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Expressed Sequence Tag (EST) sequencing is one of the most efficient means for
gene discovery and gene expression profiling. With a good resource of ESTs, a large
number of molecular markers can be identified, and issues related to alternative splicing
and differential poly adenylation can be addressed at the genome-wide scale. Through the
Community Sequencing Program, a catfish EST sequencing project was selected by the
DOE’s Joint Genome Institute (JGI). In this project, a total of 12 cDNA libraries were
constructed including eight from channel catfish (Ictalurus punctatus) and four from blue
catfish (I. furcatus). A total of 600,000 sequencing attempts were made, generating a total
of 438,321 quality ESTs. With previously existing ESTs in GenBank, this project brings
the total of ESTSs to nearly 500,000 in the catfish. The JGI EST sequencing had an overall
sequencing success rate of 73% with an average length of 576 bp. All the ESTs were

Vv



assembled using CAP3, resulting in 111,578 unique sequences, including 45,306 contigs
and 66,272 singletons. Of these unique sequences, over 35% had significant similarities
to known genes by BLASTX searches, which allowed the identification of 14,776 unique
genes in the catfish. A total of 1,350 and 849 full length cDNAs have been identified
from channel catfish and blue catfish, respectively. The ESTs are an enormous resource
for SNP identification. The quality assessment parameters for EST-derived were
established based on a pilot study with 384 SNPs. In order to select reliable SNPs,
contigs containing four or more ESTSs should be used and the minor allele sequence
should be represented at least twice. Genotyping primers should be designed from a
single exon, completely avoiding introns. Application of such quality assessment
measures, along with large resources of ESTs, should provide effective means for SNP
identification in species where genome sequence resources are lacking. Over 300,000
putative SNPs have been identified, of which over 48,000 are high quality SNPs as
defined by contig size of at least four sequences and the minor allele presence of at least
twice in the contig. The EST resource should also be valuable for identification of
microsatellites, comparative genome analysis. This large scale EST sequencing project
would allow the identification of majority of catfish transcriptome. The parallel analysis
of ESTs from the two closely related ictalurid catfishes should also provide powerful
means for the evaluation of ancient and recent gene duplications, and for the development
of high-density microarrays in catfish. The inter- and intra- specific SNPs identified from
all catfish EST dataset assembly will greatly benefit the catfish introgression breeding
selection and whole genome association studies. All ESTs have been deposited in

GenBank.
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I. INTRODUCTION

Overview

Fishes are an extremely diverse group of vertebrates, including jawless fishes
(hagfishes, lampreys), cartilaginous fishes (sharks, rays) and bony fishes (coelacanth,
lungfishes and ray-finned fishes (Figure 1) [1]. Ray-fined fishes (actinopterygians)
accounts for 95% of all existing fish species and more than 99.8% of ray-fined fishes are
teleosts. Teleost fish accounts for half of the existing vertebrate species. Several teleost
fish species are subjected the genetics and genomics studies with or approaching to have
the whole genome sequence, including zebrafish, Tetraodon, fugu, medaka, and
stickleback [2-3]. These species are widely used in the development, evolution,
biomedical studies, which are considered as model species. For the species like Atlantic
salmon, Rainbow trout, tilapia, along with channel catfish, are also subjected the genetics
and genomics studies partially driven by economic motivation.

Figure 1 The fish lineage
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Catfish belongs to Siluriformes (orders) with the predominant barbels, which
resemble a cat’s whiskers in most catfish species. Catfish also belong to a super order
Ostariophysi, including the Cypriniformes, Characiformes, Gonorynchiformes, and
Gymnotiformes. Catfish is one the most important species in the aquaculture industry in
the United States, accounting for over 60% of all US aquaculture production. Catfish
aquaculture is also growing very fast in Southeast Asia. Channel catfish (Ictalurus
punctatus Rafinesque) is the major cultured catfish species, accounting for the majority
of commercial aquaculture production. A closely related species, blue catfish (I. furcatus
Valenciennes), is also considered important because of its ability to produce hybrids with
the channel catfish [4], which has the desirable characteristics of improved capture by
growth rate, feed conversion efficiency, processing yields, uniformity in body
conformation, catchability, dress-out percentage, resistance to some bacterial diseases,
and tolerance to low concentrations of dissolved oxygen [5-12]. In terms of disease
resistance, channel catfish is superior in resistance to columnaris disease (caused by
Flavobacterium columnare), while blue catfish is superior in resistance to enteric
septicemia of catfish (ESC, caused by Edwardsiella ictaluri) (Dunham et al., 1993a).
ESC and columnaris are the two most severe diseases in catfish accounting for over 78%
of the disease problems (NAHMS, 1997). In terms of processing yield, blue catfish is
superior to channel catfish, providing 5-8% more fillet yield than channel catfish. This
inter-specific system, therefore, provides a model system for analysis of major QTLS
involved in disease resistance and processing yield [11]. Hybrid catfish produced by
inter-specific hybridization of channel catfish x blue catfish is one of the best catfish used

in aquaculture [13].



Figure 2 U.S. catfish production
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Through the evolution history, catfish diverged from zebrafish 110-160 million years
ago (MYA) [14]. Unlike zebrafish and Tetraodon, Channel catfish is non-model species,
but it serves as an important species for the study of comparative immunology,
reproductive physiology, and toxicology. The channel catfish immune system is among
the best characterized of any fish species, with decades of research leading to
identification and characterization of catfish immune genes, such as CC chemokines [15,
16], establishment of clonal, functionally distinct, lymphocyte cell lines [17],
characterization of much of the machinery of catfish innate [18, 19], adaptive immunity
and production of panels of specific monoclonal antibodies for detection of catfish
immunocytes [20-22]. Therefore, genomic studies of an aquaculture fish species might
provide new insight addressing genetic mechanisms of the unique traits in aquatic

environments as well as genome evolution.



Rapid progress in catfish genomics has been made in the last decade. The framework
genetic linkage maps, with over 400 type | (type | marker is gene associated marker)
microsatellite and SNP markers and 400 AFLP markers, have been constructed [23, 24].
Genome repeat structure has been characterized and several novel repetitive elements, e.g.
Xba elements, TC-1 like elements tip1, tip2 and tipnon, short interspersed elements
(SINE) mermaid and merman, have been identified from catfish genome through BAC
end sequencing [25-28]. More than 55,000 expressed sequence tags (ESTs) have been
generated from various tissues and organs [29-33], and an ongoing large-scale EST
project by the Joint Genome Institute of the Department of Energy will significantly
expand the EST resources in both channel catfish and blue catfish [34]. Two Microarrays
have also been developed and utilized to study genome-wide expression in catfish [18, 19,
30, 31]. Two bacterial artificial chromosome (BAC) libraries (CHORI1212 and CCBL1)
using different restriction endo-nucleases (EcoR | and Hind I11) have been previously
constructed and characterized, CCBL1 (7.2X coverage) constructed using DNA from a
homozygous gynogenetic female, and CHORI-212 (10.6X coverage) constructed using
DNA from a normal male catfish where the genomic DNA contains all autosomes and sex
chromosomes, and the normal level of polymorphism [35, 36]. Two physical maps have
been constructed based on these libraries [37, 38]. Over 60,000 BAC end sequences (BES)
have been generated from the CHORI-212 library, which provides over 6500 type Il (type
Il markers are derived from unknown sequence in the genome) microsatellite markers
from BES possessing enough flanking sequences to design primers for polymorphism test.
Over 2,000 polymorphic type 1l microsatellites have been identified and utilized for the

density linkage map construction and integration of genetic linkage and physical map.
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The catfish virtual physical map has been constructed based on the catfish physical map
and approximately 60,000 BES by comparing with zebrafish genome sequences [39]. The
integration of linkage map and physical map will provide a framework for whole genome
sequencing and comparative genomic study between catfish and other teleost fish. The
first catfish SNP chips have been designed, which proved the feasibility of the
EST-derived SNP genotyping application by using lllumina genotyping technology in the
catfish [40]. The design of high-density Illumina SNP chip, including over 10,000
gene-associated SNPs, is on the way and will be available in 2010 for the catfish research
community. The whole genome sequencing has been proposed in 2009 by the catfish

genome consortium.

Expressed sequence tag (EST) and cDNA library construction

An expressed sequence tag, or EST, is a short sub-sequence of a transcribed spliced
nucleotide sequence (either protein-coding or not), which can be used to identify gene
transcripts, and are instrumental in gene discovery and gene sequence determination [41].
Currently, EST sequencing is one of the most efficient ways for gene discovery. The
identification of ESTs has proceeded very quickly, with approximately 60 million ESTs
now available in public databases, including 8.1 million from human and 4.8 million
from mouse, which accounting for 20% of the total dbEST database (e.g. GenBank 2009
Apr release, all species).

An EST is produced by one-shot sequencing of a cloned mRNA (i.e., sequencing
several hundred base pairs from an end of a cDNA clone taken from a cDNA library).

The resulting sequence is a relatively low quality fragment whose length is limited to
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approximately 500 to 800 nucleotides by traditional Sanger sequencing technology.
Because clones consist of DNA that is complementary to mRNA, the ESTs represent
portions of expressed genes. They may be present in the database as either cDONA/MRNA
sequence or as the reverse complement of the mRNA, the template strand. ESTs can be
mapped to specific chromosome locations using physical mapping techniques, such as
radiation hybrid mapping or fluorescent in suit hybridization (FISH) [42]. Alternatively, if
the genome of the organism that the EST originated from has been sequenced, one can
align the EST sequence to that genome, which can help solve alternative splicing issues
widely discovered in vertebrates [43, 44]. The current understanding of the human set of
genes includes the existence of thousands of genes based solely on EST evidence. In this
respect, ESTs have become a tool to refine the predicted transcripts for those genes,
which leads to prediction of their protein products, and eventually of their function.
Moreover, the situation in which those ESTs are obtained (e.g. cancer) gives information
on the conditions in which the corresponding gene is acting [45]. ESTs contain enough
information to permit the design of precise probes for DNA microarrays that then can be
used to determine the gene expression [46, 47].

The cDNA library construction starts with the cDNA synthesis of mMRNAs isolated
from the tissues. The traditional cDNA library construction requires several steps, starting
with reverse transcription (1% strand synthesis) followed by second strand synthesis and
ligation. Currently, the most popular method for construction of cDNA libraries is
SMART™ (Switching Mechanism at 5> End of RNA Template), which incorporate the
first strand and second strand synthesis together, without adaptor ligation. The presence

of these known sequences is crucial for a number of downstream applications including
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amplification, Rapid Amplification of cDNA Ends (RACE), and library construction.
While a wide variety of technologies can be employed to take advantage of these known
sequences, the simplicity and efficiency of the single-step SMART process permits
unparalleled sensitivity and ensures that full-length cDNA are generated and amplified.

Because cDNA synthesis starts from 3’ end of mRNA, it is sensitive to interruptions
caused by secondary structures in the template RNA. The reverse transcription terminates
before transcribing the complete MRNA sequence, and the 5' ends of genes (especially
with longer mMRNA sequences) are usually underrepresented by conventional cDNAS
synthesis methods. Since the terminal transferase activity (and subsequent SMART
switching process) occurs preferentially at the 5' ends of eukaryotic mMRNAs by adding
the additional Cs at the end of first strand, which are complemented with 5’ adaptor with
3’-GGG tails. If the reverse transcription was terminated before the completion of
transcribing mMRNA sequences, truncated cDNA products are not able to base pair with
the 5’ adaptor, and therefore, get lost in the next step of PCR amplification. The SMART
kit used for cDNA synthesis is designed to preferentially enrich for full-length cDNA,
which will greatly benefit the full-length cDNA identification and characterization.

The mRNA concentration of the genes are not uniformed, the most prevalent mMRNA
in a typical cells accounts for over 60% of the total message. The frequency of cDNA in
the library will correspond to the mRNA frequency in the transcripts, so in order to
improve the sequence coverage to identify all potential genes and maximize the
sequencing efficiency to reduce the number of sequencing, the cDNA library need to be
normalized, and subtraction of highly abundant expressed genes, such as actin, is usually

used to improve the normalization efficiency [48]. The current and most popular
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normalization method involve the re-association of the denatured DNA, degradation of
double-strand fraction formed by abundant transcripts, and PCR amplification of the
equalized SS-DNA fraction. The principle of this method is degradation of the
double-strand fraction formed during re-association of cDNA using Duplex-Specific
Nuclease (DSN) enzyme [49]. DSN displays a strong preference for cleaving
double-strand DNA in both DNA-DNA and DNA-RNA hybrids, compared to SS-DNA
and RNA, regardless of the sequence length. During the normalization, the subtraction
was also utilized by adding the PCR products selected from the highly abundantly genes,
which could improve the normalization efficiency. A well-normalized and subtracted

cDNA library will greatly improve the sequencing efficiency and gene discovery rate.

ESTs and microarray development

EST serves as the basis of microarray development for gene expression profiling
studies. There are two major microarray technology based on the construction and sample
labeling. Spotted microarrays are constructed by spotting oligos or cDNASs on the slides
directly using printing robot. In situ arrays are constructed by directly synthesizing oligos
on the slides using photolithography. The cDNAs utilized for spotted microarray are
directly coming from the cDNA libraries. Through the EST sequencing, the genes can be
identified from each cDNA clones. The cDNAs can be extracted from the containing
cDNA clones where genes are identified. Through the ESTs cluster analysis, the
contiguous sequences can be used for the development of oligo arrays, including both

spotted and in situ synthesized arrays.



Full-length cDNA identification and characterization

The sequencing from cDNA library constructed by the SMART system greatly
improves the possibility to recover full-length cDNA. The large scale EST sequencing
provides a platform for full-length cDNA isolation and characterization [50, 51]. The
length of EST sequences is usually limited, by our definition; full-length cDNA should
contain the start codon (ATG), open reading frame, stop codon, 3’ untranslated region
(UTR) and presence of poly (A) tail in the cDNA clones. Full-length cDNA are derived
from high quality sequencing of full-length insert cDNA clones containing complete ORF
and 3° UTR. Full-length cDNA is vital for the accurate assembly of EST sequences and
predication of protein sequence. Full-length cDNA will greatly benefit the future
expression profiling by deep sequencing. The characterization of full-length cDNA also
provides a platform for the study of differential polyadenylation and splice variation,
including exon skipping, intro retention, 5’ and 3’ alternative splicing. The access to the
UTR information will help understanding the non-coding mRNA that is important in gene

expression regulation.

Type | marker identification

EST sequencing is also one of the most efficient ways to identify type | markers
polymorphic markers, including microsatellites and single nucleotide polymorphisms
(SNPs). Markers can be categorized to type I and type Il markers. Type | markers are
gene-associated markers. Type Il markers are developed from anonymous genomic
regions. Type | marker is more useful, not only for the construction of gene-based linkage
map, but also for the comparative studies between catfish and map rich species, such as

zebrafish.



Microsatellites, or simple sequences repeats (SSR), are polymorphic loci present in
nuclear DNA and organellar DNA, which are tandem repeat DNA sequences and usually
consist of repeated units of 1-4 base pairs in length. Microsatellites are highly-abundant
in various eukaryotic genomics including aquaculture species. Through the genomic
sequencing survey, 2.6% of microsatellites were identified from channel catfish [28].
Generally di-nucleotide repeats are the most abundant type of microsatellites, following
by tri- and tetra-nucleotide repeats. Over 60% of microsatellites are di-nucleotide repeats
in the channel catfish [28]. Microsatellites are generally evenly distributed in the genome
on all chromosome regions, including gene coding regions (exon), intron, and non-gene
regions [52, 53]. The presence of microsatellites (non-codon repeats) in the gene coding
regions can cause the frameshift mutation. Microsatellites are predominantly presented in
the non-coding regions [54]. Microsatellite markers development requires sufficient
sequence information. Generation of 30,000 EST and 20,000 BES sequences allow the
identification of thousands of type I and type Il microsatellite markers [28, 33]. JGI EST
sequencing project will also provide tens thousands of type | microsatellite markers.

They are typically neutral, co-dominant and are used as molecular markers which
have wide-ranging applications in the field of genetics, including genetics linkage
mapping and population studies [55]. Microsatellites can also be used to study gene
dosage (looking for duplications or deletions of a particular genetic region). Length
variation in microsatellites is generated by two mechanisms: 1) the DNA polymerase
slippage and 2) unequal crossover between the homolog chromosomes. When the DNA
replicates, the polymerase loses track of its place, and either subtracts or adds repeat

units. The result is that the new strand has a different number of repeats than the parent
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strand. This is thought to explain small changes in numbers of repeats (adding or
subtracting one or just a few repeats). During meiosis, the crossing-over happened
between the homologous chromosomes. However, the cross-overs between the
chromosomes are not equal every time, so unequal crossing-over could cause the
microsatellites repeat units changes. This is thought to explain more drastic changes in
numbers of repeats.

Single nucleotide polymorphisms (SNPs) are DNA sequence variation occurring at
the single nucleotide locus in the genome, which can differ between two allele sequences
inherited from parents, or among different individuals. In most case, SNP have only two
alleles [56]. There are two types of mutation causing SNP, transition and transversion.
Transition includes A-G and C-T SNP, and transversion includes A-C, A-T, C-G and T-G
SNP. SNPs can be characterized as synonymous SNP and non-synonymous SNP.
Synonymous SNPs can be located within the coding regions of genes (exon), non-coding
regions of genes (intron), or inter-genic regions between genes in the chromosome.
However, the SNPs within the coding regions of genes may not change the amino acid in
the peptide sequences because of the degeneracy of the genetic code. If the presentation
of SNPs in the coding regions of genes causes the change of peptide sequence, it will be
defined as non-synonymous SNPs.

SNPs are one of the most abundant types of genetic variation. SNPs are estimated to
occur once every 1.3 kb in humans when any two chromosomes are compared [57-59]
while their frequencies have been estimated to be higher in other organisms, 3.42 SNPs
per 100 bp in the medaka [3, 60]. This would make it possible to construct genetic maps

with extremely high marker densities allowing identification of haplotype segments using
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SNPs, especially for the species with a draft genome sequence [61]. In addition, SNPs
offer several other advantages over other molecular markers. First, SNPs are the most
fundamental causing of mutation in the genetic variation, especially in the protein coding
genes, and their mapping would provide potential for the identification of the “causing”
SNPs as well as the “tightly associated” SNPs with specific and complex traits, which
will greatly benefit for the evaluation of personal risk, or whole genome selection in the
animal and crop breeding [62-65]. Second, many technologies have been developed to
genotype SNPs cost-effectively in an automated fashion, such as lllumina GoldenGate
Assay [66-68]. Third, SNPs are sequence-tagged markers with co-dominant inheritance,
suitable for comparative genome analysis [60, 69]; and finally, SNPs are highly stable
genetic markers compared to tandem repeat markers where the high mutation rates can

confound genetic analysis in populations [70, 71].

Identification and application of EST-derived SNP marker

Unlike other molecular markers, such as RAPD, AFLP, and microsatellites,
identification of SNP marker requires massive sequencing effort, which could not be
afforded by most research scientists in the aquaculture field because of limitation of
funding and labors resources. Therefore SNP marker development and application were
quite rare in aquaculture species in the last decade.

The first SNP mining from human EST resources and genotyping application was
reported by in 1999. From a set of ESTs derived from 19 different cDNA libraries,
300,000 distinct sequences were assumed and 850 mismatches were identified from

contiguous EST data sets (candidate SNP sites), without de novo sequencing [72]. Since
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then, ESTs have been used as a major resource for the SNP identification, and a large
number of SNP markers have identified. Through years, the genome resources, such as
Expressed sequence tags (EST) and Genome sequence survey (GSS) resources have been
harvested in the aquaculture species, such as Atlantic salmon, Rainbow Trout, tilapia,
catfish, which make it reality for the SNP marker development.

Along with the development of high-throughput automated fashion SNP genotyping
technology, the genotyping price was significantly reduced for each sample [73]. Several
SNP studies have been conducted in aquaculture species which approved the feasibility
of application of EST-derived SNP identification and genotyping [74-76]. A large number
genomics resources have been successfully generated, including ESTs and GSS in several
the major aquaculture species in the United States, such as salmon, catfish, rainbow trout.
These genomic resources provide a platform for large scale marker development. ESTs
served as a great resource for SNP development is the early SNP genotyping stages. The
cDNA libraries were usually constructed with a variety of individuals. ESTs are the single
pass sequence generated from cDNA sequencing. The ESTs obtained from different
individuals, assembly of overlapping ESTs for the same region can lead to higher
opportunity of identification of SNPs. ESTs-derived SNPs are usually associated with
genes, which can help identify directly “associated” SNPs for complex traits. Several
softwares and methods have been developed to identify putative SNPs from ESTs dataset.
Polybayes is most popular software for SNP identification [77]. However, EST sequence
quality scores and trace files are required for SNP identification using Polybayes.
AutoSNP and QualitySNP were developed for the SNP identification without sequence

quality scores or trace files, which are suitable for the SNP identification in most

13



aquaculture species [78, 79]. A significant risk in such an analysis is that many sequence
variations are the result of poor quality sequence data typically found in single-pass EST
data sets, especially using ESTs without sequence quality scores. The putative SNP
identification using ESTs could lead to the identification of pseudo-SNPs, leading to
subsequently great efforts and expense. In order to reduce the rate of pseudo-SNPs
resulted from the sequencing errors; the development of a strategy for rapid and reliable

identification of EST-derived SNPs is urgent and necessary.

Comparative studies with other model fishes based on EST

Comparative genomics is the study of relationships between the genomes of different
species or strains. Comparative genomics attempts to take advantage of the information
provided by the well-known studied species to understand the function and evolutionary
processes that act on research species. Gene finding is an important application of
comparative genomics, as is discovery of new, non-coding functional elements of the
genome. For the EST sequences analysis, comparative genomics is a very powerful tool
for the gene discovery and identification.

Except the gene discovery and identification, it would allow comparing the gene
structures on the chromosomes, which could help understand the evolution history among
the teleosts, such as zebrafish, Tetraodon and medaka. It also provides a feasibility to
conduct the systematic and large-scale phylogenetic analysis of duplicated genes, thereby
reducing the complexity for gene mapping with duplicated genes as well as setting a
foundation for evolutionary and comparative genome analysis of duplicated genes,

particularly for teleost-specific gene duplications.
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Catfish genomics research “bottleneck”

Large scale ESTs can help identity genes and understand gene structures with future
whole genome sequences, and it also can provide a large number of type | markers
including microsatellites and SNPs, which are important for the study of complex traits
and genome selection. However, the number of catfish ESTs is quite limited with less
than 55,000 in the GenBank. Catfish genomic research is at a stage where the availability
of a large number of ESTs is essential. Much of the catfish genome research in the last
5-10 years has built up into a research “bottleneck™ because of the lack of a large number
of ESTs. The limitation of the ESTs restricts the large scale of gene identification and
marker development, which is important for the functional genomics study. In order to

solve this “bottleneck”, we conducted this JGI catfish EST sequencing project.
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I1. RESEARCH OBJECTIVES
Over 430,000 EST sequences were generated at Joint Genome Institute (JGI). The
total available catfish EST sequences were approximately 500,000 now, which are ready
for transcriptome analysis and large-scale marker development.

My dissertation was focused on the following objectives:

1. To establish quality assessment parameters for EST-derived SNP markers
1) Selection of 384 SNPs from catfish GenBank EST dataset assembly.
2) Validation of 384 SNPs using 192 samples.

3) Evaluate the quality parameters for EST-derived SNPs

2. To analyze catfish transcriptome based on 500,000 EST sequences
1) Assembly of blue catfish, channel catfish, and all catfish EST sequences
2) Gene discovery, identification, and annotation after the EST assembly.
3) Full length cDNA prediction and characterization

4) Large scale type | gene associated marker development
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1. QUALITY ASSESSMENT PARAMETERS FOR EST-DERIVED SNPS FROM

CATFISH
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Abstract

Background: SNPs are abundant, co-dominantly inherited, and sequence-tagged markers.
They are highly adaptable to large-scale automated genotyping, and therefore, are most
suitable for association studies and applicable to comparative genome analysis.

However, discovery of SNPs requires genome-sequencing efforts either through whole
genome sequencing or deep sequencing of reduced representation libraries. Such genome
resources are not yet available for many species, including catfish. A large resource of
ESTs is now available in catfish, allowing identification of large number of SNPs.
However, the reliability of EST-derived SNPs are relatively low because of sequencing
errors.  Thus, this project was designed to answer some of the questions relevant to

quality assessment of EST-derived SNPs.

Results: Two factors were found to be most significant for validation of EST-derived
SNPs: the contig size (i.e., number of sequences in the contig) and the minor allele
sequence frequency. The larger the contigs were, the greater the validation rate (although
the validation rate was reasonably high when the contigs contain four or more EST
sequences) along with the minor allele sequence being represented at least twice in the
contigs. Sequence quality surrounding the SNP under examination is also crucially
important. PCR extension appeared to be limited to a very short distance, prohibiting

successful genotyping when an intron was present.

Conclusions: Stringent quality assessment measures should be used when working with

EST-derived SNPs. In particular, contigs containing four or more ESTs should be used

29



and the minor allele sequence should be represented at least twice. Genotyping primers
should be designed from a single exon as to completely avoiding introns. Application of
such quality assessment measures, along with large resources of ESTSs, should provide
effective means for SNP identification in species where genome sequence resources are

lacking.
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Background

Most performance traits of agricultural relevance are complex in that they are
governed by multiple genes. Due to the large number of genes underlying a single trait
and their complex interactions, direct genetic analysis of such traits has been difficult. In
the past decade, genetic mapping has demonstrated great promise for the analysis of
complex traits. In particular, wide applications of microsatellite markers in animal
genome studies have allowed major progress in understanding of genes underlying
performance traits [1, 2]. However, as larger genome datasets have become available, it is
clear that microsatellites are not sufficiently dense to provide the genome coverage
necessary for the dissection of many of the highly complex traits such as disease
resistance, feed conversion efficiency, growth, and carcass traits [1]. In addition,
large-scale automated genotyping of microsatellites has not been possible. Recently,
much excitement was generated with the ability to analyze complex traits with new types
of polymorphic markers, with efforts shifting to approaches such as single nucleotide
polymorphisms (SNPs). SNPs are one of the most abundant types of genetic variation. In
addition, SNPs provide several other advantages over other molecular markers, 1) the
“tightly-associated” SNPs with specific and complex traits [3-6]; 2) automated SNPs
genotyping with cost-effective [7-9].

In most cases, genome-wide SNP discovery has relied on the availability of a draft
genome sequence, where SNPs can be detected during sequence assembly from the two
chromosomes present in a diploid organism. This approach was initially feasible only for
humans and model species. However, as the cost of genome sequencing decreases, now

draft genome sequences have become available for several agriculturally important
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species including cow, chickens, horses, and soon swine and tilapia. However, for most
aquaculture species, it may take some time for the generation of entire genome draft
sequences. Facing this, alternative approaches must be sought. It was able to identify a
large number of SNPs from EST resources in Atlantic salmon, and it was recently
demonstrated mapping of EST-derived SNPs to genetic linkage map [10, 11]. Their
pioneering work with an aquaculture species set a great model for use of ESTs for the
identification of SNPs, especially in non-model species [10-12]. In addition, BAC end
sequences (BES) can also serve as sources for the identification of SNPs, and the
combination of EST and BES could improve the SNP discovery accuracy comparing
using only EST sequences [13].

Over 400,000 ESTs have been generated by the Joint Genome Institute of the
Department of Energy 2008. Such EST sequences will provide an enormous resource for
SNP identification. However, as most researchers have experienced, identification of
SNPs using ESTs is not without problems. The most frequent is the high rate of
sequencing errors, which can lead to the identification of pseudo-SNPs with subsequently
great efforts and expense. Thus, the objective of this project was to develop a strategy for
rapid and reliable identification and evaluation of EST-derived SNPs qualities to reduce
the rate of pseudo-SNPs resulted from sequence errors typically found in single-pass EST
datasets. This is especially important for those ESTs deposited in NCBI in other species,
where sequence trace files may or may not be available. This pilot study was designed at
2007 before the releasing of JGI EST sequences data, so all the available catfish ESTs in

the GenBank by April, 2007 was used in this study.
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Results
Sequence Assembly

A total of 54,960 catfish ESTs available from GenBank including 44,437 ESTs from
channel catfish and 10,523 ESTs from blue catfish were subjected to cluster analysis to
identify putative SNPs. The contig assembly resulted in 5,670 contigs with an average
size of 5.5 sequences per contig and an average length of 1,001 bp per contig. The
assembly included 3,003 contigs with 2 ESTs, 980 contigs with 3 ESTs, and 1,687
contigs with 4 or more ESTs (Table 1).

Table 1. Summary of the EST Assembly

Number of sequences for assembly 54,960
blue catfish 10,523
channel catfish 44,437

Number of contigs 5,670

Number of singletons 23,598

Number of putative transcripts 29,268

Average contig size 55

Average contig length (bp) 1,001

No of contig with:

2 ESTs 3,003
3 ESTs 980
4 ESTs 468
5ESTs 263
6-10 ESTs 469
11-20 ESTs 246
21-30 ESTs 95
31-50 ESTs 72
>50 ESTs 74
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Putative SNP discovery

Among 5,670 contigs, SNPs were detected in 4,387 contigs. The vast majority (73%)
of the SNPs were identified from contigs with 2-3 sequences, the remaining SNPs were
identified from contigs with 4 or more sequences (Table 2).

Table 2. Initial identification of SNPs as detected by AutoSNP software

No. of Sequences  No. of contigs No. of total ~ Total Consensus  SNP frequency

in each contig with SNPs SNPs Length (bp) (per 100 bp)
2 2,488 15,220 2,253,452 0.68
3 928 9,314 914,950 1.02
4 458 6,423 506,023 1.27
5 98 361 104,164 0.35
6-10 168 538 179,846 0.30
11-20 69 246 72,058 0.34
21-30 49 220 56,804 0.39
31-50 58 317 69,615 0.46
>50 71 955 93,065 1.03
Total 4,387 33,594 4,249,977 0.79*

*Average SNP frequency per 100 bp.

Atotal 33,594 SNPs were identified from the 4,387 contigs, with an average of 0.79
SNPs per 100 base pair. The putative SNP frequencies varied greatly among contigs of
different sizes, ranging from 0.3 to 1.27 SNPs per 100 base pairs. It was apparent that
the putative SNP frequency was greater within contigs containing fewer ESTs, an
indication of significant sequence errors in contigs of 2 sequences (0.68 SNP per 100 bp),
3 sequences (1.02 SNPs per 100 bp), and 4 sequences (1.27 SNP per 100 bp). Clearly,
this is also related to the parameters used in the AutoSNP software where any sequence
variation is defined as a SNP in contigs of 2 sequences (1:1), 3 sequences (1:2), and 4
sequences (1:3 and 2:2), whereas the minor sequence allele must be at least twice with
contigs of 5-6 sequences, at least 3 times with 7-8 sequences, etc. This observation, while
within expectation, strongly demands validation of SNPs identified from EST sequences,

especially from contigs with low numbers of sequences.
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Validation of SNPs

To validate the putative SNPs identified from the ESTs, genotyping using the
[llumina Bead Arrays was conducted with 192 fish, including 21 fish each from three
strains of domestic catfish, 21 fish each from three wild populations collected from
different watersheds, and 66 fish from the inter-specific mapping panel. Of the 266
successful genotyped SNPs, 156 (58.6%) were polymorphic among these 192 individuals.
Of the 156 SNPs that were polymorphic, 49-97 were polymorphic in three domestic and
wild catfish strain (Figure 3).
The Illumina’s Quality Scores of SNPs did not affect SNP validation rates

Of the total of 384 SNPs tested, SNPs were selected with Quality Scores ranging
from 0.5 to 1.0. As shown in Table 3, successful genotypes were obtained from 266 SNPs
(of which 156 were polymorphic), while genotyping failed for 118 SNPs. Obviously, this
failure rate is high, since we designed in the experiment several parameters (contigs with
four or less sequences and minor sequence allele presence of once) to test SNP quality
that obviously lowered the overall success rate. The very obvious question was if the
Illumina’s Quality Scores (as a reflection of the flanking sequence complexity and
sequence context) affected the success rate. As indicated in Table 3, the Quality Scores
were clearly not associated with the failures of SNP genotyping.
Table 3. Overall summary of the EST-derived SNP genotyping using the Illumina

Bead Array technology

Categories Number of SNPs Average Quality Score
Successful genotype calling 266 0.87
Polymorphic SNPs 156 0.87
Non-polymorphic SNPs 110 0.87
Failed SNPs 118 0.90
Total number of loci tested 384 0.88
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Figure 3. Distribution of minor allele frequency in domestic and wild channel

catfish strains.
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Contig size and minor sequence allele frequency were the major determinants on
SNP validation rates

The percentage of putative SNPs that was validated to be real (SNP validation rate)
was found to be directly correlated with contig sizes (number of sequences in the contig)
and the minor sequence allele frequencies (Table 4). In general, the smaller the contig
size, the lower the SNP validation rate was. However, a consistently high SNP validation
rate was obtained with contigs of at least 4 sequences, with minor sequence being present
at least twice. The differences were observed within contigs with 4 sequences. While SNP
polymorphic rate of 70.5% was achieved with contigs of sequences with two sequences
of equal frequency (2:2), contigs of 4 sequences with 3:1 sequence frequency had only a
15.4% SNP validation rate, suggesting that the minor sequence allele frequency is
crucially important. Overall, the average SNP validation rate was only 33.3% for contigs
of 4 or fewer sequences with minor sequence allele present only once. However, the
overall SNP validation rate for contigs of 4 or more sequences with minor sequence allele
present at least twice was 70.9%, and up to 89.2% with contigs of 12 or more sequences
(Table 4). Contig length was found not to be related with SNP validation rate. The
average contig length of polymorphic SNPs was 1095 bp, 1071 bp for monomorphic

SNPs was, 1080 bp for failed SNPs was.
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Table 4. SNP polymorphic rates vs contig size and minor sequence allele frequency

fe?qzences in # Su_ccessful Sequence ratio* g/leg;r;nileMmor Polymorphic

the contig Loc Frequency rate (%)

2 24 1.1 50% 33.3

3 37 1.2 33.3% 45.9

4 26 1.3 25% 15.4

Subtotal 87 33.3*

4 44 2:2 50% 70.5

5-6 60 2.3&2:4&3:3 33.% 60.0

7-8 17 34&35&4:4 37.5% 64.7
45&46&4.7&4.8

9-12 21 &55&56&57& 33.3% 76.2
6:6

12 37 ST lasy 1A% 092

Subtotal 179 70.9*

Total 266 58.6*

*Average polymorphic rate in respective categories.

Quiality of sequences flanking SNPs is important

Flanking sequence quality greatly affected the SNP success rate. Among the contigs
with SNPs, we identified 28 contigs with hot spots of SNP occurrence, where a region of
sequence was highly variable with many “SNPs” detected. Examination of sequence
quality suggested low quality scores in the sequencing reactions. We intentionally
included these SNPs in this project to give an assessment of the effect sequence quality
on the SNP validation. Of the 28 SNPs tested, 14 (50%) failed in genotyping, suggesting
that high sequence quality is required in the SNP region as they are involved in the

genotyping primer binding regions (data not shown).
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The presence of intron(s) was the major cause for SNP genotyping failures

The presence of introns greatly reduced the SNP genotyping success rate. Among the
contigs containing SNPs, only four known genes had genomic DNA information that
allowed us to test if the involvement of introns has any effect on SNP genotyping and
validation rates. All four SNPs failed to provide genotypes. Clearly, the Bead Array
technology depends on very short extension and subsequent ligation for success.

Of the 118 failed SNPs, 14 were likely caused by low sequence quality flanking the
SNP sites; and 4 were caused by the involvement of introns, as designed in the
experiment. The causes for failure of the remaining 99 SNPs were then explored by in
silico comparative analysis. Based on the fact that intron involvement led to the SNP
genotyping failures, we conducted comparative sequence analysis of the catfish ESTs
with corresponding zebrafish genes as references. The rationale is that if the gene
organization is similar in catfish and zebrafish (diverged from 110-160 million years ago),
then sequence similarity comparison would allow the location of SNP sites to be aligned
to the zebrafish genome. If the SNP sites are close to the exon-intron junction, then that
could have caused the genotyping failures, assuming conservation of gene structure and
organization between catfish and zebrafish. As shown in Table 5, 92 of the 99 catfish SNP
loci had significant BLAST hits with the zebrafish genome, but of these, only 50 allowed
sequence alignment in the region containing the involved SNPs. Sequence alignment and
gene structure in zebrafish indicated that 32 (64%) of the 50 SNPs were located at the
exon-intron border, suggesting that the presence of the presumed introns was the major

cause for the failures of the SNP genotyping.
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Table 5. Effect of low sequence quality (as defined by the presence of hot spots of

SNP occurrence) and the presence of predicted intron on success rate of SNP

genotyping
Tested Succeeded  Percentage
Number of loci with SNP located in
regions containing low quality 14 7 50%
sequences
Number of loci with known introns 5 5 100%
Number of failed loci without gene 99
information
With Significant Blast hits 92 92.9%
SNP positions can be located by
similarity comparisons with zebrafish 50 54.3%
genome
Number of Loci with SNP predicted to
S : 32 64%

be positioned at exon-intron border
Total number of loci potentially with 37 67.3%

SNP positioned at exon-intron border

Discussion
ESTs proved to be efficient resources for putative SNP identification [10, 12, 14-16]. This
study provides an assessment of nucleotide diversity in available catfish EST resources
for putative SNP identification. Since our goal was to make quality assessment for the
EST-derived SNPs, we designed this project to provide some answers as to how the
sequence context (Illumina’s Quality Score), contig size, minor sequence allele frequency,
sequence quality flanking SNPs, and the distance between the SNP genotyping primers
affect SNP validation rates.

When compared to SNPs identified from genomic sequences, EST-derived SNPs

have several advantages. Since ESTs are transcribed sequences, EST-derived SNPs are
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associated with actual genes, allowing use of gene-associated SNPs for mapping and
subsequent use in comparative genome studies [17]. This is particularly important for
species without a genome sequence, such as aquaculture species. In addition to be used as
markers for mapping, SNPs are also considered a rich source of candidate
polymorphisms underlying important traits leading to the identification of causative
genes or quantitative trait nucleotide (QTN) [18]. However, several important factors
need to be considered when using EST-derived SNPs. The major issue for development
of SNPs from EST resources is not whether SNPs can readily be identified, but to what
degree these SNPs would be reliable since parameters for quality assessment of
EST-derived SNPs simply do not exist. This reliability issue was mostly due to sequence
errors; assembled contigs with sequence variation could simply be sequence errors.
Additionally, since SNPs derived from ESTs can only be identified from EST contigs
where the same gene transcripts were sequenced at least twice and sequencing frequency
of ESTs is not random, large-scale sequencing is required to identify SNP’s from rarely
expressed genes. Moreover, SNP rates could be lower in coding regions because of
evolutionary constraints and/or selection pressure.

In this study, over 33,000 putative SNPs were identified from 55,000 catfish ESTs
and 384 of these SNPs were tested using 192 catfish samples. We have found that the
contig size (number of sequences in the contig) and minor sequence allele frequency
were the two major factors affecting the validation rates of EST-derived SNPs. Small
contigs had much lower SNP validation rates. Obviously, in small contigs with 2 or 3
sequences, the alternative base is represented only once, and this could be due to

sequencing errors. Similarly, in contigs with 4 sequences and when the minor sequence
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allele is represented only once, it is highly likely that the minor allele is due to
sequencing errors. Contigs of 4 or more sequences with the minor sequence allele
frequency being present at least twice in the contig provided high levels of SNP
validation rates (average 70.9 % and up to 89.2%). This makes good sense because it is
highly unlikely that sequencing errors of two independently sequenced ESTs to occur at
the same base location. When at least two ESTs exhibit an alternative base at the putative
SNP sites, it is highly likely that such sequence variations are real. All these findings
were not unexpected, but for the first time, we provide experimental data to demonstrate
the importance of contig size and minor sequence allele frequency. It is noteworthy that
even though the larger contigs provided even greater SNP validation rates, contigs of four
sequences with even sequence allele distribution (2:2) provided similarly high validation
rates. Thus, a minimum of two sequences in the contigs representing the minor allele was
required to provide a high SNP validation rate [10, 12].

The presence of minor allele sequence in relation to the contig size appears important.
For instance, if the minor allele sequence was present only once, then the smaller the
contig size, the more likely the SNP could be real. This is because the contig size of ESTs
is simply a reflection of expression abundance. If a rarely expressed gene was sequenced
twice, with the alternative allele being present once each, one can still expect that the
allele frequency could be equal, or close to equal, when the transcript is sequenced 10
times. However, if the transcript was already sequenced 10 times, with the minor allele
sequence being present only once, it is more likely that the minor allele could have been
derived from sequencing errors (Figure 4). This relation is obvious when sequence

heterozygosity is considered, as shown in Figure 2. A contig of two sequences with one

42



each of the alternative alleles would have a sequence heterozygosity of 0.5, while a
contig with 10 sequences of 9 major allele:1 minor allele would have a sequence
heterozygosity of only 0.18.

Figure 4. SNP quality assessment based on EST contig size and sequence frequency

of the alleles.
Minor Major SNP
#seq sequence | sequence Sequence quality
frequency | frequency | Heterozygosity trend
10 seq 1 9 0.18
9 seq | 8 0.20
8 seq 1 7 0.22
7 seq 1 6 0.24
6 seq 1 5 0.28
5 seq 1 + 0.32
4 seq 1 3 0.38
3 seq 1 2 0.44
2 seq 1 1 0.50 v
10 seq 2 8 0.32
9 seq 2 7 0.35
8 seq 2 6 0.38
7 seq 2 5 0.41
6 seq 2 4 0.44
5 seq 2 3 0.48
4 seq 2 2 050 ¥
10 seq 3 7 0.42
9 seq 3 6 0.44
8 seq 3 5 0.47
7 seq 3 -+ 0.49
6 seq 3 3 0.50 v
10 seq 4 6 0.48
9 seq 4 5 0.49 l
8 4 4 0.50
Gosa| 5 |5 Joso v |V

*Arrows indicate the trend of SNP quality, with the black arrows indicating trend of
heterozygosity within a subset of contigs with the same number of the minor allele sequence, and the

red arrow indicating overall SNP quality trend.

Another advantage of the SNP identification from EST sequences is its ability to
identify uncommon sequence variants [16]. The monomorphic SNP rate was highly
related to the number of samples tested, since the uncommon sequence variants possess

very low minor allele frequency, which required a large number of samples. According to
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our results, the monomorphic SNPs accounted for 28% of tested SNPs. However, these
monomorphic SNPs could be false SNPs caused by sequencing errors. In addition, much
smaller fish samples (10 fish) were used to construct the EST libraries than the number
fish samples used here to validate the SNPs, further supporting the possibility of
sequencing errors related to monomorphic SNPs.

Sequence quality flanking the SNP sites was found to be important for successful
SNP genotyping using [llumina’s Bead Array technology, but not the flanking sequence
context as referred to as the Quality Score by Illumina when above 0.5. It is probably true
that SNP genotyping primers would have worked properly for the most part even if the
sequence context was somewhat simple or A/T-rich, or G/C-rich. However, sequence
errors in the SNP region could directly affect the base pairing of the SNP genotyping
primers. Low quality sequences could easily generate false SNPs, especially at the
beginning or end of the sequence. Therefore, sequence quality surrounding the SNP site
should be used as one parameter to identify reliable SNPs. However, many EST
sequences retrieved from NCBI do not have quality scores or trace files. In such cases,
greater caution should be exercised. In particular, hot spot of SNP occurrence should be

avoided if possible.
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Figure 5. Schematic illustration of the effect of introns involved in SNP genotyping.
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*In the first case, all the genotyping primers are located in the same exon nearby, leading to
successful genotyping (+); in the second case (middle), one of the genotyping primers (P3 as shown)
was located at the exon-intron border, causing non-base pairing that lead to failure of genotyping (-);
and in the third case, even though all primers were located in exon regions. However, an intron was
involved that demands PCR extension to across the intron. Apparently, the Bead array technology

provide very limited extension capability,leading to genotyping failure (-) as well.

Selection of SNPs to allow both allele-specific and locus-specific primers to be
located in a single exon is the key to achieving high success rate of SNP genotyping.
We found that all tested SNP sites involving introns failed in genotyping. There seemed
to be different reasons for such genotyping failures. The most notable cause is that the
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genotyping primers are located at exon-intron boundary, leading to non-base pairing of
the primers with DNA amplified from genomic DNA (Figure 5). In addition, it appeared
that the extension of the genotyping primer P1 and/or P2 to reach P3 (see Materials and
Methods above) is quite limited. In cases when even both genotyping primers had a
perfect match with the template DNA, genotyping also failed simply because an intron
was predicted to be present between the genotyping primers (Figure 5). This is somewhat
unexpected as one would expect that the DNA polymerase should be able to extend easily
a few hundred bases. In addition to the few tested loci, comparative gene organization
analysis suggested that the vast majority of failed SNPs involved introns immediately
flanking the SNP sites, further supporting the inability of genotyping when SNP is
located at the exon-intron boundary or when introns are included in the extension
reaction. Therefore, bioinformatics analysis using in silico comparative sequence and
gene structural analysis is important when dealing with EST-derived SNPs.

Stringent quality assessment measures should be used when working with
EST-derived SNPs, since ESTs are single pass read of cDNA sequences, and the quality is
relative low. In particular, contigs containing four or more ESTs should be used and the
minor allele sequence should be represented at least twice. Genotyping primers should be
designed from a single exon as to completely avoiding introns because of the limitation
of genotyping primer extension used by Illumina genotyping assay. Application of such
quality assessment measures, along with large resources of ESTs, should provide
effective means for SNP identification in species where genome sequence resources are

lacking.
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Methods
EST clustering and contig assembly

All catfish EST sequences were downloaded from NCBI dbEST database, including
those of blue catfish and channel catfish. CAP3 was used to assemble the contigs with the
parameters set at “minmatch 50, overlap similarity 0.95”, to have a minimal overlap of 50
bases and a minimal similarity of 95% [19]. For each contig generated from the CAP3
assembly, BLASTX was conducted against the non-redundant nr database to assist
identification of any related ESTs in different contigs. A significant hit was defined as
having an E-value below e™® and 100 minimum of alignment length for all sequences.
Following initial gene identification, related ESTs were further evaluated by manual

inspection of the alignments.

SNP identification using EST resources

The autoSNP program was used to detect putative SNPs from the EST sequences
[20]. The program utilized the CAP3 output files as input to detect SNPs based on the
base redundancy in the sequence alignments. The autoSNP program generated two text
files, a contig file including contig ID, consensus length, number of sequences in the
contig, and the number of SNPs, a SNP file including Contig ID, SNP position, minor
allele frequency, SNP allele, mutation type, and base alignment in the SNP position. The
program also generated an html file for each contig, including the alignment information
and SNP information. With the autoSNP program, the parameters for minimum minor
allele frequency for SNP detection varied with the contig size (the number of sequences

in the contig): 1) a sequence variation is declared as a SNP whenever a mismatch is
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identified within contigs with four or fewer sequences; 2) a sequence variation is declared
as a SNP when the minor allele sequence existed at least twice within contigs with 5-6
sequences; 3) a sequence variation is declared as a SNP when the minor allele sequence
existed at least three times within contigs with 7-8 sequences; 4) similarly a sequence
variation is declared as a SNP when the minor allele sequence existed at least four times
within contigs with 9-12 sequences, and 5) when the minor allele sequence existed at

least five times within contigs with 13-16 sequences and so on.

Selection of SNPs for this project

To evaluate the effect of contig size and minor allele sequence frequency on SNP
reliability, the SNPs with different contig sizes and minor allele frequencies were selected
for SNP validation. After initial submission of a set of SNPs to Illumina, GoldenGate
assay functionality and designability scores were given by Illumina. SNPs with a range of
functionality and designability scores were chosen for evaluation in this project. A total of
384 SNPs were selected for this project. Hot spots of SNP occurrence that may have been
caused by low sequence quality were selected to test how sequence quality affects SNP
genotyping and validation rates. In addition to sequence quality, the effect of intron
presence on genotyping and validation rates was tested by including SNPs with four

known genomic sequences.

Fish samples used for validation of SNPs
A panel of 192 samples were used for genotyping and validation of SNPs including

66 fish from our interspecific mapping resource family F1-2 x Channel catfish-6 (64
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backcross progenies plus their two parents), and 21 fish each from three wild channel
catfish populations including Black Belt Farm, Geneva Hatchery, and Petit Farm, and
three domestic channel catfish populations including Black Warrior River, Guntersville

Reservoir, and Weiss Reservoir [21].

SNP genotyping assay

Genomic DNA (250 ng per sample) was used as template for SNP genotyping using
the Illumina’s bead array technology according to the manufacturer's protocol for
GoldenGate assay [22]. Briefly, two allele-specific primers labeled with Cy3 (P1) or Cy5
(P2) and a third locus-specific primer (P3) with an address sequence were first hybridized
to the template and allele-specific primers were extended to cross the SNP site to reach
the locus-specific primer. After this allele-specific extension, ligation was conducted
between allele-specific primer(s) and the locus-specific primer, creating a PCR template.
PCR reaction was conducted using both allele-specific primers and the locus-specific
primer. The PCR reaction products were hybridized onto a chip (Illumina Inc., San Diego)
containing bead types coated with oligo-nucleotides complementary to the locus-specific
primer address on the PCR product. Each bead type is represented with an average
redundancy of 30X on the array to optimize the accuracy of the final genotype signal.
Following hybridization, the bead array signal was determined using a bead array reader,
which could convert images to intensity data. The intensity data for each SNP for each
sample was normalized and assigned a cluster position (and resulting genotype), and a
quality score for each genotype was generated. Final genotyping results were

automatically generated for downstream analysis using the BeadStudio software.
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Data analysis

The BeadStudio software was used to analyze the SNPs data. The dye intensities are
examined by the software to determine the genotype of each sample for that locus. A
locus returning predominantly signal from Cy3 is AA, Cy5 is BB and an equal signal of
Cy3 and Cy5 represents a heterozygous individual. Data is returned with the allele call
for each locus as well as a Gentrain score, a measure that represents the reliability of that
genotyping call. GenTrain scores was used to measure the reliability of SNP detection
based on the distribution of genotypic classes, and the calling frequency was used to
measure the successful SNP calling rate from all samples [23]. For this study, GenTrain
score of 0.4, call rate of 90%, and minor allele frequency of 0.05 was used. After
removing failed SNPs, the remaining SNPs were identified as successful SNPs in
genotyping. Successful genotypes were used further for the analysis of minor allele
frequencies, and for the calculation of SNP validation rate. Heterozygosity is defined
with the formula H=1-(p.%+py’) where P, is the allele frequency of the major allele and P,
is the allele frequency of the minor allele [24]. Chi-square test was conducted to test the

relationship between minor allele sequence frequency and SNP successful rate.
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IV. ASSEMBLY OF 500,000 INTER-SPECIFIC CATFISH EXPRESSED
SEQUENCE TAGS AND LARGE SCALE GENE-ASSOCIATED

MARKER DEVELOPMENT FOR GENOME SELECTION STUDIES
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Abstract

Background

EST sequencing is one of the most efficient means for gene discovery and gene
expression profiling. With a good resource of ESTs, a large number of molecular markers
can be identified and issues related to alternative splicing and differential poly
adenylation can be addressed at the genome-wide scale. Through the Community
Sequencing Program, a catfish EST sequencing project was selected by the DOE’s Joint

Genome Institute (JGI).

Results

In this project, a total of 12 cDNA libraries were constructed, including eight from
channel catfish (Ictalurus punctatus) and four from blue catfish (I. furcatus). A total of
600,000 sequencing attempts were made, generating a total of 438,321 quality ESTSs.
With previously existing ESTs in the GenBank, this project brings the total of ESTs to
nearly 500,000 for catfish. The JGI EST sequencing had an overall sequencing success
rate of 73%, with an average length of 576 bp. All the ESTs were assembled using CAP3,
resulting in 111,578 unique sequences, including 45,306 contigs and 66,272 singletons.
Of these unique sequences, over 35% had significant similarities to known genes by
BLASTX searches, which allowed the identification of 14,776 unique genes in the catfish.
A total of 1,350 and 849 full-length cDNAs have been identified from channel catfish and
blue catfish, respectively. The ESTs are an enormous resource for SNP identification.

Over 300,000 putative SNPs have been identified, of which over 48,000 are high quality
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SNPs as defined by contig size of at least 4 sequences and the minor allele presence of at
least twice in the contig. The EST resource should also be valuable for identification of

microsatellites and comparative genome analysis.

Conclusions

This large scale EST sequencing project would allow the identification of a majority of
catfish transcriptome. The parallel analysis of ESTs from the two closely related ictalurid
catfishes should also provide powerful means for the evaluation of ancient and recent
gene duplications, and for the development of high-density microarrays in catfish. The
inter- and intra- specific SNPs identified from all catfish EST dataset assembly will
greatly benefit the catfish introgression breeding selection and whole genome association

studies. All ESTs have been deposited in GenBank.

[Supplement materials are available on line. The ESTs from blue catfish and channel

have been deposited in GenBank under accession numbers. FC996013-FC999999,

FD000001-FD380635 and GH640296-GH693994]
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Background

Catfish is one of the major aquaculture species in the United States. However, the
genome research falls behind other aquaculture species, such as salmon and rainbow trout.
The genome resources are quite limited. Genome research requires the development of a
number of resources that facilitate both structural and functional analysis of the genome.
Many of the required resources have been developed in catfish, including a large number
of polymorphic markers [1, 2], linkage maps [3-5], bacterial artificial chromosome (BAC)
libraries [6, 7], physical maps [8, 9], and BAC end sequences (BES) [10]. However,
expressed sequence tag (EST) resources were low from catfish [11-15], hindering both
functional and comparative genome analysis. Large numbers of ESTs have been
produced for most model species as well as a number of agriculturally important species
[16-21] including bovine (1.5 million), swine (1.4 million), chicken (600,000), Atlantic
salmon (471,000), and rainbow trout (281,000). The availability of such EST resources
has allowed efficient gene discovery and gene identification in these species, and rapid
progress has been made through comparative genome analysis in understanding the
structural, organizational, and functional properties of the genomes of these species.

Whole genome sequences are not available for most aquaculture species, but will be
available for tilapia soon. In absence of the whole genome sequence, we initiated a
large-scale EST project to provide transcriptomic resources in channel catfish and blue
catfish. These ESTs will serve as resources for gene discovery and gene identification,
will supply the framework for high-density microarray platforms, will provide a
foundation for the analysis of full-length cDNAs, and will assist in the identification of

genetic markers such as microsatellites and single nucleotide polymorphisms (SNPs).
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These resources will also be of great use for comparative genome analysis. In this study,
we have taken an inter-specific EST approach to produce a parallel EST resource from
two closely related Ictalurid species to resolve some of the most difficult issues in teleost
genome research, such as paralog confusions involving duplicated genomes [22-24].
Here, we report the generation and analysis of nearly 500,000 ESTs from catfish,
including 354,377 ESTs from channel catfish and 139,475 ESTs from blue catfish.
Channel catfish and blue catfish EST assembly allowed identification of 45,306 contigs
and 66,272 singletons, suggesting a majority of the catfish transcriptome was captured.
The analysis of the inter-specific ESTs resulted in the identification of 20,757
gene-associated microsatellites and over 300,000 putative SNPs, of which over 48,000
were generated with presence of minor allele at least twice. The inter- and intra- specific
SNPs identified from all catfish EST dataset assembly will greatly benefit the catfish

introgression breeding selection and whole genome association studies.

Results
cDNA libraries and EST sequencing

A total of 12 libraries were constructed from various tissues, organs, and cell lines,
including four blue catfish libraries and eight channel catfish libraries (Table 6). More
than 600,000 sequencing reactions were attempted to sequence a total of 307,296 cDNA

clones from both ends.
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Table 6. cDNA library information and sequencing summary. Library names were

designated by the Joint Genome Institute.

Library  Species Nature of library ~ Organ, tissue, or cell line Total
sequences

CBFH Blue catfish Normalized stomach, muscle, olfactory tissue and trunk kidney 37,314
CBzC Blue catfish Normalized stomach, muscle, olfactory tissue and trunk kidney 30,902
CBNH Blue catfish Normalized head kidney, gill, intestine, spleen, skin and liver 9,323
CBZF Blue catfish Normalized head kidney, gill, intestine, spleen, skin and liver 51,172
Subtotal 128,711
CBCz Channel catfish  Non-normalized  Mixed leukocytes 16,168
CBFA Channel catfish  Normalized catfish whole fry library 63,602
CBNG  Channel catfish Normalized kidney, gill, intestine, spleen, skin and liver 2,982
CBZB Channel catfish  Normalized kidney, gill, intestine, spleen, skin and liver 57,772
CBNI Channel catfish  Normalized stomach, muscle, olfactory tissue and trunk kidney 17,023
CBZA Channel catfish  Normalized stomach, muscle, olfactory tissue and trunk kidney 61,320
CBPN Channel catfish ~ Subtracted liver, pituitary, ovary and testis 62,058
CBPO Channel catfish  Normalized peripheral blood leukocytes 28,685
Subtotal 309,610
NCBI Blue catfish 10,764
NCBI Channel catfish 44,767
Total 493,852

Atotal of 438,321 ESTs were generated from this project, of which 128,711

sequences were from blue catfish and 309,610 were from channel catfish (Table 6). Of

these EST sequences, 219,831 were sequenced from the 5’ end of the transcripts, and

218,490 were sequenced from the 3’ end of the transcripts. A total of 194,136 clones have

paired reads from both 5’ and 3’ ends of the same transcripts. The lengths of the ESTs

range from 100 bp to 877 bp, with an average length of 576 bp and a median length of

655 bp (Figure 6). There were 10,764 ESTs of blue catfish and 44,767 ESTs of channel

catfish existing in the GenBank before the start of this project; this project, therefore,

brings the total of catfish ESTs to almost a half million sequences (139,475 blue catfish

ESTs and 354,377 channel catfish ESTs; Table 6).
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Figure 6. Length distribution of JGI EST sequences
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All catfish EST sequences, including those from this project and ones already present
in GenBank, were used for the assembly. Three assemblies were conducted: 1) assembly
of blue catfish ESTs; 2) assembly of channel catfish ESTs; and 3) assembly of all blue
catfish and channel catfish ESTs for inter-specific analysis.

Table 7. EST Assembly statistics

Blue catfish Channel catfish All catfish

Total number of sequences 139,475 354,377 493,852
Short and simple sequences removed 2,735 6,230 8,965
Sequences for assembly 136,740 348,147 484,887
Contigs 22,009 28,941 45,306
Singletons 32,806 41,776 66,272
Average number of sequences per 4.72 10.6 9.2
contig

Total unique sequences 54,815 70,717 111,578
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As summarized in Table 7, the assembly of the 139,475 blue catfish ESTs resulted in
the identification of 54,815 unique EST sequences, including 22,009 contigs and 32,806
singletons; the assembly of the 354,377 channel catfish ESTs resulted in the identification
of 70,717 unique EST sequences, including 28,941 contigs and 41,776 singletons.
In order to identify inter-specific SNPs, we also conducted the assembly of all available
493,852 ESTs from blue catfish and channel catfish. This assembly allowed the formation
of 45,306 contigs, from which potential inter-specific SNPs can be identified. The
distribution of contig sizes from the assembly of all catfish ESTs is shown in Figure 7; 43%
contigs with 2 sequences, 13% contigs with 3 sequences; and the remaining 44% contigs
with 4 or more sequences. The average contig size was approximately nine ESTSs per
contig. With the ESTs being sequenced mostly from normalized libraries, the vast
majority of contigs had 50 or fewer sequences. However, some extremely large contigs
were found, including the largest contig with 7,208 ESTs. The putative identity of this
contig is apolipoprotein, and it was repeatedly sequenced from all libraries, including
high numbers being sequenced from non-normalized libraries already existing in
GenBank before this project. As previously reported [34], contig size (hnumber of
sequences in the contig, not the consensus sequence length) is one of the two most
important factors affecting EST-derived SNP qualities. Therefore, the information on

contig sizes is practical and highly useful.
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Figure 7. Distribution of contig sizes
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To assess the level of common gene discovery from both blue catfish and channel
catfish, unique sequences from the EST assemblies were used for BLAST searches. A
total of 34,466 (~63%) blue catfish unique sequences, including16,646 contigs and
19,136 singletons, had hits to at least one unique sequences from channel catfish (E-10),
while 20,349 blue catfish unique sequences had no hits to the channel catfish ESTSs,
suggesting that they were sequenced only from blue catfish. Similarly, 45,171 (~64%)
channel catfish unique sequences, including 20,951 contigs and 24,220 singletons, had
hits to at least one blue catfish unique sequences (Table 8), while the remaining 25,549

channel catfish unique sequences had no hits to the blue catfish ESTs, suggesting that
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they were sequenced only from channel catfish. The identities between homologous blue
catfish sequences and channel catfish sequences range from 77% to 100%, with an
average of 95%.

Table 8. Inter-specific similarity comparison of blue catfish and channel catfish

unigue sequences.

Blue catfish vs channel Channel catfish vs blue
catfish catfish
Contig:Contig 12,840 : 9,958 14,713 :9,989
Contig:Singleton 3,806 : 3,303 6,238 : 5,070
Singleton:Contig 11,753 : 7,853 15,684 : 7,468
Singleton:Singleton 6,067 : 4,585 8,536 : 5,204
Total 34,466 : 21,362 45,171 : 21,690

Gene Identification and Annotation

Putative gene identification was conducted using two approaches. The first was to
identify open reading frames (ORFs), and the second was to conduct BLASTX searches
for similarities with known genes in the public protein databases. Of the 111,578 total
catfish unique sequences (total catfish EST assembly), ORFs were detected from 83,198
(75%) unique sequences, with an average ORF length of 450 bp (min=51 bp,
max=14,674 bp; Figure 8), and the remaining 28,380 sequences (25%) contained no
OREFs (Figure 9a). These ORF-less ESTs were likely ESTs sequenced within the
untranslated regions (UTRs). The approach of analysis through the identification of ORFs
has the strength of detecting protein-coding capacity without showing any similarities
with known genes, but it is incapable of revealing the nature of the involved genes
[ORF].
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Figure 8. Open reading frame (ORF) length distribution from unique sequences of

all catfish assembly.
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In order to demonstrate that the vast majority of the identified ORFs were actually
gene coding regions, BLASTX searches were carried out based on the size of ORFs. It
appeared that the larger the ORFs, the greater the level of putative gene identification
through BLASTX searches. Of the identified ORFs, 91% had a length of more than 100
bp. Within these ORFs, 53% had significant BLASTX hits (1E-10) (Figure 9b and 9c).
However, only 9% of the ORFs with less than 100 bp had significant BLASTX hits
(1E-10), suggesting that many of these ESTs may either represent novel genes or that the
short ORF would not support the similarities using BLAST at the cutoff value of
significance (Figure 9d).
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Figure 9. Analysis of open reading frames (ORFs).

a) ORF Identification b) ORF Length

ORF <100 bp
Non-ORF 7,628 {9%)
28,380 (25%)

ORF ORF 2100 bp
83,198 (75%) 75,570 (91%)
c) ORF 2 100 bp d) ORF < 100 bp
, _ NR BLAST
Without NR hits
35,481 (47%) With NR hits
453 (6%)

With NR hits

Without NR hits
40,089 (53%)

7,175 (94%)

*a) Percentage of ORFs among unique sequences from all catfish EST assembly; b) Percentage of
ORF greater than 100 bp among unique sequences from all catfish EST assembly; c¢) Percentage of
ORFs equal to or greater than 100 bp with significant BLASTX hits; d) Percentage of ORFs smaller

than 100 bp with significant BLASTX hits.

Atotal of 41,311 (37%) unique sequences had significant BLASTX hits within the nr
database (1E-10), and 34,860 (31%) had significant BLASTX hits within Uniprot
database (1E-10). Over 98% of unique sequences with significant hits were identified
with ORFs, which indicated the reliability of ORF searching. After examination of
putative protein identities from the BLAST X searches, homologous sequences were
identified from the catfish ESTs. Of the 41,311 sequences with BLASTX hits, 22,642
(~55%) and 17,948 (~43%) unique proteins were identified through searches against the

nr and the Uniprot protein databases, respectively.
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To assist in gene annotation, gene ontology (GO) categories were assigned to 16,394
unique catfish sequences with significant BLASTX hits (1E-10). At the 2" level GO
terms, 6,266 were assigned to the Biological Processes category (Appendix figure 1),
4,524 to the Cellular Component category (Appendix figure 2), and 7,525 to the
Molecular Function category (Appendix figure 3). Figure 6 shows the percentage
distributions of GO terms (2" level). From the GO category of Biological Process,
Cellular Process (74 %) was the most dominant 2™ level term, followed by Metabolism
(58%). In the Molecular Function category, Binding (61%) was the most dominant,

followed by Catalytic Activity (51%).

Assessment of the sequenced catfish transcriptome

In order to assess the level to which the catfish transcriptome has been discovered,
the unique sequences were also searched against the NCBI Refseq and Ensemble
databases. A total number of significant hits identified within zebrafish, medaka,
Tetraodon, human, mouse, and chicken reference protein database (1E-10) were listed in
Table 4. Following removal of duplicates, the unique reference proteins were identified,
which represented 12,470 (58%) 12,920 (66%), 10,322 (53%), 9,668 (44%), 11,518
(49%), 8,717 (52%) unique genes from zebrafish, medaka, Tetraodon, human, mouse,
and chicken database respectively (Table 4). A total of 14,776 unique genes were
identified from the catfish based on the BLASTX searches against Ensemble database

(Table 9). The majority (>80%) of the unique protein and gene hits were from the contigs
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Table 9. Summary of BLASTX searches analysis of catfish ESTs.

% of the
Database Total ? Unique protein ® unique Unique gene
protein
NR 41,311 (24,651/16,660) 22,642 (16,265/11,183)
Uniprot 34,860 (21,412/13,448) 17,948 (13,583/8,782)
Refseq/Ensemble
Zebrafish 39,546 (23,487/16,059) 14,988 (12,346/8,534) 54% of 27,996 12,470
Medaka 36,641 (21,835/14,806) 13,588 (11,088/7,641) 56% of 24,461 12,920
Tetraodon 34,418 (20,953/13,465) 13,132 (10,743/7,398) 57% of 23,118 10,322
Human 33,847 (21,038/12,809) 12,621 (10,595/6,924) 33% of 38,342 9,668
Mouse 33,594 (20,942/12,652) 12,267 (10,323/6,808) 35% of 35,236 11,518
Chicken 31,646 (19,661/11,985) 11,059 (9,267/6,319) 50% of 22,194 8,717
Total (E-10) 42,669 (24,880/17,788) 16,439 (13,154/9,416) 14,776
Total (E-5) 47,576 (26,431/21145) 17,060 (13,485/10,407) 16,173

®The first number in the bracelet is the number of contig sequences, and the second number is the

number of singleton sequences.

®The first number in the bracelet is the number of proteins hit by contig sequences, and the second

number is the number of proteins hit by singleton sequences

To assess the evolutionary conservation of the identified unique genes, the number of
hits to unique genes in each species of zebrafish, medaka, Tetraodon, human, mouse, and
chicken were compared. A total of 8,592 (58%) putative known unique genes were found
in all six species; 11,303 (76%) were found in all three fish species and 14,515 (98%)

were found in at least one of the three fish species (Figure 10).
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Figure 10. Number of catfish homologous genes identified from other species using

BLASTX searches.

11,303 each found in all three
fishes (zebrafish, medaka,
and Tetraodon)

Prediction of full-length cDNAs

The catfish EST sequences provide a platform for the identification and
characterization of full-length cDNA clones without having to use expensive and
labor-intensive primer walking sequencing. In the context of this presentation, full-length
cDNA inserts were defined as a cDNA with the start codon ATG and presence of poly (A)
tail in the cDNA clones. In order to determine if the identified ATG in cDNAs were
potential “true” start codons rather than in frame internal ATG codons, the putative
full-length cDNAs were searched against the Uniprot protein database. If the catfish
sequence aligns well with the protein with the best hit and the catfish ATG codon is
further upstream, at the same position, or within the first 10 amino acids as compared to
the reference sequence, the catfish cDNA clone was considered to harbor a full-length
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cDNA. Atotal of 7,382 blue catfish and 10,037 channel catfish unique cDNA clones with
full-length inserts were identified from the assembly with a cutoff E-value of 1E-5, which
represented 5,293 unique genes in blue catfish, 6,098 unique genes in channel catfish,
and a total of 8,336 unique genes from catfish (Table 10). The full-length cDNA clones
provide a convenient way for the complete cDNA sequences, simply by completion of

sequencing of the cDNA clones.

Table 10. Full-length cDNA identification

Blue catfish Channel catfish

Unigque cDNA with full-length 7,382 10,037
Unique gene with full-length 5,293 6,098
Unique full-length cDNA 849 1,350
Unique full-length gene 721 1,159

The full-length cDNA analysis also allowed us to obtain full-length cDNA sequences
sequenced from the same clone. To clarify, the full-length cDNA sequences were
generated from single-pass sequencing, rather than from assembly of sequences in the
same contig. First, the cDNA clones had to qualify for containing the full-length cDNA as
defined above; and second, the 5” and the 3’ sequences generated from the same cDNA
clones overlapped. A total of 849 blue catfish and 1,350 channel catfish unique
full-length cDNAs were obtained, representing 721 unique blue catfish and 1,159 channel
catfish genes, and a total of 1,260 catfish genes (Table 10), after removing related

full-length cDNAs derived from alternative splicing and differential polyadenylation.
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Microsatellite and SNP marker identification

A total of 20,757 microsatellites were initially identified from 15,082 unique
sequences, including di-, tri-, tetra-, penta- and hexa-nucleotide (Table 11). After
removing the microsatellites without enough flanking sequence for primer design, 13,375
unique sequences with microsatellites have sufficient flanking sequences (50 bp) on both
sides of the microsatellites to design primers for genotyping.

Table 11. Summary of microsatellite marker identification from catfish ESTs.

Total number of unique sequences 111,578
Microsatellites identified 20,757
Di-nucleotide repeats 12,367
Tri-nucleotide repeats 5,506
Tetra-nucleotide repeats 2,664
Penta-nucleotide repeats 182
Hexa-nucleotide repeats 38
Number of unique sequences containing microsatellites 15,082
Number of unique sequences containing microsatellites 13,375

with sufficient flanking sequences for PCR primer design

A total of 48,702 putative SNPs were identified from the blue catfish EST dataset
assembly while 102,252 putative SNPs were identified from channel catfish EST dataset
assembly (Table 7). These putative SNPs indicated an SNP rate of 3.2 SNPs per kilobase
of transcribed sequences in blue catfish, and 4.1 SNPs per kilobase of transcribed
sequences in channel catfish. These SNP rates were calculated from the total consensus
sequence length and, therefore, the deeper the EST sequencing was, the greater the
possibility for the identification of an SNP within the consensus sequences.

For practical applications, catfish breeding programs involve the use of channel
catfish x blue catfish hybrids and introgression. Genetic linkage mapping has been

conducted in both the intra-specific resource families involving only channel catfish [5]
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and the inter-specific resource families made from backcrosses of the channel catfish x
blue catfish hybrids [3,4]. Therefore, we also conducted EST assembly using both blue
catfish and channel catfish ESTs, and we referred to this assembly as the “all catfish EST
assembly”. Over 303,000 putative SNPs and 100,000 putative indels were identified from

the all catfish EST assembly results (Table 12).

Table 12. Summary of SNP identification from the catfish ESTs

Putative SNPs identified from the catfish ESTs
Blue catfish Channel catfish All catfish

Transitions 29,305 61,184 172,746
Transversions 19,397 41,068 130,254
Total SNPs 48,702 102,252 303,000
Indels 14,803 41,660 100,636
SNP rate (kb) 3.2 4.1 7.7
Filtered putative SNPs identified from the catfish ESTs

Transitions 2,886 11,012 32,235
Transversions 1,005 4,815 16,359
Total SNPs 3,891 15,827 48,594
Indels 1,070 6,707 19,398
Filtered/Non 7.8% 15.7% 16.2%
filtered rate

SNP rate* (kb) 0.25 0.64 1.6

*SNP rate was calculated by dividing the total number of SNPs excluding indels with the total length
(bp) of the consensus sequences of the contigs.

EST-derived SNPs are often prone to sequencing errors. Therefore, the putative SNPs
were subjected to filtering using only those with contig sizes of at least four sequences
and the minor allele presence of at least twice in the contigs, and indels were not used for
further analysis [25]. After filtering, 3,891 and 15,827 SNPs were identified from blue

catfish and channel catfish EST dataset assembly, respectively. A subset of 48,594 filtered
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SNPs were obtained from all catfish EST assembly; these SNPs included 32,235

transitions and 16,359 transversions (Table 7). The filtered SNP frequency in the

transcribed sequences was 0.25 SNP in blue catfish, 0.64 SNP in channel catfish, and 1.6

SNP in all catfish assembly per kilobase. Of the 48,594 SNPs, over 90% were identified

from the contigs containing 5 or more sequences (Table 13).

Table 13. Quality assessment of the filtered putative SNPs identified from the catfish

ESTs based on the number of sequences per contig and the sequence frequencies of

the minor alleles

No. of sequences No. of No. of SNP rate
in the contig contigs SNPs (per kb)
with SNPs
2 (1:1) 16,567 96,565 5.2
3(2:1) 8,374 86,686 10.8
4 (3:1) 5,136 71,155 13.0
Subtotal 30,077 254,406 8.0
4 (2:2) 1,528 5,008 0.9
5-6 (2) 3,099 13,725 2.0
7-8 (3) 805 2,659 0.7
9-12 (4) 730 2,376 0.5
13-20 (5) 629 2,307 0.6
21-30 (5) 628 2,864 1.3
31-50 (6) 730 5,052 3.0
51-100 (6) 542 6,379 6.0
101-500 (6) 316 6,580 13.4
>500 31 1,644 15.0
Subtotal 9,038 48,594 1.6
Total 39,115 303,000 7.7
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The assessment of the rates of inter-specific SNPs and intra-specific SNPs may have
practical applications. We therefore assessed these SNP rates using the EST data. First,
SNPs were identified from contigs containing at least four sequences with at least two
sequences from either channel catfish or blue catfish in the all catfish EST assembly.
Inter-specific SNPs were defined as those that have sequence variations between blue
catfish and channel catfish, but no sequence variations within blue catfish or within
channel catfish; similarly, SNPs were identified within blue catfish but not within channel
catfish or vice versa; and SNPs were identified within both channel catfish and blue

catfish at the same SNP positions (Figure 11).

Figure 11. Categorization of four different types of SNPs (a-d) that can be identified
from the all catfish EST assembly, and examples of SNPs whose categories could not be

determined due to the minor allele sequence from a given species is fewer than two (e).

a) Inter-specific SNP b) Intra-specific SNP for both channel catfish and blue catfish
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Channel catfish EST 2
Channel catfish EST 3
Channel catfish EST 4

d) Intra-specific SNP for channel catfish

4 =4 >>>>r 4 4>>

Blue catfish EST 1 A Blue catfish EST 1 A
Blue catfish EST 2 A Blue catfish EST 2 A
Blue catfish EST 3 T Blue catfish EST 3 A
Blue catfish EST 4 T Blue catfish EST 4 A
Channel catfish EST 1 T Channel catfish EST 1 A
Channel catfish EST 2 T Channel catfish EST 2 A
Channel catfish EST 3 T Channel catfish EST 3 T
Channel catfish EST 4 T Channel catfish EST 4 T
e) Examples of SNPs whose categories could not be determined
Blue catfish EST 1 A Blue catfish EST 1 A
Channel catfish EST 1 A Blue catfish EST 2 T
Channel catfish EST 2 T Channel catfish EST 1 A
Channel catfish EST 3 T Channel catfish EST 2 T

74




Of the 48,594 filtered SNPs, 42,080 were identified from contigs comprising both
channel catfish and blue catfish ESTs, and 6,514 were identified from contigs composed
of ESTs from either channel catfish or blue catfish, including 5,396 from channel catfish
contigs and 1,118 were identified from blue catfish contigs. Of the contigs containing
ESTs from blue catfish and channel catfish, the estimation of percentage of inter- and
intra-specific SNPs was conducted based on the identification of SNPs from 1000
randomly selected contigs (Table 14). Although a large number of filtered inter-specific
SNPs were identified (18,000 out of 48,000 total filtered SNPs), they were identified

from a relatively small number of contigs.
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Table 14. Estimation of proportions of inter-specific and intra-specific SNPs from the set

of filtered SNPs identified from the inter-specific all catfish EST assembly

SNP type* From Estimated from Estimated %
1,000 all catfish of total
random assembly filtered SNP
contigs

Inter-specific SNP* 430 18,731 39

Intra-specific SNP, blue catfish? 12 523 1

Intra-specific SNP, channel catfish® 54 2,352 5

Intra-specific SNP, blue catfish & 87 3,790 8

channel catfish*

Undetermined” 383 16,683 34

Subtotal 966 42,080 87

SNP from only blue catfish ESTs®  N/A 1,118 2

SNP from only channel catfish N/A 5,396 11

ESTs®

Subtotal N/A 6,514 13

Total SNP N/A 48,594 100

*SNPs were identified from contigs containing at least four sequences with at least two sequences
from either channel catfish or blue catfish in the all catfish EST assembly: * where there were no
intra-specific blue catfish SNPs or intra-specific channel catfish SNPs, but the sequence differed
between the two species at the inter-specific SNP position; 2 where there were SNPs within blue
catfish, but not within channel catfish; > where there were SNPs within channel catfish, but not within
blue catfish; * where there were SNPs within both blue catfish and channel catfish; *> undetermined
because overall the SNPs qualified as SNPs with at least two minor allele sequences, but only one of
the minor allele sequences was from one of the two species of blue catfish or channel catfish; ® these
SNPs were identified from ESTs that have been only sequenced from one of the two species, blue

catfish or channel catfish to date.
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Discussion

This project represented one of the major milestones in catfish genome research, and
it brings the catfish EST resources to almost a half million sequences, including
previously existing ESTs in GenBank [11-15]. The EST resource will prove to be useful
for gene discovery, molecular marker development, and genetic linkage and comparative
mapping. Such a resource should facilitate whole genome sequencing and annotation of
the catfish genome. The parallel EST sequencing in two closely related species, Ictalurus
punctatus and I. furcatus, may also provide material for the analysis of genome
duplication and genome evolution.

The single most important function of EST sequencing is for gene discovery.
However, the assessment of the numbers of genes discovered in an EST project depends
on assembly using bioinformatic tools, which in turn depends on sequence identities, EST
sequence lengths, and the relationship of the species under study relative to information
available in existing databases. In this project, the assembly of the channel catfish ESTs
allowed identification of 28,941 contigs and 41,776 singletons, resulting in 70,717 unique
sequences in channel catfish; similarly, assembly of the blue catfish ESTs allowed
identification of 22,009 contigs and 32,806 singletons, resulting in 54,815 unique
sequences in blue catfish. Obviously, a larger fraction of the channel catfish
transcriptome was captured because more clones were sequenced from channel catfish
than from blue catfish. While it is certainly true that not every contig represented a
unique gene, the majority of the contigs, however, should represent unique genes.

For gene discovery purposes, we also conducted EST assembly using ESTs from

both channel catfish and blue catfish. Our previous reports indicated that the channel
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catfish and blue catfish shared 98.7% identities across EST sequences [26]. Thus,
bringing all ESTs from both species together should provide a more complete picture as
to what fraction of the catfish transcriptome was captured to date. For instance, if four
genes A, B, C, and D have been found from channel catfish, and four genes A, B, D, and
E have been found from blue catfish, we can regard that five genes: A, B, C, D, and E,
have been found from catfish. Such an approach was also taken because of practical
considerations. Hybrid catfish produced by inter-specific hybridization of channel catfish
x blue catfish is one of the best catfish used in aquaculture, and many believe that
industry-wide application of this hybrid may have a revolutionary impact on the catfish
industry [27]. One of the major catfish breeding programs is based on introgression of
beneficial genes from blue catfish into channel catfish breeds. Most of the catfish linkage
mapping has been conducted using the inter-specific hybrid resource panels that can
exploit inter-specific polymorphisms [3, 4].

Assembly of all the catfish ESTs allowed identification of 45,306 contigs and 66,272
singletons, resulting in 111,578 unique sequences. Since blue catfish and channel catfish
are from the same genus, most of the contigs from blue and channel EST assembly are
expected to merge together in an all catfish EST assembly. However, the all catfish EST
assembly generated 45,306 contigs, which are much larger than the contigs generated in
either blue catfish (22,009) or channel catfish (28,941) EST assembly. There could be
several reasons for this major increase in contig numbers with the all catfish EST
assembly. First, some ESTs belonging to the contigs were only sequenced in blue catfish
but not in channel catfish, and vice versa; second, singletons in either blue catfish or

channel catfish are now brought together to form new contigs; third, splice variations
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involving two species may have led to the formation of a larger number of contigs under
our assembly parameters. Of these reasons, it appeared that the differences in coverage of
the transcriptome in two species may account for the major fraction of this increase in
contig numbers. When BLASTN searches were conducted between blue catfish and
channel catfish unique sequences, only 12,840 blue catfish contigs (58.3%) had
significant hits to channel catfish contigs, and 14,713 channel catfish contigs (50.8%) had
significant hits to blue catfish contigs (Table 8).

Analysis of the all catfish unique sequences suggests that a major fraction of the
catfish transcriptome has been captured. The 111,578 unique catfish sequences had hits to
22,642 unique proteins in nr database, and to 17,948 unique proteins in Uniprot database.
When compared to well-characterized fish species such as zebrafish, medaka, and
Tetrtaodon, the 111,578 unique catfish sequences had hits to 54-57% of their respective
unique proteins (Table 9). Taken the comparison with zebrafish as an example, 39,546
catfish unique sequences (including 23,487 contigs and 16,059 singletons) had hits to
14,988 of the 27,996 total unique proteins of zebrafish (54%), i.e., on a one-on-one
relationship, the 39,546 of the 111,578 unique catfish sequences covered 54% of the
zebrafish transcriptome. In other words, equivalent to 54% of the zebrafish transcriptome
has been captured by approximately 51.8% of the contigs and 24.2% of the singletons of
the catfish EST assembly. While 46% of the zebrafish transcriptome was not covered,
there are still large numbers of contigs (21,819) and singletons (50,213) of catfish having
no hits to the zebrafish reference proteins. Part of the reason for these large numbers of
EST contigs and singletons without significant hits to the zebrafish reference protein

databases could be resulted from high sequence variation and short ORF representation in
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these ESTs. For instance, when the cutoff E-value was increase from 1E-10 to 1E-5, the
number of genes that can be identified increased from 14,716 to 16,173 (Table 9). This
alone should be enough reason to carry out projects for the characterization of full-length
cDNA:s in the future, or whole genome sequencing in catfish. In this regard, analysis of
full-length cDNA inserts allowed identification of 10,037 cDNA clones containing
unique full-length cDNAs in channel catfish and 7,382 unique full-length cDNAs in blue
catfish (Table 10). Direct sequencing of these clones in the near future should greatly
enhance the genome resources for catfish research.

Large-scale EST sequences provide an enormous resource for molecular marker
development. This project allowed identification of over 20,000 microsatellites within
ESTs, of which 13,375 were located within unique ESTs and had sufficient flanking
sequences for microsatellite primer design for genotyping (Table 11). Therefore, these
microsatellites will be a major resource for genetic linkage and comparative mapping
[12]. In addition, over 300,000 putative SNP sites were identified, of which over 48,000
were identified from contigs with at least four ESTs and the minor sequence was
represented at least twice (Table 12). The 48,000 filtered SNPs should be highly useful
for the development of a SNP panel for whole genome association studies [34].

The parameters of quality SNP assessment may not be applied to the very large
contigs. The utilization of minor allele frequency of six for all the contig containing 30
sequences or more resulted in higher SNP frequency from these contigs (Table 13), such
as 13.4 SNP per kb in the contigs with 100-500 sequences, and 15 SNP per kb in the
contigs with 500 sequences or more. The information of contigs over 500 sequences can

be found in Appendix table 1. High SNP frequency within these large contigs might be
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caused by the accumulation of sequencing errors, so these SNPs from large contigs
should not be selected for future SNP genotyping.

This large scale EST sequencing project would allow the identification of a majority
of catfish transcriptome. The parallel analysis of ESTs from the two closely related
ictalurid catfishes should also provide powerful means for the evaluation of ancient and
recent gene duplications, and for the development of high-density microarrays in catfish.
The inter- and intra- specific SNPs identified from all catfish EST dataset assembly will
greatly benefit the catfish introgression breeding selection and whole genome association

studies.

Figure 12 JGI Catfish EST Analysis Pipeline

JGI Catfish EST Analysis.Pipeline
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Methods
cDNA Library Construction, EST Sequencing and Processing

The cDNA libraries were constructed from various tissues, organs, and cell lines,
including stomach, muscle, olfactory tissue, trunk kidney, head kidney, gill, intestine,
spleen, skin, liver, pituitary, ovary and testis (Table 6). Within these libraries, one had
no modification, one was subtracted, and 10 were normalized. All cDNA libraries were
constructed using the pSPORT-1 and pDNR superscript plasmid cloning system
(Invitrogen, Carlsbad, CA). This cloning system provides a vector with capacity of
uni-directional cloning of cDNAs that support choices of EST sequencing from either the
5'-, or 3'-end of the transcript. In this work, all ESTs were sequenced from both ends of
the transcript (or clone), which provide sequences for further full-length cDNA assembly
and characterization. Clone selection, arraying, and sequencing of the 12 libraries were
performed at the Joint Genome Institute (JGI) from the Department of Energy (DOE).
The cDNAs were sequenced from both the 5’ and 3’ ends using Big Dye Terminator
(V3.1) sequencing chemistry (Applied Biosystem, Forster city, CA). Base calling and
sequence trimming were also conducted at the JGI. Phred was utilized for sequence base

calling with cutoff Q20, and cross-match was utilized for removing vectors [28,29].

EST Assembly

Assembly was conducted on the blue catfish EST dataset, channel catfish EST
dataset, and all catfish EST dataset (Figure 12). The JGI EST sequences and GenBank
EST sequences from channel catfish and blue catfish (directly downloaded from dbEST

database)were used in clustering and assembly by PTA (Paracel Transcript Assembler,
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based on CAP3 program) [30]. Contaminant sequences like E. coli, mitochondrial,
cloning vector, and RNA were filtered during the cleanup stage by matching these
sequences in the database. Repeat sequences and poly (A) tails are masked and annotated.
Before the assembly, all the EST sequences were compared to the catfish full-length or
partial cDNA sequences in the GenBank, which referred to as seed sequences. Sequences
sharing 80% similarity to these seed sequences were grouped to clusters first, and the
assembled to generate seed-cluster contigs with criteria of 95% identity with at least 50
bp overlap. The seed cluster assembly would reduce the number of sequences for final
assembly, which could reduce the calculation and speedup the assembly process. All the
remaining EST sequences are then clustered based on local similarity scores of pairwise
comparison using 88% similarity with alignment at least 100 bp. Clusters containing only
one sequence are grouped as singletons. The EST clusters were assembled into
contiguous sequences (contigs) by multiple-sequence alignment, which generates a
consensus sequence for each cluster; with criteria of 95% identity with at least 50 bp
overlap. Multiple contigs may be generated from each cluster, since EST clusters may not
share enough similarity over their entire length to be assembled as single contig. Multiple
contigs may also be generated when ESTs in a cluster represent splice variant forms or
paralogs of the gene. The ESTs remaining in a cluster after the formation of contigs were
designated as cluster singletons. The unique sequences for each assembly included the

seed-cluster contigs, cluster contigs, cluster singletons, and singletons.

ORF searching, gene identification and gene ontology annotation

All the unigque sequences obtained after the assembly were analyzed by ESTScan [31]
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to search for open reading frames (ORF) which could be used to distinguish coding and
non-coding sequences [31, 32]. All the unique sequences were used to search against the
nr database and Uniprot database using BLASTX to obtain the putative identity at a
cutoff E-value of 1E-10. The NCBI Refseq protein and Ensemble database (zebrafish,
medaka, Tetraodon, human, mouse, and chicken) were also used to identify the catfish
unique genes and homologous genes in other species. The nr BLASTX results were input

in Blast2GO [39] to obtain the Gene Ontology.

Full length cDNA identification

The program Targetldentifier [23, 34] was used to identify the putative full-length
cDNA using BLAST comparisons to full-length genes in Uniprot databases and Start
signals. The cutoff E-value of 1E-5 was applied to identify all putative full-length cDNA.
Once the start codon (ATG) was identified, the cDNA sequence was considered as a
full-length cDNA insert. If a single pass sequences from start codon (ATG) to stop codon
were completely sequenced from a single clone rather than from contig assembly, the

sequences were considered as a full-length cDNAs.

Microsatellite and SNP marker identification

All unique sequences were used to search the microsatellite makers by using
Msatfinder [35]. The repeat threshold for di-nucleotide repeats was eight, and five for tri-,
tetra- penta-, and hexa-nucleotide repeats. The microsatellites with 50 bp sequences on
both sides were considered microsatellites with sufficient flanking sequences for primer
design [36].
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The blue catfish, channel catfish, and all catfish EST assembly results were used for
further SNP identification. The identification of putative SNPs from the EST sequences
was conducted using autoSNP [37], which utilizes the assembly output files as input to
detect SNPs based on the base redundancy in the sequence alignments. With the autoSNP
program, the parameters for minimum, minor allele frequency for SNP detection varied
with the contig size (the number of sequences in the contig) [37]. In order to estimate the
inter-specific and intra-specific SNPs within the filtered SNPs, 1,000 contigs were

randomly selected to identify the inter- and intra-specific SNPs by visual inspection.
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V. CONCLUSIONS

In the EST-derived SNP quality assessment project

1) Atotal of 384 SNPs were selected based on the catfish EST (all catfish GenBank
EST by April 2007) assembly results with an average validation rate of 70%.
Overall, the average SNP validation rate was only 33.3% for contigs of 4 or fewer
sequences with minor sequence allele present only once. The overall SNP
validation rate for contigs of 4 or more sequences with minor sequence allele
present at least twice was 70.9%, and up to 89.2% with contigs of 12 or more
sequences, which suggested the EST-derived SNPs with minor sequence allele
present at least twice will greatly improve the SNP validation rate.

2) Comparative genomics studies of 50 failed SNPs revealed that 32 (64%) SNPs
were located at the exon-intron border, suggesting that the presence of the

presumed introns was the major cause for the failures of the EST-derived SNP

genotyping.
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In the catfish transcriptome analysis project:

1) A total of 438,321 ESTs were generated from JGI EST sequencing project, which
allowed the capture of majority of transcriptome of catfish. A total of 14,776 unique
genes were identified from the catfish based on the BLASTX searches against
Ensemble database.

2) Atotal of 7,382 blue catfish and 10,037 channel catfish unique cDNA clones with
full-length inserts were identified from the assembly with a cutoff E-value of 1E-5,
which represented 5,293 unique genes in blue catfish, 6,098 unique genes in
channel catfish, and a total of 8,336 unique genes from catfish.

3) Atotal of 20,757 microsatellites were initially identified and 13,375 unique
sequences with microsatellites have sufficient flanking sequences (50 bp) on both
sides of the microsatellites to design primers for genotyping.

4) Atotal of 48,702 putative SNPs were identified from all catfish EST assembly

including inter-specific and intra-specific SNPs

This large scale EST sequencing project would allow the identification of majority of
catfish transcriptome. This also provides an platform for the characterization of
full-length cDNA. The parallel analysis of ESTs from the two closely related ictalurid
catfishes should also provide powerful means for the evaluation of ancient and recent
gene duplications, and for the development of high-density microarrays in catfish. The
high-density SNP genotyping will greatly benefit the complex trait study and

introgression breeding selection and whole genome association studies in the catfish.
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Figure 2.
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Figure 3
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Table 1 Contig information with 500 sequences or more

Contig_ID Length | No_SEQ | No_SNP | Identitiy

Contig08984 | 1,076 7,208 740 Apolipoprotein

Contig10817 925 5,315 559 Parvalbumin

Contig03478 | 1,767 4,820 640 Actin alpha

Contig03221 | 1,856 1,959 219 creatine kinase M3-CK

Contig16290 | 1,356 1,870 243 Apolipoprotein A-I

Contig09046 | 1,520 1,390 126 Apolipoprotein E-1

Contigl11831 | 2,041 1,389 138 beta-actin

Contig19091 | 2,031 1,087 95 elongation factor 1-alpha

Contig18459 | 1,503 1,073 128 myaosin regulatory light chain

Contig16302 | 1,102 944 103 liver-type fatty acid-binding protein

Contig06893 | 1,359 926 83 Prothymosin

Contigl7816 | 1,119 906 126 40S ribosomal protein S2

Contigl7170 | 1,418 898 89 60S acidic ribosomal protein PO

Contig14182 | 2,096 834 117 creatine kinase M2-CK

Contig09727 | 1,171 824 72 60S ribosomal protein L7a

Contigl6217 | 1,084 794 107 Elastase 2 like

Contig03229 | 1,118 762 95 trypsinogen

Contigl7925 | 762 747 100 alpha-globin

Contig08847 | 1,988 731 69 leucine rich repeat and Ig domain
containing 1

Contigl7244 | 1,104 681 36 beta-actin

Contigl7797 | 1,275 638 84 beta thymosin

Contigl18149 | 2,132 636 74 beta-actin

Contig10609 | 1,126 598 75 Nonspecific cytotoxic cell receptor
protein 1

Contig15136 | 2,447 593 80 procollagen-proline

Contig08974 | 774 575 48 apolipoprotein C-I

Contig18427 | 1,413 562 75 actin, alpha, cardiac muscle

Contigl6332 | 1,294 560 68 guanine nucleotide binding protein

Contig01797 | 4,095 555 159 skeletal muscle myosin heavy chain

Contig18935 | 823 539 45 NK-lysin type 3

Contig02866 | 1,452 512 63 skeletal muscle tropomyosinl-1

Contig09022 | 974 506 64 ribosomal protein L7
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