groups of BLAST top hit species. (A) The top hit species
of BLAST searches are categorized into vertebrates, invertebrates, plants, bacteria, fungi and
virus, and their percentages are presented. (B) The top hit species of BLAST searches within
vertebrates are sub-categorized into mammals, birds, amphibians, reptiles, and fish, and their
percentages are presented. (C) The top hit species of BLAST searches within fish are
sub-categorized into various fish species as indicated, and their percentages are presented. (D)
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The top hit species of BLAST searches within bacteria are sub-categorized into various bacterial
species as indicated, and their percentages are presented.

However, it’s noteworthy to mention that a good fraction (1,972 sequences, 8%) of our
sequences had their top BLASTX hits with bacterial sequences, followed by those had top hits
with fungi (424 sequences, 2%), and a few (33 sequences) even had top hits to viral sequences.
Of these 2,429 sequences with top hits to other species than vertebrates, the top BLAST hit
e-values were larger than those with top hits with vertebrates, in the range of 10™° to 10,
whereas those with top hits to vertebrate species had a smaller e-value (often < 10%), suggesting
the presence of xenobiotic species in the catfish samples. The top BLAST hits to bacteria were
from a variety of species, of which 56% were Escherichia coli, and 29% were Shigella species
(Figure 1D). Since our sequences were derived from multiple tissues, some of the bacterial
sequences could belong to commensal microorganisms in digestive organs, although careful
treatments had been taken to clean the tissues during collection process. Further investigation is
warranted to fully understand these sequences most similar to xenobiotic species, which could

provide information concerning symbionts and other microbial communities in catfish.

Conserved domain (CD) search for contigs without BLAST protein hits

After the annotation for catfish contigs based on homology search using BLASTX, a total of
276,322 catfish contigs did not get any significant protein hits from either zebrafish RefSeq or
Uniprot protein database. It is reasonable to think that some protein-coding gene-derived contigs
fail to get significant protein hits due to their short lengths. A comparison between the contigs
with and without significant protein hits was conducted as shown in Figure 2. The majority of

contigs that do not have significant protein hits from public protein database are with short
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length (83% less than 600 bp), while over 50% of contigs with protein hits are with length
greater than 1 kb.
80.0 -
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m Contig with protein hits (%)

60.0 - m Contig without protein hits (%)
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Figure 2. The length comparison between contigs with and without protein hits. The X-axis
represents the contig length, and Y-axis represents the percentage of contigs. Note the high
percentage of contigs that do not have significant protein hits in public protein database are in
short length (83% less than 600 bp), and the high proportion of contigs with protein hits are long
contigs.

In order to identify potential protein-coding genes from those contigs without significant
blast hits from protein databases, we conducted ab initio prediction of the potential ORFs for the
276,322 catfish contigs that did not have significant hits to known proteins. A total of 260,793
contigs have putative ORFs detected with minimum length of 30 amino acids, and 16,688 of

which possess putative ORFs with minimum length of 100 amino acids. To determine the

putative functions of these ORFs, the CD-Search tool in NCBI was used to identify conserved
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domains, or functional units, within the protein query sequences. The specific hit found by a
CD-Search indicates a high confident association between the protein query sequence and a
conserved domain, resulting in a high confidence level for the inferred function of the protein
query sequence. A total of 4,984 ORFs were identified with conserved domains, suggesting that

such ORF-harboring contigs were derived from functional protein-coding genes as well.

Comparison of catfish transcripts with model fish species

In order to assess the capture of transcriptome obtained by catfish, reciprocal comparisons
were conducted with the five model fish species with sequenced genome in Ensembl database
including zebrafish, fugu, medaka, stickleback and Tetraodon. First, the protein sequences of the
five sequenced fish species were mapped to the catfish transcripts using TBLASTN. From this,
39,250 (96.7%) of the 40,585 zebrafish proteins were matched, corresponding to 25,330 (96.9%)
of the 26,152 Ensembl genes. The percentages of protein and gene match in other four fish were
comparable to that observed in zebrafish, suggesting a high degree of transcriptome coverage
obtained in catfish. Second, the catfish transcripts were mapped to the proteins of the five
sequenced fish species using BLASTX (E-value < 1e-10) to estimate the number of transcripts
and genes represented in catfish. Based on zebrafish dataset, a total of 24,281 Ensembl zebrafish
proteins were matched by catfish contigs, corresponding to 20,014 unique genes (Table 5). As
indicated in Figure 3, zebrafish genes that had significant hits to catfish were relatively evenly
distributed across 25 chromosomes (with the percentages ranging from 80% to 92%), suggesting
the comprehensive capture of transcriptome for catfish genes on the genomic scale.

Table 5. Reciprocal BLAST comparison between catfish and five model fish. First, protein
sequences of five model fish in Ensembl database were searched against catfish contigs using

TBLASTN to assess the extent of reference sequences that were observed in catfish; reciprocally,
all catfish contigs were searched against protein sequences of five model fish using BLASTX to
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assess the number of genes represented by the catfish sequences when compared to those in each
of the five species.

#protein  #proteins  #genes #Unique #Unique

Species ﬂtc; tia:s coding have hits  have hits  protein hits  gene hits
P genes in catfish  in catfish by catfish by catfish
zebrafish 40,585 26,152 39,250 25,330 24,281 20,014
fugu 47,841 18,523 47,583 18,336 26,230 15,834
medaka 24,661 19,686 23,311 18,465 18,200 16,007
stickleback 27,576 20,787 26,375 19,740 19,503 16,835
Tetraodon 23,118 19,602 22,648 19,208 17,636 15,996
msm Number of zebrafish genes
ms Number of zebrafish genes with hits to catfish
1800 4 —4—Percentage of zebrafish genes with hits to catfish (%) r9s
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Zebrafish chromosome
Figure 3. Distribution of identified catfish genes on zebrafish chromosomes. X-axis

represents 25 zebrafish chromosomes. The left Y-axis represents the number of genes, and right
Y-axis is the percentage of zebrafish genes on each chromosome identified in catfish.

Identification of gene duplicates

The highly diversified and duplicated genome hindered sequence assembly and complicated
the genome annotation as well as SNP identification. Duplicated regions contain paralogous

sequence variants (PSVs) or multisite variants (MSVs) which are readily mistaken for SNPs
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(FREDMAN et al. 2004; GIDSKEHAUG et al. 2011). In this work, a doubled haploid channel catfish
individual was used, which provided the opportunity to examine the gene duplication in catfish
at genome-scale. Such analysis was based on a simple principle that the doubled haploid channel
catfish, which had two sets of identical chromosomes, should not contain allelic variations.
Therefore, the transcripts should be derived from duplicated gene copies once there was any

‘SNP’ detected (Figure 4).
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Figure 4. Detection of putative catfish gene duplicates and false SNPs. The reconstructed
transcripts from protein-coding genes that show signs of “SNPs” (PSVs/MSVs) can be
assembled by short reads from duplicated genes.

All the 25,144 contigs with unique protein hits were used for detection of “SNPs” as in
previous study (Liu et al. 2011).  In this analysis, a total of 4,878 PSVs or MSVs were

detected from 2,692 transcripts accounting for 2,659 unique genes. Among the genes with PSVs

or MSVs detected, the majority (67.3%, 1,789/2,659) contained only one PSV or MSV, while
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113 (4.2%) genes contained greater than five PSVs or MSVs (Figure 5). These genes are putative
gene duplicates in the catfish genome.
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Figure 5. Detection of putative catfish duplicated genes. X-axis represents the number of PSVs or
MSVs detected, while the Y-axis is the number of putative duplicated genes in catfish that
contained the PSVs or MSVs.

To evaluate the detected gene duplicates, we aligned the transcripts to the preliminary
assembly of the catfish genome (255,858 contigs with mean length of 2,996 bp and N50 of 6,027
bp, unpublished data). Duplicated genes were expected to be present in different genome
locations (generally, i.e., genome contigs), and thus on different genomic contigs. The vast
majority (92%, 2,446/2,659) of transcript-derived contigs hit more than one genomic contigs,
suggesting their potential involvement in duplication. Of the remaining 213 transcript contigs,
196 contigs had only one catfish genome contig hits, indicating their uniqueness in the catfish

genome. However, the possibility that it was because of the lack of corresponding genome

contigs in the preliminary catfish genome assembly cannot be excluded. A total of 17
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gene-derived transcripts did not get any significant match with genome contigs, suggesting the
incompleteness of the current catfish preliminary assembly. Additional analysis of paralogous
relationships may be strengthened by examination of physical locations in the genome for
tandom duplications and flanking regions for segmental duplications when catfish genome
scaffolds become available in the near future. It is understood that the same gene can still be
placed into two or more genomic contigs with the preliminary assembly, but this problem should

be overcome soon when the catfish genome assembly is completed.

Identification of catfish full-length transcripts

It has been shown that transcriptome sequencing using RNA-Seq can be a cost-effective
approach for reconstruction of full-length transcripts in species without a reference genome
(GRABHERR et al. 2011). In the context of this work, we took advantage of an individual
homozygous catfish which provided a haploid transcriptome to facilitate the transcriptome
assembly. A large fraction of transcripts were reconstructed and a large portion of these
reconstructed transcripts were expected to be full-length transcripts.  To identify full-length
transcripts in our transcript collection, we utilized the functional annotation results with all the
contigs in the final assembly being searched against zebrafish RefSeq and Uniprot database. The
ORFs were predicted by using BLAST X-aided method which detects ORFs by finding the
starting methionine and stop codon in catfish transcripts relative to the same features in the most
closely related reference proteins identified by BLASTX.

The lengths of protein sequence, translated from the catfish transcripts which had significant
protein hits from protein database, ranged from 21 to 12,863 amino acids (aa). The relationship
between catfish proteins and homologous reference proteins is shown in Figure 6.  As shown in

Figure 6A, the most common occurrence is when the catfish protein and reference protein
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lengths are identical, which occurs with 17% (4,282/25,144) of the catfish transcripts with
unique protein hits. The majority of catfish transcripts (66%) have translated proteins within +

20% of their reference protein lengths (Figure 6A).
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Figure 6. Comparison of catfish proteins with reference proteins from databases. (A)
Fractional distribution of catfish proteins with lengths falling within various fractions, e.g., 0
indicates identical lengths of catfish proteins with reference proteins; -0.2 and 0.2 indicates the
lengths of catfish proteins are 20% shorter or longer than those of reference proteins,
respectively, and so on. Overall 66% or 16,538 transcripts out of a total of 25,144 identified
unique catfish genes are within 80% bracket as compared with the lengths of reference protein
counterparts. (B) Ratio of catfish predicted protein length versus length of reference protein
was indicated in histograms (left Y axis), and the curved line denotes the cumulative percentage
(right Y-axis). X-axis is the ratio of predicted catfish protein length to corresponding reference
orthologous protein length, i.e. catfish protein length/reference protein length. Note that the unit
of X-axis is ten times of that in (A), i.e. the ratio of 1.0 represents the transcripts of length within
95% bracket as compared with the lengths of reference protein counterparts, etc. The left Y-axis
represents the number of occurrence of catfish protein lengths in thousand, and right Y-axis is
the cumulative percentage.

In the present study, we defined the full-length transcript as a consensus sequence containing
the complete CDS including the translational start codon ATG and the termination codon TAA,
TAG, or TGA. To get an estimate of the number of transcripts containing full-length coding
sequences, we used the ORF length ratio (catfish predicted protein length/reference protein

length) to assess the completeness of CDS in each transcript. As indicated in Figure 6B, over 60%
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of catfish contigs with unique protein hits contain predicted CDS with comparable length to
reference protein (ORF ratio > 1.0, 15,397/25,144). A total of 16,869 contigs with ORF ratio >
0.9 potentially harboring full-length coding sequences were selected for further manual
inspection (Table 6).

Table 6. Summary of full-length transcript identification. A total of 16,869 potential
full-length transcripts that matched 90% length of reference proteins were selected for manual

inspection. Full-length transcripts were defined as transcripts contain a complete CDS if the ORF
revealed a start codon and stop codon in agreement with the match in the database.

Number
Potential full-length transcripts 16,869
Full-length transcripts 14,240
Transcripts lack at 5' end 1,725
Transcripts lack at 3' end 711
Transcripts with incorrect ORFs 193

Manual inspection of completeness of CDS in each transcript sequence was determined by
the BLASTX alignment. In this procedure, we consider a full-length transcript to contain a
complete CDS if the ORF revealed a start codon and stop codon in agreement with the matched
protein sequence in the database. As summarized in Table 6, a total of 14,240 were identified as
full-length transcripts with complete coding sequences, 1,725 contigs and 711 contigs were
partial transcripts lacking of 5’ end or 3’ end, respectively, and 193 contigs had incorrect open
reading frames predicted due to either partial sequences or incorrect bases in start codon regions.

As shown in Figure 7, the majority of full-length transcripts were with lengths ranging from
1 kb to 4 kb with the average of 3,006 bp. The lengths of ORFs ranged from 132 bp to 15,684 bp,
with an average length of 1,654 bp. The lengths of 5° UTRs were relatively short, with the
average of 254 bp, while the 3’ UTRs were longer with the average length of 1,096 bp. It is
noteworthy that a large proportion of full-length transcripts contained “very” long 3> UTRs (35%

transcripts with length greater than 1.2 kb). This is quite different from the results obtained in our
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previous work where most of the 3 UTRs had lengths less than 400 bp (CHEN et al. 2010). As
indicated before, the bias of cDNA library creation and the selection process towards smaller
transcripts could be the major reason for the short 3° UTRs in previous study. The results shown
here indicated that RNA-Seq for the full-length transcripts used in present work was capable to
reconstruct most of the transcripts including the ones with long ORFs and 3° UTRs that are

difficult for full-length cDNA clone sequencing to get the full-length.
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Figure 7. Length distributions of putative catfish full-length transcripts. Whole transcript
(A), ORF (B), 5’-UTR (C), and 3’-UTR (D).

The protein sequences translated from catfish full-length transcripts had lengths ranging
from 44 to 5,228 amino acids (aa). The majority of catfish proteins lengths were similar to that of

their homologs. The relationship between catfish proteins and reference proteins from related
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species is illustrated in Figure 8, where the catfish protein lengths are plotted against the
corresponding reference protein lengths. The majority of catfish proteins had same lengths as
their homologous proteins in other species, but some are longer while others are shorter (Figure
8).
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Figure 8. Comparison of catfish full-length transcripts with reference proteins. X-axis:

catfish predicted protein length (amino acids), and Y-axis: reference protein length (amino
acids).

Examination of sequences surrounding the start codon and stop codon of the catfish full-length

transcripts

The AUG start codon context, also referred to as the Kozak motif, was reported as a
consensus sequence for initiation of translation in vertebrates (Kozak 1987). The catfish Kozak

motif, spanning the position -4 to +4 was illustrated using WebLogo (CROOKS et al. 2004) as
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shown in Figure 9. The bases most frequently observed in the catfish Kozak motif are
AAACATGG with the start ATG codon underlined, which is same as the results obtained in our
previous work (CHEN et al. 2010). The most conserved bases are, as in other species, position -3
(A/G), the start codon (ATG) and position +4 (G). The consensus sequence of Kozak motif is
reported as CACCATGG in mammals (HARHAY et al. 2005), with the start ATG codon
underlined. The most frequently observed bases in the Kozak motif of Atlantic salmon, Salmo
salar, were CAACATGG (ANDREASSEN et al. 2009). Catfish Kozak consensus sequence appears
to be highly similar to S. salar except that an adenine base instead of cytosine base was observed
as the -4 position. The conservation of the catfish Kozak consensus sequence, as with the 5> UTR
analysis, provided additional support for the proper identification of the start codon ATG in this

work.
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Figure 9. Analysis of Kozak consensus sequences surrounding the start codon AUG. Kozak
consensus sequences were illustrated by WebLogo using stacks of symbols, one stack for each
position in the sequence. The size of symbols within the stack indicates the relative frequency of
each base at that position.

The translation termination was a very complex process, which involved stop codon

recognition, peptidyl-tRNA hydrolysis and release of ribosome from the mMRNA (FROLOVA et al.
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2000; KisseLEV and BUCKINGHAM 2000). The stop codon recognition was known as the first
important step, while the contexts surrounding the stop codons were well known as a crucial
determinant of the translation termination efficiency (BONETTI et al. 1995; CASSAN and ROUSSET
2001; McCAUGHAN et al. 1995; TATE et al. 1995). To elucidate the sequence patterns that could
affect the efficiency of translation termination, the bases around the stop codons (-6 to +12) in
the catfish full-length transcripts were examined. As illustrated in Figure 9, the bases around stop
codon were biased. In particular, the -2 positions were biased toward A/U and the +4 positions
were preferred for purines (A/G). The results we found in catfish were in agreement with
previous studies in other eukaryotes, such as human, mouse, fruit fly and worm (CAVENER and
RAY 1991; Liu 2005). Numerous studies indicated that the nucleotide immediately following the
stop codon (defined as +4) was crucial for termination and was biased toward purines (BONETTI
et al. 1995; CAVENER and RAY 1991). Translation termination was also influenced by the
sequence elements immediately upstream of the stop codons (-2 and -1 bases) as indicated in
many studies (e.g., (MOTTAGUI-TABAR et al. 1998)), and the -2 positions were biased toward A
and/or U in several eukaryotes previously examined (Liu 2005). Of the three stop codons, the
usage frequency of the UGA is much higher than that of UAA and UAG in catfish (UGA 48.5%,
UAA 32.5% and UAG 19%), which was consistent with general frequency of use of stop codons

in eukaryotes (L1u 2005).
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Figure 10. Analysis of consensus sequences surrounding the stop codon. The consensus
sequences were illustrated by WebLogo using stacks of symbols, one stack for each position in
the sequence. The size of the symbols within the stack indicates the relative frequency of each
base at that position.

To our best knowledge, there were no systematic studies on the sequence contexts
surrounding the stop codons in fish species. However, we reexamined our previously identified
1,087 full-length cDNAs generated from clone sequencing to reconfirm the results we provided
here. The contexts around stop codons were highly consistent with the present results in Figure 9.
The frequency of usage of the three stop codons were 45.4%, 38.6% and 16% for UGA, UAA

and UAG, respectively, also similar as frequencies found from this study. This also provided

additional support for the proper identification of the ORFs in this study.

Polyadenylation signal (PAS) in the catfish transcripts

The polyadenylation signal (PAS) plays an important role in polyadenylation by determining
the site for addition of a polyA tail to pre-mRNA. The PAS in mammals has been widely
investigated and has been identified as the canonical hexamer AAUAAA which is located 10-30
nucleotide upstream of the cleavage site (BEAUDOING et al. 2000; GRABER et al. 1999). Although
the AAUAAA signal is considered to be highly conserved, studies have shown that different
variants of the PAS are certainly present in the 3” ends of transcripts, and that the frequency
distribution of the most common PAS versus alternate signals is species- and tissue-dependent
(GRABER et al. 1999; MAcCDONALD and REDONDO 2002). The high diversity of gene expression
of limited number of genes can be due to the 3’ end polyadenylation of pre-mRNA (TUPLER et al.
2001). The choice of which element is used as PAS might play important roles in gene

regulation, possibly by including or excluding down-stream regulatory motifs situated between
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such alternate PAS, as well as mRNA stability (BEAUDOING et al. 2000; GRABER et al. 1999;
MACDONALD and REDONDO 2002).

For the identification of PAS in catfish transcripts, 2,047 transcripts with at least seven
adenosines at the end were selected for this analysis. Different variants of the PAS were
observed in catfish. The most common observed immediate upstream of the polyA tail (within
35 bp) was the canonical AAUAAA (1,264 transcripts, 61%). The second most common variant
was AUUAAA, present in 435 transcripts and accounting for 21% (Table 7), similar results as
obtained in previous work (CHEN et al. 2010). These findings are in agreement with PAS motif
frequency distribution in other species. Previous studies in mammals for the incidences of
AAUAAA and AUUAAA polyadenylation signals in 3’ ends of cDNAs from EST sources have
revealed that AAUAAA and AUUAAA are the two most common polyadenylation signals with
the percentages of 50-60% and 10-15%, respectively (MACDONALD and REDONDO 2002). In
order to find the most frequently occurring hexamers in the remaining catfish transcripts, the
TEIRESIAS algorithm (RicouTsos and FLORATOS 1998) was used. The results showed that no
dominant hexamer present in the remaining transcripts, rather several additional hexamers that
share sequence similarity with canonical PAS sequence were identified. Table 7 lists the twelve
most frequently occurring hexamers (single-base variants of AAUAAA) present in 10 or more
transcripts. Of these putative PASs, five hexamers have been reported as PAS variants in salmon
or catfish transcripts previously (ANDREASSEN et al. 2009; CHEN et al. 2010), eight of them have
been identified in human genes based on EST resources (BEAUDOING et al. 2000).

Table 7. Identification and analysis of the catfish polyadenylation signal (PAS). A subset
of the full-length transcripts with polyA tails generated from sequencing were selected for
analysis. Most common PAS alternatives (hexamers with single-base variant of AAUAAA)

were identified within 35 nucleotides upstream of the polyA tail from full-length transcripts.
LAlternative PAS identified in Chen et al. (2010) (CHEN et al. 2010); ? Alternative PAS identified
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in Andreassen et al. (2009) (ANDREASSEN et al. 2009); and *Alternative PAS identified in
Macdonald et al. (2002) (MACDONALD and REDONDO 2002).

Hexamer ~ Number of transcripts ~ Found in catfish® Found in salmon®  Found in Human®
AAUAAA 1,264 + + +
AUUAAA 435 + + +
AAAAAA 47 +

UAUAAA 25 + + +
AAGAAA 23 + +
AAUATA 20 + + +
CAUAAA 19 +
AACAAA 18

AAUACA 18 +
AAUGAA 16 +
AGUAAA 15 + +
AAUAAU 10

ACUAAA 10 +
AAUUAA 10

Regulatory motifs in UTR regions of catfish full-length transcripts

Regulatory motifs are short nucleotide sequences that regulate gene expression. Most of the
regulatory motifs are thought to be embedded in the non-coding part of the genomes. Among
non-coding regions, the 5' and 3' UTRs of eukaryotic mMRNAs have often been experimentally
demonstrated to contain sequence elements crucial for many aspects of gene regulation and
expression (GRILLO et al. 2010). The large set of full-length transcripts generated in this study
provided the opportunity for the identification of conserved regulatory motifs in the UTR regions
of catfish transcripts. All 5” and 3’ UTRs from catfish full-length transcripts were searched
against UTRsite collection by using the pattern match program UTRscan. The UTRsite is a
collection of functional sequence patterns located in 5' or 3' UTR sequences whose function and
structure have been experimentally determined and published (GRILLO et al. 2010).

Table 8. Identification of conserved regulatory motifs from untranslated regions. Catfish
conserved regulatory motifs were identified by comparison with experimentally validated
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regulatory motifs deposited in UTRsite database using pattern search program UTRscan.
Number of UTRs denotes the number of catfish UTRs from which the corresponding regulatory
motifs were identified.

Regulator Location Number
Motifs Standard Name (UTR) of UTRs
IRE Iron Responsive Element 5'and 3’ 13
IRES Internal Ribosome Entry Site 5' 2,491
SXL_BS SXL binding site 5'and 3’ 1,469
TOP Terminal Oligopyrimidine Tract 5 265
UNR-bs UNR binding site 5'and 3’ 907
UORF Upstream Open Reading Frame 5 5,492
15-LOX-DICE 15-Lipoxygenase Differentiation Control 3 5
Element
ADH DRE Alcohol dehydrogenase 3UTR 3 91
- downregulation control element
ARE2 AU-rich class-2 Element 3 82
BRD-BOX Brd-Box 3 578
BRE Bruno 3'UTR responsive element 3 28
CPE Cytoplasmic polyadenylation element 3 180
G3A Elastin G3A 3'UTR stability motif 3 2
GLUT1 Glusose transporter type-1 3'UTR cis-acting 3 5
element

GY-BOX GY-Box 3 232
INS_SCE Insulin 3'UTR stability element 3 1
K-BOX K-Box 3 919
MBE Musashi binding element 3 3,546
SECIS1 Selenocysteine Insertion Sequence - type 1 3 42
SECIS2 Selenocysteine Insertion Sequence - type 2 3 36
TGE TGE translational regulation element 3' 5

As summarized in Table 8, a total of 21 regulatory motifs were identified from catfish UTRs.

For instance, the analysis of the 5’ and 3 UTRs revealed transcripts with a motif that matched

the iron responsive element (IRE). IRE, a particular hairpin structure located in the 5' UTR or 3'

UTR of various mRNAs coding for proteins involved in cellular iron metabolism, is recognized

by trans-acting proteins known as iron regulatory proteins that regulate mRNA translation rate

and stability (KALDY et al. 1999). This evolutionary conserved motif was known to be present in

the ferritin genes of vertebrates (THOMSON et al. 1999). Our observation that presence of an IRE
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located in the 5 UTR of catfish ferritin supported the idea that the motif identified was a true
functional IRE. The analysis of the 3° UTRs of the full-length cDNAs also revealed transcripts
with motifs that matched Selenocysteine Insertion Sequences (SECIS). The SECIS element is a
specific 60 bp stem-loop structure located in 3° UTRs of mRNAs, and required for decoding
UGA selenocysteine instead of termination of translation (WALCzAK et al. 1996). Catfish
transcripts with matches to the SECIS element encoded selenium-related genes, such as
glutathione peroxidase (FAGEGALTIER et al. 2000), defender against cell death protein (FISCHER
et al. 2001), selenoprotein and Glutaredoxin (BJORNSTEDT et al. 1997), also suggesting the

correct identification of this functional element.

Discussion

The transcriptome sequencing enables various structural and functional genomic studies of
an organism. Although a lot of Sanger-based EST sequencing projects had been carried out for
comprehensive characterization of transcriptomes, expressed sequence data are still limited
resources, specifically in non-model species. The next-generation sequencing technologies
provide a low cost, labor-saving and rapid means for transcriptome sequencing and
characterization. However, the de novo assembly of short reads without a known reference is still
difficult (ScCHUSTER 2008). High throughput 454 sequencing which generates longer reads has
been widely used in many transcriptome sequencing studies in non-model species previously
(MEYER et al. 2009; VERA et al. 2008). Recently, more and more studies have shown the
feasibility of transcriptome assembly by using Illumina short reads (G1BBONS et al. 2009),
especially with the combination of paired-end reads sequencing technology to facilitate the
assembly. However, the differential gene expression results in variable coverage in transcriptome

sequencing, the choice of a single k-mer value usually used in genome assembly cannot generate
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an assembly with emphasis on both transcript diversity and contiguity. Performing multiple
assemblies with various k-mer lengths and to retain the best part of each one to form the final
assembly has been shown effective for de novo transcriptome assembly (SURGET-GROBA 2010
and MoNTOYA-BURGOS 2010). Furthermore, as each assembler utilizes different approaches to
deal with sequencing errors and paired-end information, the assemblers may differ in their
abilities to capture different portions of the transcriptome with accuracy. It is reasonable that
merging assemblies from multiple assemblers might yield a combined assembly with higher
accuracy. More comprehensive transcripts would be obtained with combinatory use of several de
novo assemblers.

In this study, we reported an efficient assembly and annotation of the catfish transcriptome
by applying several combined strategies. Firstly, we took advantage of a doubled haploid
channel catfish to reduce the complexity of transcriptome. Most importantly, the doubled haploid
allows biologically meaningful assembly of transcripts without artificially creating “haplotypes”
that do not exist in nature. The sequence assembly was facilitated since there are no allelic
variations. Various tissues were collected with the aim to cover a comprehensive transcriptome.
The paired-end reads were generated to resolve the assembly problem caused by repetitive
regions. Secondly, we generated a final assembly with a combinatory use of three different
widely used de novo assemblers. Multiple k-mer method was also used to enable the assembly
sensitivity and contiguity. A higher N50 length and average length are considered as a
benchmark for better assembly on contiguity. Our results showed that N50 length and average
length of contigs varied greatly as a function of k-mer length, and also varied greatly between
different assemblers. To get the optimum results, the validation of different assembly programs

was conducted by comparing sequence similarity with closely related species. The ABySS

74



generated contigs with higher N50 length and average length indicating its strength in generating
assembly with better contiguity, while the Velvet generated sequences with more number and
percentage of contigs showed significant similarity with zebrafish proteins. The CLC Genomics
Workbench performed as intermediate between ABYSS and Velvet according to both contiguity
and sensitivity. The final assembly obtained by merging all these three sets of assembly provided
a more comprehensive and accurate assembly.

We believe that the sequencing depth was sufficient to cover the vast majority of transcripts.
To assess the depth of sequencing obtained for transcriptome assembly in this work, three lanes
of sequencing was conducted with one of which being sequenced for around one fourth yield of a
whole lane (Table 1) and the sequence datasets were resampled into several sub-datasets with
various read depths. The de novo assemblies of these sub-datasets were generated using CLC
Genomics Workbench to determine the effects of read depths on the transcriptome assembly.
The number of contigs with minimum length of 200 bp and 1 kb were collected as two
benchmarks for the assembly sensitivity and continuity. As shown in Figure 11A, with the
increase of sequencing depth, the number of contigs with minimum length of 200 bp increased.
A significant increase of transcriptome coverage (assembly sensitivity) was observed from 48M
to 124M. Relatively slight increase was observed when the number of reads increased from
258M to 308M, but nonetheless the number of assembled contigs with sizes greater than 200 bp
or 1 kb continues to grow as the sequence depth increased. This was somewhat outside of our
expectation, perhaps due to the segmented assemblies. We therefore decided to determine if the
percentage of gene hits continue to increase with the increase of sequencing depth.

The transcriptome coverage and completeness achieved by these sub-assemblies were then

evaluated by matching with annotated known genes. Due to the limited number of catfish genes
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in the public database, we used the zebrafish RefSeq protein sequences in the NCBI database to
conduct this evaluation. There are a total of 27,239 zebrafish annotated protein sequences
available which were searched against the assembled catfish contigs for homologous match using
TBLASTN. There were 25,795 zebrafish proteins observed in the catfish RNA-Seq assembly
accounting for 94.7% of all annotated proteins in the database. As shown in Figure 11B, the
number of observed genes increased almost linearly with lower sequencing depth. However, the
number of observed genes started to plateau when the sequencing depth reached 124 million
reads. From 124 million reads to 308 million reads, the percent of gene hits increased from 94%
to 95%; while the percentage of gene hits with greater than 90% length homology stayed
essentially unchanged, suggesting that the sequencing depth was sufficient to provide a good

coverage of the transcriptome.
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Figure 11. Evaluation of sequencing depth for the catfish transcriptome assembly. (A)
Assemblies were evaluated based on the number of assembled contigs with length > 200 bp and
1 kb. The X-axis represents assemblies with various sequencing depths generated by CLC
Genomics Workbench, left Y-axis represents the number of contigs with length > 200 bp in
thousand, and right Y-axis represents the number of contigs with length > 1 kb in thousand. (B)
Assemblies were evaluated based on the number of zebrafish proteins that were identified in the
assembled catfish contigs. The X-axis represents assemblies with various sequencing depths
assembled by CLC Genomics Workbench, left Y-axis represents the percentage of zebrafish
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proteins that can be detected in catfish and right Y-axis represents the percentage of zebrafish
proteins that can be detected in catfish with match length > 90%.

The analysis of sequence conservation comparing with other model fish species helps in
transfer of knowledge from model species to catfish for both structural and functional genomic
studies. A large number of catfish transcripts showed significant similarity with model fish at
protein level as expected, suggesting that their function might also be conserved. Interestingly, a
large number of the transcripts did not show significant homology with any other reference
sequences, which may be novel and transcribed from catfish-specific genes. The study of these
genes will be very important to dissect the species-specific cellular process, catfish-specific’
gene duplication and divergence and study evolutionary processes of speciation and adaptation.

The doubled haploid fish used in this work provided an opportunity to evaluate
genome-scale gene duplication in catfish. There were a total of 2,569 unique genes detected as
putative duplicated genes. Ultimately, duplicated genes will have different genome coordinates
as to their locations. However, the catfish genome sequencing is still in progress. Nonetheless,
the evaluation based on the catfish preliminary genome assembly (unpublished) supported that
the majority of these genes had duplicate copies. Clearly, the use of doubled haploid catfish was
not only important for the transcript assembly, but also important for the initial identification of
putative gene duplications in catfish. Additional analysis and validation are needed to
demonstrate that the putative duplicated genes are indeed duplicated in the future.

In conclusion, we have demonstrated the use of short-reads sequence data to efficiently and
comprehensively characterize a draft transcriptome of an organism without sequenced genome.
The strategy of de novo assembly described here can be potentially used for other species. The
advantages offered by the use of a homozygote are applicable to most teleost species where

doubled haploid can be made. Our study contributed a significant non-redundant set of 370,798

77



transcripts including 14,240 full-length transcripts in catfish. The detailed analyses of these
sequences has provided several important features of catfish transcriptome such as length
distribution, sequence patterns around translation initiation and termination codons, conserved
regulatory motifs, conserved genes across fishes, and functional annotation. It is anticipated that
the results from this study will contribute significantly towards assembly and annotation of the
catfish genome.  Such resources will likely be important for structural and functional genomic

studies in other teleosts and related species as well.
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Chapter 4

Development of the high-density catfish 250K SNP array for genome-wide association studies

Abstract

Quantitative traits, such as disease resistance, are most often controlled by a set of genes
involving a complex array of regulation. The dissection of genetic basis of these traits requires
large numbers of genetic markers. In recent years, next-generation sequencing technologies have
enabled discovery of genome-wide SNPs. In catfish, over eight million SNPs have been
identified, but the challenge is how to efficiently and economically use such SNP resources for
genetic analysis. One of the most efficient ways to genotype large numbers of SNPs is to design
a high-density array that includes hundreds of thousands of SNPs distributed throughout the
genome. In this work, we developed a catfish 250K SNP array using Affymetrix Axiom
Genotyping technology. Catfish SNPs were obtained from multiple sources including
gene-associated SNPs, anonymous genomic SNPs, and interspecific SNPs. A set of 640K
high-quality SNPs were obtained following specific requirements of array design, and were
submitted for evaluation. A panel of 250,113 SNPs was finalized for inclusion on the array. The
performance evaluated by genotyping individuals from wild populations and backcross families
suggested the good utility of the catfish 250K SNP array. This is the first high density SNP array
for catfish. The array should be valuable in both industry and research such as in whole
genome-based selection, genome-wide association studies, fine mapping, high density linkage

mapping, and haplotype analysis.
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Introduction

Catfish is the most important aquaculture species in the United States. In recent years,
catfish industry encounters great challenges including devastating diseases which cause the
largest economic loss. Improved brood stocks with a high level of disease resistance are
desperately needed. In addition to traditional selective breeding programs, efforts have been
made to develop resources for marker-assisted selection based on genomic information
(GopbARD and HAYES 2009; MEUWISSEN et al. 2001).

Quantitative traits, such as disease resistance, are most often controlled by a set of genes
involving a complex array of regulation. The dissection of genetic basis of these traits requires
large numbers of genetic markers. Single nucleotide polymorphisms (SNPs) are now the markers
of choice because they are the most abundant type of genetic variations and widely distributed in
the genome. In addition, SNPs are generally bi-allelic that is amenable to automated genotyping
(KRUGLYAK 1997). SNPs are also efficient for genome-wide association studies because linkage
disequilibrium (LD) can be detected with high density SNPs covering the genome when dealing
with complex traits.  For instance, simultaneous analysis of thousands of SNPs have enabled
genome-wide association studies for performance and production traits in chicken (ABASHT and
LAMONT 2007; WoLc et al. 2012), pig (BECKER et al. 2013; SAHANA et al. 2013), cattle
(KHATKAR et al. 2008; Kim et al. 2009; MEUWISSEN et al. 2001), horse (BROOKS et al. 2010) and
sheep (BECKER et al. 2010; KuAs et al. 2009). However, such studies have not been possible
with most aquaculture species including catfish due to lack of genome-wide SNP markers and
high-throughput SNP genotyping platform.

Until recently genome-scale SNP identification was a great challenge for most non-model

species (ALTSHULER et al. 2000; LINDBLAD-TOH et al. 2000; WANG et al. 1998). The

80



next-generation sequencing technologies enabled efficient identification of SNPs from genomes
of various organisms (DAVEY et al. 2011). With the availability of a large number of SNPs, the
challenge then is how to genotype these SNPs efficiently and economically.

A variety of SNP array platforms are available, of which, the Sequenom MassArray
(Sequenom, San Diego, CA), lllumina iSelect HD Custom BeadChip (Illumina, San Diego, CA),
and Affymetrix GeneChip Custom Array (Illumina, Santa Clara, CA) are widely used. More
recently, Affymetrix adopted the Axiom genotyping technology that allows development of full-
or semi-customized arrays containing 1,500 to 2.6 million SNPs (HOFFMANN et al. 2011). These
platforms differ in their requirements for SNP marker number, sample size, cost and automation.

Up to date, SNP arrays have been developed in several livestock species, including cattle
(MATUKUMALLI et al. 2009), horse (McCUE et al. 2012), pig (RAMOS et al. 2009), sheep
(MILLER et al. 2011), dog (MOGENSEN et al. 2011) and chicken (GROENEN et al. 2011). The
[llumina BovineSNP50 Beadchip featuring 54K informative SNP probes was first developed
for detecting variations in cattle breeds (MATUKUMALLI et al. 2009). Recently, two cattle SNP
arrays with higher-density were developed: the 777K BovineHD array by Illumina and the
648K Axiom BOS 1 by Affymetrix (RINCON et al. 2011). The Illumina PorcineSNP60 was
designed to include over 64K pig SNPs identified by next generation sequencing (RAMOS et al.
2009). The equine SNP array (EquineSNP50 BeadChip) has been developed and evaluated on
a panel of samples representing 14 domestic horse breeds and 18 evolutionarily related species
(McCuUE et al. 2012Db). The lllumina OvineSNP50 that included 42,469 SNPs was recently
developed by the International Sheep Genomics Consortium (ISGC). In dog, Illumina
developed the CanineSNP20 BeadChip with 20K SNPs, and the recent CanineHD BeadChip

containing over 170,000 SNPs (MOGENSEN et al. 2011). A 60K chicken SNP array powered
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by Illumina iSelect BeadChip was designed to contain 57,636 SNPs (GROENEN et al. 2011).
More recently, a high density 600K chicken SNP array was developed with Affymetrix Axiom
array technology (KrRANIS et al. 2013). Apparently, there are no technology barriers for the
development of high density SNP arrays. However, the economic challenge is still tremendous
because even though the unit cost per genotype is currently extremely low, the total costs for
the high density SNP arrays with very high numbers of SNPs can be still beyond the economic
powers of researchers working with a “minor” species.

No high density SNP arrays have been developed for aquaculture species. The Illumina
GoldenGate Assay was used to evaluate 384 rainbow trout SNPs, resulting in a validation rate of
48% for the tested SNPs (SANCHEZ et al. 2009). The GoldenGate Assay was also used to
genotype 384 catfish EST-derived SNPs to assess the factors affecting SNP validation rates
(WANG et al. 2008). The Sequenom MassArray platform was used in several studies in the
context of QTL analysis, linkage mapping and map integration. A custom Illumina iSelect SNP
array containing approximately 6K SNP markers from Atlantic salmon was developed and used
for linkage mapping and QTL analysis (GUTIERREZ et al. 2012; LIEN et al. 2011).

In catfish, over two million gene-associated SNPs were identified in channel catfish and blue
catfish, respectively, using the next-generation sequencing (Liu et al. 2011). In a recent study,
over eight million SNPs were identified in channel catfish by whole genome sequencing of one
wild and four aquaculture populations (SUN et al., in review). With the availability of these SNP
resources, here we report the development and performance evaluation of the 250K catfish SNP

array using the Affymetrix Axiom genotyping technology.
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Materials and Methods

SNP selection and array design

Gene-associated SNPs were generated from Liu et al (Liu et al. 2011). Anonymous SNPs
from non-coding genomic regions were from SUN et al. (in review). SNPs were filtered
following the specific requirements by Affymetrix SNP array design. Flanking sequences of 35
bp for each SNP were required where no other variations (SNPs and/or Indels) were allowed
within 30 bp of SNPs. The balanced A/T/G/C of flanking sequences was required with GC
content of 30%-70%. No repetitive elements were allowed in flanking sequences, in addition
that single simple repeats of G or C greater than 4 and A or T greater than 6 were not allowed.

All catfish SNPs passed the in-house filter were submitted to Affymetrix for design score
assessment, where each of the two probes flanking SNP was assigned with a p-convert value,
respectively. SNPs with probes of high p-convert values were highly likely convertible. A
p-convert value threshold was determined by excluding the tail of lowest performing probes to
facilitate selection of final SNP list. For the SNPs with both probes pass the p-convert value
threshold, one of the probes with the greater value was selected. For the SNPs with both probes
having low p-convert values, both probes were selected to ensure conversion with a high
probability.

To select well-spaced SNPs, at least one but no more than two SNPs per transcript contig
were selected for gene-associated SNPs. For anonymous SNPs, the preliminary catfish genome
assembly was used (255,858 contigs with mean length of 2,996 bp and N50 of 6,027 bp,
unpublished data) to facilitate SNP selection according to contig length. One SNP per contig was

selected from the contigs with length less than 4 kb. Two SNPs per contig were selected from the
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contigs with length greater than 4 kb.  For the two SNPs selected from one contig, the SNPs
with largest distance were selected to ensure the good spacing in the genome.

In addition, A/T and C/G SNPs were not selected because the two alleles of these SNPs
match the same dye and additional distinct probes in different physical locations on the array are
required to distinguish them. Non-polymorphic 31-mers were randomly picked from
non-repetitive regions of the genome for data quality control (QC) probes. The QC probes along
with final list of SNPs were submitted to Affymetrix for production with Axiom genotyping

array.

Assessment of SNP spacing

To assess the genome distribution of SNPs on the array, all the 250,113 SNPs with 35-bp
up- and down-stream flanking sequences (71 bp in total) were aligned with the latest draft
genome assembly (62,461 scaffolds with N50 of 3Mb, unpublished data) using BLAST to
determine SNP positions. The inter-SNP spacing was determined based on SNP positions in the
scaffolds. The intervals for SNPs at the ends of sequences were not able to determine. Similarly,
SNPs with flanking sequences were aligned with currently available catfish BAC end sequences

(BES) to identify SNPs associated with BES.

SNP array performance evaluation

Fish sources

Three different sample sources were used for genotyping to assess the SNP array
performance: 1) 192 unrelated channel catfish from wild populations; 2) 192 catfish hybrids

from 1% generation of backcrossing and 3) 192 catfish hybrids from 3" generation of
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backcrossing. Samples from wild populations were channel catfish collected for a previously
study (SIMMONS et al. 2006). The 1% generation of backcrossing hybrids was produced by
backcrossing the interspecific F; hybrids (channel x blue) with a male channel catfish, and the 3"
generation of backcrossing hybrids was produced by backcrossing the 2" generation of

backcross hybrids with a male channel catfish.

DNA isolation

Blood samples (300-500 u I) were collected in a 1-ml syringe and immediately expelled into

a 15-ml tube containing 5 ml of DNA extraction buffer (100 mM NaCl, 10 mM Tris, pH 8, 25
mM EDTA, 0.5% SDS, and 0.1 mg/ml freshly made proteinase K) for DNA isolation. DNA was
isolated as previously described (KucukTAs et al. 2009; NINWICHIAN et al. 2012). Picogreen dye
(Quant-iT Pico Green, Invitrogen) were used in order to quantify double-stranded DNA
according to the manufacturer’s protocol. The integrity of DNA samples were checked by 1%

agarose gel electrophoresis stained with ethidium bromide.

SNP genotyping

Genomic DNA samples were arranged in a 96-well microtiter plate, and normalized to a
final concentration of 50 ng/ 1 | with the final volume of 10 1 I. The DNA samples were

genotyped by GeneSeek (Lincoln, NE, USA) with the catfish 250K SNP array.

SNP analysis

Raw data in the form of CEL files were imported into the Affymetrix Genotyping Console
software (v4.1) for quality control analysis and genotype calling using Axiom GT1 algorithm

(Affymetrix). Samples with dish quality control (QC) value of 0.82 or better and call rate >0.97
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were considered to have passed. Following genotyping, SNPolisher (Affymetrix), an R package,
was used to post-process genotyping results. The package can calculate the QC metrics for each
SNP/probeset to determine its quality and classify SNPs into six categories (Figure 1): (i),
“PolyHighResolution”” where three clusters are formed with good resolution; (ii), “NoMinorHom”
where two clusters are formed with no examples of the minor homozygous genotypes; (iii),
“MonoHighResolution” in which only one cluster is formed,; (iv), “OTV”, off-target variants,
where three good clusters are formed, but with one extra OTV cluster that is caused by sequence
dissimilarity between probes and target genome regions (DIDION et al. 2012); (v),
“CallRateBelowThreshold”” where SNP call rate is below threshold, but other cluster properties
are above threshold; and (vi), “Other” where one or more cluster properties are below threshold.
In this study, SNPs of categories (i) to (iv) were considered as convertible SNPs, and SNPs of

categories (i) and (ii) were considered as polymorphic SNPs.
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Figure 1. lllustration of six SNP/probeset categories based on cluster properties.

Results and Discussion

Selection of SNPs for the SNP array

One of the most important goals of the SNP array development is to have a good coverage of
the genome. The first task was to select a subset of SNPs from all identified SNPs,
gene-associated as well as anonymous SNPs. From a large pool of the previously identified
SNPs (Liu et al. 2011; SUN et al., in review), the following selection criteria were used for the
initial selection of SNPs: 1) For gene associated SNPs, at least one but no more than two SNPs
per transcript contig were selected; 2) For anonymous SNPs, one SNP was selected for small

contigs of less than 4 kb, but two SNPs were selected for contigs larger than 4 kb, with their
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spacing being the largest within the contig. In addition, a set of sequence features were also

considered for the selection of the initial SNPs (see Materials and Methods).

Table 1. Summary of SNPs used for the catfish 250K SNP array design.

SNPs selected SNPs passed SNPs included

SNP sources for array Affymetrix  on the array
evaluation
Gene-associated SNPs
Channel catfish 93,699 72,202 32,188 (12.9%)
Blue catfish 59,464 48,900 31,392 (12.6%)
Inter-specific 83,549 72,260 39,605 (15.8%)
Anonymous SNPs
Channel catfish 404,777 302,309 146,928 (58.7%)
Total SNPs 641,489 495,671 250,113 (100%)

The initial in house selection resulted in 641,489 SNPs that were submitted to Affymetrix
for in-silico analysis to assess the predicted performance on Axiom arrays. Both forward and
reverse probe of each SNP were assigned with p-convert values, which were derived from a
random forest model to predict the probability that the SNP will convert on the array. The
model considers factors including probe sequence, binding energy and the expected degree of
non-specific hybridization to multiple genomic regions (personal communication with
Affymetrix). SNP probes with high p-convert values are expected to convert on the SNP array
with high probability.

A total of 495,671 SNPs passed the Affymetrix in-silico evaluation with various p-convert
values, but the vast majority of SNPs had p-convert values greater than 0.5 (Figure 2). Because
many more than needed SNPs passed the p-convert evaluation, only SNPs with p-convert values
greater than 0.5 were further considered for inclusion on the array. For the SNPs with both
probes passing the p-convert threshold level, the probes with the higher p-covert values were

selected. For the SNPs with both probes having relatively low p-convert values, both probes
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were selected to increase the conversion rate for the SNP. In the final SNP list, A/T and C/G

SNPs were removed because such SNPs require twice the number of probes.
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Figure 2. Distribution of SNP probes based on p-convert values.

SNPs included on the 250K array

The SNPs used for the development of the catfish 250K SNP array are summarized in Table
1. A total of 250,113 SNPs were included in the 250K array including 103,185 (41.3%)
gene-associated SNPs and 146,928 (58.7%) anonymous SNPs. Of the gene-associated SNPs,
32,188 were from SNPs identified from channel catfish, 31,392 were from SNPs identified from
blue catfish, and 39,605 were interspecific SNPs identified between channel catfish and blue
catfish (Table 1).

A total of 316,706 SNP probes were synthesized for interrogation of these 250,113 SNPs
with 66,593 SNPs of which tiled with two probes (Table 2). In addition to SNP probes, 2,000

data quality control (QC) probes were included on the SNP array serving as negative controls.

89



The QC probes are non-polymorphic 31-mers randomly picked from non-repetitive regions of
catfish genome.  Of which, 1,000 QC probes were selected with A or T at the 31* base, and

1,000 QC probes were selected with G or C at the 31* base.

Table 2. Summary of the catfish 250K SNP array.

SNP array Number
Total number of SNPs 250,113
Number of SNPs tiled with single probe 183,520
Number of SNPs tiled with two probes 66,593
Total number of probes 316,706
Number of data quality control probes 2,000

Inclusion of gene-associated SNPs should enhance the conversion rate because genes and
their associated sequences are more unique in the genome than the non-coding genomic
sequences. In addition, as genes are broadly distributed across all 29 pairs of chromosomes of
the catfish genome (LIu et al. 2011), SNPs derived from genes should reflect the distribution of
genes within the genome. However, as genes are not entirely evenly distributed, inter-marker
spacing is not equal. Genomic SNPs from anonymous regions would fill the gaps. A subset of
gene-associated SNPs are interspecific SNPs that are useful for genetic analysis of the

interspecific hybrid system.

Distribution of SNP spacing

It was unable to determine the absolute SNP coordinates and thereby their distribution in the
genome because a fully assembled catfish genome is not yet available. After the completion of
SNP array development, a draft catfish genome assembly was generated. To assess the SNP
distribution, the inter-SNP spacing was evaluated using this draft genome assembly. A total of
248,308 SNPs (99.3%) with flanking sequences were uniquely mapped to 11,017 genome

scaffolds which span a total of 785.6 Mb, approximately 80% of the genome. As shown in
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Figure 3, a total of 237,291 SNPs with inter-SNP spacing were examined. Of which, 49,718
SNPs had a small inter-SNP spacing of less than 500 bp, and 31,811 SNPs had an inter-SNP
spacing of 500-1000 bp. The largest number of SNPs (46,804) had an inter-SNP spacing of
1000-2000 bp. A total of 31,184 had a marker spacing of 2000-3000 bp, 21,100 had a marker
spacing of 3000-4000 bp, 14,538 had a marker spacing of 4000-5000 bp, 10,316 had a marker
spacing of 5000-6000 bp, and 31,820 had a marker spacing of more than 6000 bp.
Cumulatively, approximately 34.4% SNPs had a marker spacing of less than 1 kb, and
approximately 13.4% had a marker spacing of greater than 6 kb. Approximately 50% SNPs

had marker spacing of 1-6 kb (Figure 3).
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Figure 3. Distribution of inter-SNP spacing for SNPs included on the array. SNP intervals
were determined based on current catfish assembly.

Due to the lack of fully assembled genome sequence, the inter-marker spacing is probably
underestimated. The current draft genome assembly had a total genome size of 830.5 Mb, but the

catfish genome is approximately 950 Mb. In addition, the spacing from the most external SNPs
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of each scaffold to the next marker is not included in the assessment. Therefore, the overall
marker spacing could have been slightly larger.

The SNP distribution was also evaluated with regard to association with bacterial artificial
chromosome (BAC) end sequences (BES). A total of 22,051 SNPs on the array are associated
with 16,832 BES derived from 14,849 BAC clones. Accordingly, such SNPs are associated with
2,853 (86.3% of 3,307) contigs from the catfish physical map developed by Xu et al (Xu et al.
2007), 1,141 of which were not able to integrate with linkage map constructed mainly using
microsatellite markers (NINWICHIAN et al. 2012). Such BAC associated SNPs are useful because
they are separated by a known distance in the genome (BAC insert size of 161 Kb on average
(Xu et al. 2007)), and their use can facilitate full integration of genetic linkage and physical

maps.

Performance of the catfish 250K SNP array

Genotyping performance of the SNP array

Performance of the SNP array was examined by genotyping unrelated catfish samples from
wild populations and catfish backcross families. As summarized in Table 3, 182 of 192 wild
catfish samples were successfully genotyped after sample quality control. A total of 204,437
SNPs (81.7%) were converted, and 137,459 (55.0%) of which were polymorphic in these
samples. The average call rate of converted SNPs was greater than 99.4%.

The catfish 250K SNP array was also examined by genotyping in catfish backcross hybrids:
the 1% generation of backcross produced by crossing female hybrid with male channel catfish
(BC1) and the 3" generation of backcross produced by crossing 2" generation of backcross

female hybrid with male channel catfish (BC3). As summarized in Table 3, percentages of SNPs
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converted in BC1 catfish were relatively lower than that in unrelated wild catfish, while much
higher percentages of SNPs were converted in BC3 catfish than in BC1 catfish as well as in
unrelated wild catfish (Table 3). The BC3 catfish, in theory, possess higher fraction of “channel
catfish” genome materials than BC1 catfish due to two more generations of backcrossing with
channel catfish. Therefore, higher proportions of intra-specific SNPs from channel catfish were
expected to convert in BC3 catfish than in BC1 catfish. Accordingly, higher proportions of
inter-specific SNPs were expected to convert in BC1 than in BC3 and wild catfish.

Table 3. Performance assessment of the catfish 250K SNP array. BC1 denotes the catfish
from 1% generation of backcross, and BC3 denotes the catfish from 3" generation of backcross.

“'SNIPs on the array that work = Average SNP call rate, for given converted SNPs, the average
percentage of samples whose genotypes were successfully measured.

Samples Samples  Samples SNPs Polymorphic Avg. SNP
processed passed converted  SNPs call rate
. . 204,437 137,459
0, ' ! 0,
Wild catfish 192 182 (94.8%) (81.7%) (55.00%) 99.4%
198,583 130,685
0, ' ! 0,
BC1 192 179 (93.2%) (79.4%) (52.3%) 99.7%
BC3 192 192 (100%) 218440 156,357 99.8%

(87.3%) (62.5%)

Comparisons of SNP polymorphic rates among wild catfish, BC1 and BC3 catfish indicated
that a large number of SNPs (70,599) were polymorphic in all examined groups of fish (Figure
4A). A number of 57,766, 66,282 and 60,459 SNPs were non-polymorphic observed in wild
catfish, BC1 and BC2 catfish (Figure 4B). These SNPs were most likely pseudo-SNPs or they
were polymorphic in the fish where they were identified, but they were not polymorphic among
these tested fish. The comparisons of non-polymorphic SNPs resulted in a total of 22,714 SNPs
that are monomorphic in all examined samples, suggesting that the remainders of SNPs are most

likely true SNPs that are not polymorphic in present tested samples.
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Figure 4. Comparisons of polymorphic SNPs and monomorphic SNPs. (A) Polymorphic
SNPs, (B) Monomorphic SNPs. Wild, unrelated wild channel catfish, BC1, 1% generation of
backcross progeny, and BC3, 3" generation of backcross progeny.

The hybrid catfish produced by crossing female channel catfish and male blue catfish
possess superior performance traits, therefore, the catfish hybrid system is not only important to
the catfish industry, but also interesting for the genetics studies to dissect genetic basis
underlying performance traits. The high percentages of converted SNPs and large numbers of

polymorphic SNPs achieved in genotyping fish from backcross families as well as wild

populations suggested the good performance of this SNP array.

Assessment of informativeness of SNPs on the array

Marker informativeness is reflected in minor allele frequencies as SNPs are most often
bi-allelic markers. In order to assess the informativeness of the SNPs on the array, the minor
allele frequencies of the SNPs were determined in wild population and two families of first (BC1)

and third (BC3) backcross progenies. The genotypes of 130,685, 156,357 and 137,459
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polymorphic SNPs in BC1, BC3 and Wild catfish samples were used for the analysis.
Distribution of minor allele frequencies with intervals of 0.1 was shown in Figure 5. Overall,
most polymorphic SNPs had a MAF of greater than 0.1, with 36,011 between 0.1-0.2, 28,628
between 0.2-0.3, 19,340 between 0.3-0.4, and 16,716 between 0.4-0.5 in wild catfish samples.

A notable fraction (23%) were non-polymorphic, suggesting these SNPs were most likely pseudo
SNPs or they were polymorphic in the fish where they were identified, but they were not
polymorphic among these tested fish. Because a large number of wild fish (192) was tested and
they are not genetically related, it is more likely that these SNPs represented pseudo SNPs.
However, from the practical perspective, the catfish 250K SNP array will be quite informative as
over 50% were polymorphic even within two families of backcrosses.
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Figure 5. Distribution of minor allele frequencies in three catfish groups.

The minor allele frequency (MAF) directly relates to the polymorphism information content
that measures marker informativeness (PETKOV et al. 2004). Obviously, the higher MAF the

SNP has, the greater informative it will be. However, SNPs with low MAFs (rarer variants) are
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possibly with larger effects therefore are essential in genome-wide association analysis

(MANoLIO et al. 2009).

Relationships between design score and SNP performance

As the p-convert values are important factors for selection of SNPs, it is interesting to

analyze its relationships with SNP performance. As shown in Figure 6, the p-covert values were

positively correlated with the performance of the SNP probes, the higher the p-convert values,

the better performance the probes. However, once the p-convert values reached 0.7 or higher,

further increase in p-convert values did not have significant effect on probe performance any

longer (Figure 6). This relationship holds not only for percent of probes that worked, but also for

percent of converted SNPs. The spike in percent of converted SNPs with probes of lower

p-convert values is an artifact due to the inclusion of two probes per SNP for SNPs with

relatively lower p-convert values (Figure 6). Apparently, the p-convert values served well as a

parameter for the prediction of SNP probe performance.
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Figure 6. Relationships between Affymetrix design scores and SNP probe performance.

Performance of gene-associated SNPs versus anonymous SNPs

On the catfish 250K SNP array, 179,116 SNPs were identified from channel catfish, of
which 146,928 were anonymous SNPs while 32,188 were gene-associated SNPs. To compare the
performance gene-associated SNPs and anonymous SNPs, the conversion rates and percentages
of polymorphic SNPs were analyzed. As shown in Figure 7, there is no significant difference in
performance between gene-associated SNPs and anonymous SNPs, while the conversion rates
and polymorphic SNP percentages of gene-associated SNPs are slightly higher, by a couple of

percentage, than those of anonymous SNPs in all three examined populations.
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Figure 7. Performance between gene-associated SNPs and anonymous SNPs.
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Performance of intra-specific and inter-specific SNPs

The performances of 32,188 intra-specific SNPs in channel catfish, 31,392 intra-specific
SNPs in blue catfish and 39,605 inter-specific SNPs between the two species were examined as
shown in Figure 8. As expected, the highest percentage of polymorphic SNPs was converted
from SNPs in the channel catfish when being genotyped in channel catfish samples from the wild
population. In contrast, the intra-specific SNPs identified from blue catfish had a very low
polymorphic rate in wild channel catfish population. Similarly, only 8% inter-specific SNPs were
polymorphic among wild channel catfish. However, such inter-specific SNPs performed really

well in interspecific backcross families, as expected (Figure 8).
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Figure 8. Performance between intra-specific SNPs and inter-specific SNPs.

Performance of transition and transversion SNPs

Of the 250,113 SNPs on the array, 75.9% are transitions and 24.1% are transversions.

Transition SNPs are more abundant than transversion SNPs, with an estimated ratio of 1.8-1.9 in
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catfish among gene-associated SNPs (Liu et al. 2011; WANG et al. 2010). The exclusion of A/T
and G/C SNPs in design stage of SNP array reduced the fraction of transversion SNPs. It’s
interesting to examine the performance of these two types of SNPs. As shown in Figure 9, the
two types of SNPs had nearly identical conversion rates and polymorphic rates, suggesting that

transition and transversion SNPs made no difference in their performance for genotyping.
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Figure 9. Performance between transition SNPs and transversion SNPs.

SNP Transferability to other related catfish species

To assess the utility of the catfish 250K SNP array in the related catfish taxa, a set of DNA
samples were tested from blue catfish (Ictalurus furcatus), brown bullhead catfish (Ameiurus
nebulosus) and white catfish (A. catus). As summarized in Table 4, overall SNP conversion rate
across these species were actually quite high, with a minimal rate of 50.4% with bullhead catfish

and as high as 77.2% with D&B strain of blue catfish. However, the polymorphic rates were
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much lower, more than 10 times lower than the conversion rates in most cases. For instance, the
polymorphic rates of all SNPs on the array had a polymorphic rate of 7.8% and 3.9% with Rio
Grande and D&B strain of blue catfish, respectively, as compared to 43.5% and 18.7%
polymorphic rates of SNPs identified from blue catfish when tested in the same two strains.
The SNPs on the array had low polymorphic rates for bullhead catfish and white catfish as well,
ranging from 4.4-5.1%. Taken together, these results suggested that the probes designed from
channel catfish and blue catfish sequences could actually hybridize to the genomic DNA of
bullhead catfish and whitre catfish, but the bases at the SNP sites were not polymorphic with
bullhead catfish and white catfish.

In spite of the low polymorphic rates, the number of SNPs that were polymorphic was still
notable with various species of catfishes. For instance, over 12,000 SNPs were polymorphic for
bullhead catfish and white catfish, suggesting its applicability for genetic analysis of related
catfish taxa. The polymorphic rates estimated here are probably an underestimate because only
10 individuals were genotyped. Polymorphic rates would increase if more fish had been
genotyped. Although these estimate are quite preliminary, the very low polymorphic rates of
D&B strain of blue catfish suggested that this strain could have been inbred and may have a
small number of founders, at least twice less diverse than the Rio Grande strain (Table 4).

;I;able 4. Transferability of SNPs to other catfish species. “All 250,113 SNPs on the array,
SNPs from blue catfish (31,392).

Species Latin Converted Polymorphic Converted Polymorphic
name SNPs” SNPs” SNPs™ SNPs™

Blue catfish  Ictalurus 190,867 19,549 25,722 13,667

(Rio Grande) furcatus (76.3%) (7.8%) (81.9%) (43.5%)

Blue catfish 1. furcatus 193,039 9,684 25,109 5,859

(D&B) (77.2%) (3.9%) (80.0%) (18.7%)

Bullhead Ameiurus 126,076 12,649 17,739 1,376 (4.4%)

catfish nebulosus (50.4%) (5.1%) (56.5%)

White catfish  A. catus 129,716 12,833 18,286 1,452 (4.6%)
(51.9%) (5.1%) (58.3%)
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Conclusion

In this study, we report the development of the catfish 250K SNP array using Affymetrix
Axiom technology. The SNPs were well-spaced in the genome. Distribution of minor allele
frequency indicated that uniform SNPs were included on the array. The evaluation of SNP array
performance by genotyping samples from pedigree families and unrelated wild populations
suggested high SNP conversion rates (~80%) and high polymorphic rates (over 50%) can be
obtained in all the examined samples. Technically, we showed that the Affymetrix design score
(p-convert value) adequately predict SNP probe performance and the inclusion of alternative
probes greatly increased the SNP conversion rates, especially for SNPs with probes that had low
design scores. The catfish 250K SNP array should be valuable in both industry and research such
as in whole genome-based selection, genome-wide association studies, fine QTL mapping,

high-density linkage mapping, and haplotype analysis.
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Chapter 5

Conclusion

The development of catfish breeds with superior performance traits such as high level of
resistance to major diseases and fast-growth would represent a significant stimulus to the catfish
industry in the United States. Progress toward this goal will be made more rapidly as genomic
tools and resources are developed and implemented in catfish breeding. These tools will
automate and simplify once overwhelming tasks and enable the dissection of genetic basis
underlying phenotypic variations. High density SNP array is one of the most important tools.
Future work warrants the effectiveness of utilization of this tool for genome research. In fact, its
application in genome-wide association studies for complex traits has been presented technically
feasible in several livestock animals. It’s expected that the identification of genome level
trait-marker associations will be achievable in the very near future to enable the whole
genome-based selection in catfish for genetic improvements.

In this study, with the ultimate goal to develop the catfish SNP array for genome-wide
association studies, and towards genomic selection in catfish. We report the generation of
genome-scale SNP markers, the selection of representative SNPs and the development of catfish
250K SNP array. To facilitate the selection of representative SNPs from genes, we generated a
comprehensive catfish transcriptome assembly by RNA-Seq of a doubled haploid channel catfish
with deep sequencing depth. The SNP identification and transcriptome assembly were achieved
de novo with the next-generation sequencing technologies in an efficient and economical way.

Well-spaced SNPs in the genome were selected to enable the genome coverage. The Affymetrix
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design score assigned to probe sets were also evaluated when finalizing SNPs to include on the
catfish SNP array. A total of 250,113 well-spaced SNPs were used for developing the catfish
250K SNP array. The performance of the catfish SNP array was assessed by genotyping samples
from pedigree families and unrelated wild populations. The results indicated that high SNP
conversion rates (~80%) and polymorphic rates (over 50%) were achieved. Distribution of minor
allele frequency indicates that SNPs with uniform allele frequencies are included on the array,
indicating the good utility for genome-wide association studies. The catfish 250K SNP array
should be valuable in both industry and research such as in whole genome-based selection,
genome-wide association studies, fine QTL mapping, high-density linkage mapping, and
haplotype analysis

With this SNP array, numerous GWAS for production and performance traits in catfish are
readily feasible to be conducted. As a pilot study, a GWAS study is being on the schedule for
deciphering the genetic basis of ESC disease resistance in catfish. Catfish showing susceptibility
and resistance to ESC disease will be collected for genotyping. Samples from both pedigree
families and unrelated wild populations will be used for the cross-validation. It’s anticipated
that significant SNPs associated with genomic regions responsible for disease resistance can be
identified and can be timely used in assisting selection for breeding superior catfish brood stocks.

Besides its implementation in various GWAS for other major diseases and for economically
important traits such as growth rate, feed conversion efficiency, low oxygen level tolerance and
high temperature tolerance, the catfish 250K SNP array can be utilized for other genomics and
genetics analysis. A high-density linkage map can be constructed by genotyping multiple
mapping resource families each with hundreds of individuals with the SNP array. The resulted

linkage map should have much higher resolution than any previous catfish linkage map. Most
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importantly, this should be a more accurate map due to the use of multiple families and much
larger number of individuals providing stronger statistical power. The high-resolution, accurate
map would further allow for the fine QTL mapping and the integration with the whole genome
scaffolds to build up the chromosomal level genome assembly. In addition, linkage
disequilibrium analysis can be conducted for detection of haplotype blocks as well. Tag SNP
from each block can be selected to represent the haplotype block because SNPs located in same
haplotype block are generally not segregated. With Tag SNPs, a small-scale SNP array can be

designed which will be flexible and useful for genome analysis.
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