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Abstract

Catfish is the leading aquaculture species in the United States, accounting for
approximately 60% of U.S. aquaculture production. However, the catfish industry is facing great
challenges including escalating feed and fuel costs, intense international competition, and
devastating diseases. Application of genetic markers facilitate elucidating the genetic basis for
quantitative traits, and enabling characterization of the major quantitative trait loci (QTLs) and
underlying causative genes. Efficient marker systems need to be developed to allow automated
and efficient genotyping at an affordable cost. In catfish, the first SNP array with previously
identified 250,113 SNPs have been developed to facilitate the analysis of quantitative traits. It has
been developed by using Axiom genotyping technology which provides a flexible solution to
design arrays with customizable markers from non-model organisms. Recently, the advancement
of array technologies improved the performance of the Axiom genotyping arrays with expended
capacities, enabling the construction of high density SNP arrays.

In the first chapter of this dissertation, I will provide detailed description of a catfish 690K
SNP arrays with the Axiom genotyping platform. The catfish 690K SNP array includes 690,662
unique SNPs markers which were identified from whole genome sequencing, RNA-seq, and
genotyping by sequencing (GBS) data over 1,200 catfish. With the guidance of channel catfish
reference genome sequence, the selected SNPs were relatively evenly distributed across the entire
genome, with 0.8 kb interquartile range of intervals, and covered 99% of the genome scaffolds and

93.9% of the BAC-based physical map contigs. With enhanced marker density and power of



discrimination, the catfish 690K SNP array should be a valuable tool for catfish research
community and greatly improve the genetic and genomic studies.

In the second chapter of this dissertation, I will describe the application of the 690K SNP
array for the construction of a very high density genetic linkage map. Construction of accurate and
high density genetic linkage map is fundamental for genetic and genomic studies. In the present
work, I constructed a new generation of channel catfish genetic linkage map with improved marker
density and resolution with four large reference families genotyped using the catfish 690K SNP
array. Over 250,000 SNPs were finally placed on the linkage map, which contains, to the best of
our knowledge, the highest marker density among all the aquaculture species. The total estimated
genetic size of the new linkage map is 3,004 cM with a resolution of 0.1 cM for sex-averaged
genetic map. The sex-specific linkage maps constructed in each sex revealed that the
recombination rate is 1.4-fold larger in females than in males. After integration with the recently
constructed catfish reference genome assembly, over 1,500 of the whole-genome sequencing
contigs were anchored to the linkage groups, covering a physical length of 766 Mb that account
for about 97.8% of the total genome assembly. Over 900 previously unmapped scaffolds were
placed onto the linkage map, which greatly improves the catfish reference genome assembly. With
the unprecedented coverage, it should also serve as a valuable tool for genetic analysis, especially

GWAS and fine-scale QTL mapping for genes associated with economically important traits.
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CHAPTER 1. INTRODUCTION

Overview

Channel catfish (Ictalurus punctatus) is one of the most important aquaculture
species in the United States of America. They were naturally distributed across eastern and
northern United States, as well as northern Mexico. Domestication of channel catfish was
started over 100 years ago (Leary 1908). Since the ictalurid genetic evaluation and early
breeding programs in the 1950s and 1960s, channel catfish has been identified as the most
suitable species of catfish for aquaculture (Dunham and Smitherman 1984). Commercial
aquaculture of catfish in the United States was considered to start in the late 1950s (Swingle
1958) and developed rapidly since 1960s as the consequence of improvements in disease
control, feed supply, and pound management (Smitherman and Dunham 1993). To date,
channel catfish farming has been introduced to over 13 countries worldwide, with
approximately 800 million pounds of global annual production (FAO Global Aquaculture
Production Statistics 1950-2013). As a result of domestication process for past decades,
many domesticated strains have been established with distinct adaptions to farmed
environments and economic traits to meet consumer demands. The United States is one of
the largest channel catfish producers, with various domesticated strains and breeds,
including Kansas, Marion, Thompson, USDA103, Hatchery, Arkansas, as well as many
channel-blue catfish hybrid strains, all of which were the basis and genetic resources for

selective breeding using modern genetic tools.



However, catfish industry, the leading aquaculture industry in the U.S. have
encountered great challenges. Due to escalating catfish feed and fuel costs, intense
international competition, and devastating diseases, the annual production of channel
catfish in the U.S. decreased significantly since a high mark in 2003 when over 600 million
pounds of round weight catfish were processed. In 2014, only 301 million pounds were
processed, decreased 54% since the 2003 peak. The shortage in catfish supply was made
up by imported exotic catfish fillets which account for 80% of all U.S. sales of frozen
catfish and catfish-like fillet products (Hanson 2015). Until the production efficiency of
domestic catfish is improved, it is likely that the industry will be further threatened by
imported exotic catfishes.

Exploiting whole genome marker-based genomic selection can greatly contribute
to improving performance traits and production efficiency, such as disease resistance, feed
conversion rate, as well as hypoxic adaptation. Single nucleotide polymorphisms (SNPs)
were now the choice of genetic markers as a consequence of the advancement of
sequencing power and improved computational capacities in analyzing single nucleotide
variations on a genome-wide scale (Helyar et al. 2011). In channel catfish, many efforts
and progresses have been made to identify SNPs on genome-wide (He et al. 2003; Liu et
al. 2011; Sun et al. 2014). Additionally, accumulated catfish sequencing data from previous
experiments also provide a valuable resource for SNP markers development. With the
comprehensive SNP data and guidance of reference genome sequence of channel catfish,
a new generation of SNP array could be built for genetic analysis and whole genome

marker-based selection.



The first objective of my study was to construct in a high-density and high-coverage
SNP array by using a comprehensive catfish NGS datasets. In addition to this primary goal,
the second goal was to construct a high-density genetic linkage map by using the newly
designed SNP array, and to increase integration of the linkage and physical maps with the
markers derived from BAC end sequences for genetic linkage analysis. This study will
benefit genetic improvement of catfish breeding programs and serve as a valuable
framework for validating the reference whole-genome sequences, extensive comparative
and functional genomic studies, and fine-scale QTL mapping and association studies in

catfish.

Genetic breeding in catfish

Since the catfish genetics and breeding program in the 1950s, channel catfish has
been identified as the most suitable species for aquaculture compwered with other catfish
species, such as blue catfish (Ictalurus furcatus), white catfish (Ameirus catus), brown
bullhead catfish (A. nebulosus), and etc. (Dunham and Smitherman 1984). Later in 1960s,
directed breeding was conducted via interspecific hybridization of seven major ictalurid
species. Channel catfish female and blue catfish male produce heterotic hybrid catfish with
remarkable performance (Dupree and Green 1969; Dupree et al. 1969; Giudice 1966).
Efforts have also been made in channel catfish intraspecific crossbreeding and mass
selection (Dunham and Smitherman 1982; Green et al. 1976), remarkable genetic
improvement of catfish had been accomplished with 2 to 6% increased growth rate per
generation (Dunham and Smitherman 1983). Additionally, triploid (Lilyestrom et al. 1999)

and monosex production (Goudie et al. 1995) were evaluated, however, they did not show



much improvements and were abandoned due to lack of feasibility. As a result of decades
of research efforts, progress has been made in mass selection, family selection, intraspecific
crossbreeding, and interspecific introgression. Many domesticated strains have been
established with significant variations in economic traits, including growth rate, feed
conversion rate, disease resistance, seinability, and adaptions to farmed environments
(Argue et al. 2003; Dunham 2007; Dunham and Argue 1998;2000). However, the effects
of traditional selective breeding were limited by their relatively low intensity and accuracy.
In contrast, molecular genetics hold promise for more widespread adoption with increased
genetic gain and provide insight into the genomic levels of organization of inheritance traits
(Eggen 2012; Goddard and Hayes 2009; Hayes and Goddard 2001).

To date, many efforts have also been made in catfish molecular genetics and
genomics studies. A large number of genetic markers have been developed in channel and
blue catfish, including microsatellites (Liu et al. 1999; Waldbieser and Bosworth 1997),
AFLP (Liu et al. 1998), as well as SNPs (Liu et al. 2011; Sun et al. 2014). Several genetic
linkage maps have been constructed with different types of molecular markers and multiple
breeding families (Kucuktas et al. 2009; Li et al. 2015; Liu et al. 2003; Ninwichian et al.
2012; Waldbieser et al. 2001). A large set of expressed sequence tags (ESTs) have been
generated using traditional cloning and Sanger sequencing methods, and next generation
sequencing (Wang et al. 2010). A cDNA microarray has also been designed and
constructed (Li and Waldbieser 2006). Recently, the channel catfish genome consortium
has completely sequenced and assembled a reference genome sequence (data unpublished).

All of these researches provide a valuable genetic resources for selective breeding assisted



by genome-wide markers, which will hopefully bring the upcoming genetic enhancement

on the horizon and impact the catfish industry.

Genome wide SNP discovery

SNP represents a variation of a single base pair in the genomic DNA (Wang et al.
1998), which have been regarded as the marker of choice for many applications in genetics
and genomics due to their suitability for automation, high abundance, and genome-wide
coverage (Frazer et al. 2009; Morin et al. 2004). Theoretically, each SNP locus can possess
four possible alleles since there were four types of nucleotide, but in most cases, the
majority of SNPs have only two variants (Lai 2001). Analysis of biallelic SNP markers can
be easily automated compwered with multiallelic markers such as microsatellites and copy
number variations (CNVs). The biallelic SNPs can result from either nucleotide transitions
which were exchanges within purine or pyrimidine, or transversions which were exchanges
between purine and pyrimidine. Owning to high spontaneous rate of deamination of 5-
methylcy-tosine to thymidine, higher frequency of transition is observed than transversion
(Holliday and Grigg 1993). SNPs were the most common type of genomic variations, about
90% of sequence variants were single base substitutions in humans (Collins et al. 1998).
Depending on the positions of SNPs in the genomic DNA, single nucleotide substitutions
can have different functional effects. SNPs in the coding regions were classified as exonic
and intronic SNPs, which can result in changes in mRNA sequences and secondary
structure formation (Cargill et al. 1999). SNPs in the noncoding regions can also affect
transcription factor binding, gene splicing, and non-coding RNA sequences (Chen and

Rajewsky 2006). The pronounced effects of SNPs on protein function and gene expression



provide a perspective for development of diagnostic SNP markers (Liu et al. 2006;
Sattarzadeh et al. 2006).

Methods for SNP mining have evolved drastically. In early studies, large scale
SNPs can be discovered via methods such as overlapping genomic DNA sequences
(Taillon-Miller et al. 1998), aligning expressed sequence tags (ESTs) (Picoult-Newberg et
al. 1999), and targeted re-sequencing of BAC-end sequences (Lorenz et al. 2010). These
methods were either limited to model organisms with reference genome sequences, or were
not reliable due to inadequate sequence depth (Boussaha et al. 2012; Wang et al. 2008).
The advancement of next generation sequencing (NGS) technologies facilitated the
construction of reference genome sequences and propelled the discovery of genome-wide
SNP variations (Mardis 2008). Of all the NGS platforms, [llumina sequencing systems
were demonstrated more effective for whole genome-wide SNP discovery because of the
high-throughput (Eck et al. 2009) (Liu et al. 2012). With improvements on the patterned
flow cell technology, the latest [1lumina HiSeq system, HiSeq 4000, can generate over 750
Gb data per flow cell in a single run.

Multitude of studies have applied NGS platforms to acquire high-confidence SNPs
on the whole-genome wide, especially in plants and animals with complex genomes
(Stothard et al. 2011; You et al. 2011). For instance, cattle was one of the first agriculture
species to enter the genomic era. In August 2006, the cattle reference genome sequence
was released by the Human Genome Sequencing Center at Baylor College of Medicine,
with more than 2.2 million putative SNPs (Elsik et al. 2009; Gibbs et al. 2009). Later, the
Bovine Genome Sequencing Consortium screened out 62,042 putative SNPs from Illumina

sequence reads of 66 cattle. Genotype data of selected SNPs presented a high validation



rate of 92% (Van Tassell et al. 2008). Gene-based SNPs in cattle were also discovered by
using NGS data. In Djari et al.’s work, mRNA of three Limousin bull calves were subjected
to [llumina high-throughput sequencing, identifying 8,407 high-confidence SNPs from 125
million reads (Djari et al. 2013). To date, large collections of SNPs have also been
discovered in several other agricultural animals, including sheep (Kijas et al. 2009),
chicken (Marklund and Carlborg 2010), swine (Ramos et al. 2009; Wiedmann et al. 2008),
turkey (Aslam et al. 2012; Kerstens et al. 2009) and horse (Wade et al. 2009). Much efforts
have been made for SNP mining in aquaculture species as well. In catfish, SNPs were
identified from a wide range of studies. Beside SNPs identified from ESTs alignment (He
et al. 2003; Wang et al. 2008), large numbers of SNPs were discovered from RNA-Seq
(Liu et al. 2011), GBS (Li et al. 2014), and whole genome sequencing analysis (Sun et al.
2014). Extensive SNP datasets were also being generated in other aquaculture species,
including Atlantic Herring (Helyar et al. 2012), common carp (Xu et al. 2012), plateau fish
(Wang et al. 2015b), tiger puffer (Cui et al. 2014), rainbow trout (Palti et al. 2014), and
blunt snout bream (Gao et al. 2012). The comprehensive SNPs database provide valuable
resources for molecular marker assisted selection and whole genome selection (Eggen

2012).

Development of SNP genotyping array in agriculture and aquaculture species

The binary nature of the SNPs has made them highly suitable for automated
genotyping methods. The most efficient approaches in high-throughput studies at this time
include GBS and SNP array technologies. GBS can be processed with whole genome

sequencing (Huang et al. 2009), target enrichment sequencing (Zhou and Holliday 2012),



and reduced representation sequencing strategies (Kumar et al. 2012). The decreasing cost
of NGS were allowing it to be widely used to genotype large-scale SNPs for genetic
mapping and association analyses, especially in species lacking of prior information of
reference genome sequences. The most common GBS procedure employs a restriction-site-
associated DNA sequencing library (Baird et al. 2008), therefore only SNPs at these
targeted locations were genotyped. In addition to the limited genome coverage, GBS
genotyping results can’t be easily shwered by different research groups because different
SNP loci were assayed in all individuals. In contrast, SNP arrays were more cost-effective
when genotyping large numbers of individuals. With flexible marker selection, the dense
SNP arrays can be tailored for large scale SNP genotyping on the whole genome-wide, as
well as fine-scale mapping on the target region of interest.

Multiple SNP genotyping platforms have been developed for mid- to high-
throughput genotyping, including Sequenom Massarray (Gabriel et al. 2009), SNPstream
(Mulcahy et al. 2001), SnaPshot Multiplex (Ben-Avi et al. 2004), Illumina BeadChip
(Oliphant et al. 2002), and Affymetrix GeneChip (Dalma-Weiszhausz et al. 2006). Of these
platforms, Illumina and Affymetrix provide the highest density of SNP probes. The
protocols of the two platforms both adopted specialized equipment to measure the signal
intensity associated with the hybridization of fragmented single-stranded DNA to its
corresponding nucleotide probes on the array. SNP genotype inferences were then
generated by subsequent processing and analysis of probe intensity measures
(LaFramboise 2009). Moreover, Illumina Infinium iSelect and Affymetrix Axiom

myDesign platforms allow customized design of genotyping panel for genomic selection



and screen, which enable studies of species or populations not supported by standard
products (Ragoussis 2009).

High-throughput SNP genotyping arrays have been rapidly developed and applied
to achieve significant genetic enhancement in agriculture species. For instance, in cattle,
the leading agriculture and commercial breeding species, SNP array technologies have
been used for genetic mapping and multitude of genome-wide association studies (GWA
studies) to search for polymorphisms underlying variations in complex traits (Miller 2010).
The first commercially available bovine high-density SNP array was designed with
Affymetrix GeneChip platform, which included 10K SNPs obtained from the Bovine
Genome Sequencing Project and CSIRO (Australia’s Commonwealth Scientific and
Industrial Research Organization). This SNP array was used to characterize haplotype
blocks and tag SNPs in 1000 Holstein-Friesian bulls (Khatkar et al. 2007). As required by
high-resolution linkage and association mapping, Affymetrix released a new Bovine SNP
array designed with the 10K original SNPs and additional 15K novel SNPs that obtained
from the sequencing initiative. It has been applied in investigation of genome-wide
breeding value prediction (Luan et al. 2009), as well as refined mapping of QTLs
associated with recessive disorders (Charlier et al. 2008) and twining-rate in cattle (Kim et
al. 2009). In parallel, Illumina also launched an improved SNP array in cattle, [llumina
Bovine SNP50 assay. In spite of public domain SNPs, it also includes 25,833 novel SNPs
identified by deep sequencing of reduced representation libraries (RRL) from DNA of 66
cattle (Matukumalli et al. 2009). This assay was successfully used to predict genetic merit
in domesticate breed strains (VanRaden et al. 2009; Wiggans et al. 2009). It was also

applied to elucidate the DNA polymorphisms responsible for growth studies in crossbred



beef cattle (Snelling et al. 2010), Johne’s disease QTL study in Holstein cattle (Pant et al.
2010), and other large-scale and high-impact studies (Decker et al. 2009; Hayes et al. 2009).
Bovine genotyping arrays with higher-density of markers, Illumina BovineHD 777K and
Affymetrix BOS1 678K array, have been released recently. The performance test of these
two arrays indicated that they were well designed, with over 98% SNPs successfully
genotyped (Rincon et al. 2011). With other agricultural species, high-throughput SNP
arrays have also been developed for horse (McCue et al. 2012), pig (Ramos et al. 2009),
sheep (Miller et al. 2011), and chicken (Groenen et al. 2011).

High-throughput SNP array genotyping technologies in aquaculture species started
more recently than that of livestock and agriculture plants. The Atlantic salmon Illumina
BeadArray for massively parallel genotyping of SNPs started with 16.5K putative SNPs as
facilitated by the International Collaboration to Sequence the Atlantic salmon genome
(ICSASG) (Kent et al. 2009). Due to the tetraploid status of the Atlantic salmon genome,
only 35% of the SNPs on the array were validated in subsequent analysis (Yanez 2014).
An improved SNP array with approximately 6K markers was then built for salmonids
genetic mapping (Lien et al. 2011). It was also used in the analysis of genetic differences
between domesticated and wild salmon (Karlsson et al. 2011), and analysis of QTLs
associated with body weight (Gutierrez et al. 2012). Recently, a new generation of SNP
genotyping platform in Atlantic salmon have been developed with 200K markers. The
performance tests revealed 79.6% of total SNPs were validated as high quality based on
clustering properties (Yanez et al. 2016). In catfish, the first SNP array was designed with
Affymetrix Axiom myDesign platform, which included 250,113 SNPs derived from RNA-

seq and whole genome sequencing data (Liu et al. 2014). The performance of the catfish

10



250K SNP array were evaluated by genotyping samples from backcross families and
unrelated wild populations, resulting in a conversion rates of approximately 80%, and
polymorphic rate over 50% for the examined samples (Liu et al. 2014). The catfish 250K
SNP array was also used to construct a dense SNP linkage map with 576 fish from 3
mapping families (Li et al. 2015). Based on this linkage map, GWA studies by genotyping
6 families of F2 generation of channel and blue catfish hybrids identified significant QTLs
associated with columnaris disease resistance (Geng et al. 2015). With other aquaculture
species, medium- to high-throughput SNP genotyping arrays have also been developed in
oysters (Lapegue et al. 2014), common carp (Xu et al. 2014), black tiger shrimp (Baranski

et al. 2014), and rainbow trout (Palti et al. 2015).
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CHAPTER 2. GENOME-WIDE SNP IDENTIFICATION AND DEVELOPMENT

OF A HIGH-DENSITY SNP ARRAY

Abstract

Genome-wide molecular markers facilitate the dissection of genetic basis of
quantitative traits. Single nucleotide polymorphisms (SNP) were one of the most widely
applied molecular markers because of their high abundance and the adaptability for
automated genotyping. In this work, we developed an ultra-high density SNP genotyping
array for channel catfish (Ictalurus punctatus) and blue catfish (Ictalurus furcatus). SNP
were first obtained from mining from the whole genome sequences, RNA-seq, and GBS
data over 900 channel catfish and 200 blue catfish from previous experiments. Criteria-
based quality filtration and Affymetrix in-silico probe converting test result in a final set
of 690,662 high quality SNPs, comprising 581,002 channel catfish specific, 44,694 blue
catfish specific, 19,124 inter-species, and 45,842 ubiquitous SNPs. A total of 48,434 strain-
specific markers for 5 domestic and wild strains were also included on the array, which
should be useful in study channel catfish domestication events. The selected SNPs were
relatively evenly distributed on the genome reference, with 0.8 kb interquartile range of
intervals. They cover 98.6% of the genome scaffolds and 93.9% of the BAC-based physical
map contigs. The high coverage benefits the detection of linkage disequilibrium in further
genome-wide association studies and fine-scale linkage mapping. To well represent gene-
associated regions, 206,580 gene-associated SNPs were from 25,188 genes annotated from
the channel catfish reference genome sequence, or from the transcripts assembled from
RNA-Seq datasets. 2,000 additional probes generated from non-polymorphic genomic

regions were also introduced as negative controls. This is the highest density SNP array

12



developed in aquaculture species, which provide valuable resources for further

construction of genetic map, genome-wide association studies, and selective breeding.

Introduction

Catfish is the primary aquaculture species in the US, accounting for approximately
60% of US aquaculture production. However, the catfish industry is facing great challenges
including escalating feed and fuel costs, intense international competition, and devastating
diseases. Many economically important traits, including disease resistance, hypoxic
oxygen adaption, growth rate, etc., are most often controlled by a group of genes involving
a complex cascade of regulation. Application of genetic markers facilitate identification of
QTLs that significantly associated with traits of interest and dissection of the genetic basis,
providing benefits of the intensity and accuracy in selective breeding.

Single nucleotide polymorphisms (SNPs) are now the choice of genetic markers as
a consequence of the advancement of sequencing power and improved computational
capacities in analyzing single nucleotide variations on a genome-wide scale. Most often,
SNPs are bi-allelic that is amenable to automated genotyping (Fahrenkrug et al. 2002).
Compared with other genetic markers, SNPs have the most abundant resources across the
genome (Shastry 2002), which makes it possible to coverage most of genes that are in
linkage disequilibrium with the markers and are efficient for genome-wide association
studies (GWAS). For instance, SNPs based GWAS analysis for performance and
production traits in chicken (Wang et al. 2016), pig (Bergfelder-Druing et al. 2015), cattle

(Crispim et al. 2015), horse (Dupuis et al. 2011), and sheep (Goher et al. 2010).
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Until recently, whole genome-scale SNP identification was a great challenge for
most of the non-model species. The increasing sequencing depth and accumulating of NGS
datasets enabled the accurate identification of SNPs from genomes of various aquaculture
organisms, including salmon, rainbow trout, and catfish. With the availability of enormous
number of SNPs, the next challenge is how to apply them in QTL mapping and GWAS
efficiently and economically.

Among many genome resources, high-density SNP arrays were the most important
because such arrays allow genotyping to be conducted efficiently and automatically. A
variety of SNP genotyping platforms have been developed to deal with different marker
quantities and sample sizes. As for genotyping of less than hundreds of SNPs, Tagman,
SNPIex, Sequenom MassArray (Sequenom, San Diego, CA), and other electrophoresis or
fluorescence-based homogenous assays could be used. These platforms were economical
and flexible in selection of markers. To investigate more than thousands of markers, array
technologies were more efficient and economical than other methods, such as sequencing.
[llumina iSelect HD Custom BeadChip (Illumina, San Diego, CA) and Affymetrix
GeneChip Custom Array (Affymetrix, Santa Clara, CA) were two the most widely used
platforms. Customized probes can be included on the array to inspect specific SNPs of
interest. More recently, Affymetrix adopted the Axiom genotyping technology that allows
investigation up to 2.6 million SNPs or CNVs simultaneously (Hoffmann et al. 2011). Up
to date, Axiom genotyping platforms have been designed in cattle, mouse, chicken, catfish,
Atlantic salmon, and rainbow trout. With the available of RNA target site genotyping
solution, variants in microRNA could also be investigate, making it ideal for

supplementing GWAS or gene regulation studies (Schmit et al. 2015). In spite of the low
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unit cost per genotype (~0.03 per SNP/genotype), the total costs for the high density SNP
arrays with enormous number of SNPs may not be affordable for researches working with
“minor” species.

In catfish, the first SNP array was developed with previously identified 250,113
SNPs (Liu et al. 2014). This array has been very useful for various genetic analysis
including genetic linkage mapping (Li et al. 2015; Liu et al. 2016a), and QTL mapping or
GWAS (Geng et al. 2015). The advancement of array technologies enables fabrication of
arrays with expended capacity at a similar cost. With the increasing sequencing depth and
the guidance of reference genome sequence of catfish, a total of 690,662 SNPs were used
for construction on the second generation of catfish SNP array, which should have a better
genome coverage and enhanced marker densities, useful for construction of genetic maps,

GWAS, and QTL analysis.

Materials and methods

SNP identification

In order to identify SNPs from the whole genome, Illumina sequencing data from
various studies involving fish with diverse genetic background were collected. For channel
catfish, a total of 2,696.5 million reads from RNA-seq of 815 fish and 2,400 million reads
from whole genome sequencing of 150 fish were collected for SNP identification, with an
average genome coverage of x500 (Table 1). For blue catfish, data used for SNP
identification included over 428 million reads from GBS data of 190 individuals and 477.5

million reads from RNA-seq data of 49 individuals.

Table 1. Sample and data size for development of 690K SNP array.
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. . Sample Data Reads
Project Species size Data type accession (x10°)
Gene-associated Channel, blue
SNP mining catfish 66 RNA-seq SRA025099 506
Studies on catfish  Channel 150  WGS SRX275877 2,400
domestication catfish

Channel SRP018265,
Gonad development 279 RNA-seq SRP067841, 1,185
catfish g
Unpublished
Barbel regeneration Channel 90 RNA- Unpublished 395
el regeneration  ° . 1 seq publishe
Skin regeneration  Cpnel 15 RNA- Unpublished 197
egeneratio catfish seq publishe
ESC chanllenge Channel 180 RNA-seq  SRP009069 197
catfish
Columnaris Channel SRP017689,
challenge catfish 204 RNA-seq Unpublished 500
Feed deprivation Blue catfish 30 RNA-seq SRP020252 194
E}NBI; mining with 5y o catfish 190 GBS SRP039640 428
Total - 1,204 - - 6,002

To reduce sequencing artifacts and improve the SNP quality, raw sequencing reads
from all the studies were first subjected to quality control with Trimmomatic (version 5.5.2).
Adaptor sequences, ambiguous nucleotides (N’s), extreme short reads (< 25 bp) were
removed. Low quality bases were identified and trimmed with a sliding window method,
bases within a window size of 4 was cut once the average quality is less than 15. For reads
generated from GBS, chimeric sequences were eliminated by trimming the sequence at the
corresponding restriction enzyme site. The clean reads generated by WGS and GBS were
then aligned to the reference genome sequence (Liu et al., 2016) with BWA-MEM (version

0.7.12). To acquire high sensitivity and accuracy for RNA reads alignment, a 2-pass
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alignment method is used by STAR aligner (version 2.4.0j). The results of the alignment
were exported in BAM format for subsequent analysis (Li et al. 2009).

Prior to SNP identification, the BAM files were processed with Picard tools
(version 1.119) to identify and remove redundant copies of duplicates. BAM files of WGS
reads were subjected to local realignment of regions near INDELSs and recalibration of base
quality scores with GATK (version 3.3) to improve the accuracy of variant calling. For
BAM files of RNA-seq reads, “SplitNCigarReads” commands of GATK is used to split
reads which span multiple exons and to trim overhangs. Ambiguously mapped reads were
removed using SAMtools (version 0.1.19) under the criteria of a minimum MAPQ score
of 20. For paired-end reads, only those mapped in a proper pair were kept for further
analysis. After that, all of the alignment files were piled up together for variant calling
using Varscan (version 2.3.7). The putative SNPs were called with the thresholds of minor
allele frequency greater than 0.05, minimum read base quality of 20, strand-filter less than
90%, and minimum read depth of 10. Sequences of 71-bp spanning each SNP were
extracted, with 35-bp upstream and 35-bp downstream of the SNP base, respectively. To
avoid false positive SNPs caused by ambiguous mapping of duplicative regions, the 71-bp
fragments were aligned to the reference genome sequence with BLAST suite Blast +
(version 2.2.29). SNPs with flanking regions that mapped to multiple sites or low

complexity and repetitive regions on the reference genome sequence were filtered.

SNP selection and array design

In order to provide a high level of flexibility, we chose to use the Affymetrix Axiom

myDesign GW genotyping platform to develop the new SNP array. Axiom technology
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adopt ligation assay-based genotyping platform: the genomic DNA were firstly amplified
and randomly fragmented into 25 to 125 bp fragments. Then these fragments were purified
and hybridized to the glass probes on the custom array plates. Non-specific hybridization
fragments were washed to avoid background noise. The probe-target complexes were then
ligated specifically to solution probes that bearing attachment sites for one of two dyes.
A/T and C/G SNPs require additional interrogations, because the two alleles match the
same dye and therefore, an extra probe sets on the array were required to distinguish them.
Following ligation, the genotyping array is stained and imaged on GeneTitan MC
Instrument (Axiom 2.0 Assay Manual Workflow).

SNP selection was performed in multiple steps using different criteria regarding
different SNP types. All the filtration parameters were set with the aim of a well spacing
coverage on the whole genome and removal of false positive sites. All the original SNPs
were classified into different groups and selected in a certain order: SNPs from gene coding
regions and UTR regions were first selected, then SNPs from non-coding regions were
added, finally, species-specific SNPs and strain-specific SNPs were added to the pool of
candidate SNPs. Custom-made scripts were used to perform the selection according to the
following criteria: (1) To avoid non-specific hybridization, the flanking sequences of
selected SNPs should not have other SNPs or simple nucleotide repeats; (2) For practical
application in SNP genotyping assays, only bi-allelic SNPs were selected; (3) To acquire
high-polymorphic rate, SNPs with a minor allele frequency greater than 0.1 were
preferentially selected; (4) To acquire a high-capacity, A/T or C/G SNPs were not selected
unless absolutely needed; (5) To minimize the effects of GC content on the signal intensity,

the GC percentage of the SNPs flanking sequences should be between 30-70%. For SNPs
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in the gene-coding regions, once a new SNP was included into the candidate pool, SNPs
from the flanking regions of 200 bp were not added any more. For SNPs in the non-coding
regions, once a new SNP was included into the candidate pool, SNPs from the flanking
regions of 350 bp were not added. SNPs from unmapped scaffold and contigs apart from
reference genome sequences were also included regardless of their distances.

All catfish SNPs that passed this filter were submitted to Affymetrix Bioinformatics
Services for in-silico probe converting test, where the performing quality of the SNPs were
evaluated. Upstream and downstream probes flanking the SNPs were assigned with a p-
convert value (0.0 to 1.0), respectively. Probes with high p-convert values were more likely
to be successful genotyped. A p-convert value threshold was determined by excluding the
tail of lowest performing probes to facilitate selection of final SNP list. Markers with at
least one probe that passed the p-convert value threshold were retained. For SNP Markers
with both of the two probes that pass the p-convert value threshold, the probe with greater
p-convert value was selected. For the SNPs with only probes of low p-convert values, both
the two probes were included to cover the genome region.

In addition to the polymorphic SNPs, 2,000 probes generated from non-
polymorphic genomic regions were also introduced as data quality control (DQC) probes.
Of which, 1,000 probes were selected with A or T at the 31 base, and 1,000 DQC probes
were selected with G or C at the 31% base. The DQC probes along with the final list of

SNPs were submitted to Affymetrix for fabrication of Axiom GW genotyping array.

19



SNP array performance evaluation

Fish sources and DNA isolation

A total of 480 catfish were genotyped to assess the performance of SNP array,
including 396 channel catfish of delta select line which provided by USDA-ARS
Warmwater Aquaculture Research Unit, and 84 catfish hybrids generated by backcrossing
the interspecific hybrids (channel x blue) with male channel catfish.

DNA samples were prepared following the procedures as previous described
(Waldbieser et al. 2001).In brief, the fish were euthanized with tricaine methanesulfonate
(MS 222) at 300 mg/1 before blood collection. For each individual, 500 ul blood samples
were collected with a 1 ml syringe and immediately expelled into a 50-ml tube with 20 ml
of DNA extraction buffer (10 mM Tris, 100 mL NaCl, 25 mM EDTA, 0.5% SDS, 0.1
mg/ml proteinase K, pH 8.0). The extracted blood samples were then incubated at 55° C
overnight and then extracted with phenol and chloroform. Following extraction, DNA
samples were precipitated by isopropanol and collected by brief centrifugation, washed
with 70% ethanol and resuspended in reduced EDTA TE buffer (10 mM Tris-HCI, 0.1 mM
EDTA, pH 8.0). DNA samples were quantified using spectroscopy by Nanodrop (Thermo
Scientific) and checked for integrity by 1% agarose gel electrophoresis stained with
ethidium bromide.

SNP genotyping

DNA samples were diluted to 50 ng/ul and genotyped with the catfish 690K SNP

array at GeneSeek (Lincoln, Nebraska, USA). The signal intensity data of each probe on

the array were stored in CEL files, which were analyzed by Axiom Analysis Suite (version
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1.1.0.616) for quality control and genotype calling. Samples with a Dish value greater than
0.85 and SNP call rates greater than 95% were retained for subsequent analysis.
Following the genotyping step, SNPolisher (an R package developed by Affymetrix)
is used to generate quality metrics and classify all the SNPs into six types.
“PolyHighResolution” indicate that both of the two alleles of a SNP were detected. The
signal data of all the samples also formed into three distinct clusters with good resolution;
“NoMinorHom” indicate SNPs with two clusters of signal data, with no example of the
minor homozygous genotypes; “MonoHighResolution” include SNPs with only one
clusters identified. “OTV” refers to off-target variants, indicating SNPs with an OTV
cluster that caused by sequence dissimilarity between probes and target genome regions
(Didion et al. 2012). “CallRateBelowThreshold” were the SNPs with call rates below
threshold, but other cluster properties were above threshold. “Other” were the SNPs with
one or more cluster properties below the threshold. In most cases, SNPs classified as
“PolyHighResolution”, “NoMinorHom”, “MonoHighResolution”, were considered as
convertible SNPs. SNPs classified as “PolyHighResolution” and “NominorHom” were

considered as polymorphic SNPs.

Results and discussion

SNP identification and selection

With over 6,002 million reads from 1,204 catfish, a total of over 9.6 million
putative SNPs were identified, including 8.6 million SNPs from channel catfish and 3.8
million SNPs from blue catfish. As channel catfish is assumed to have undergone the

teleost-specific genome duplication (TSGD) (Liu et al. 2016b). A considerable number of
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gene sets (over 3,000) were identified to contain two or more copies (Liu et al. 2016b). To
remove false SNPs potentially caused by duplicate copies (paralogs) of genome regions,
all the SNPs with 35 bp up- and down- stream flanking sequences (71 bp in total) were
mapped onto the latest reference genome assembly using BLAST. ~3 million SNPs from
channel catfish and ~0.7 milllion SNPs from blue catfish can be aligned to more than one
site of the reference genome sequences (Table 2). These sequences were filtered. The 35
bp flanking regions of SNPs were used to develop the array probes. There should be no
sequence variants in such a region. Therefore, any SNPs with an interval shorter than 35
bp were also filtered. As revealed by Table 2, over 3.3 million SNPs from channel catfish
and 2.7 million SNPs from blue catfish were removed in this step, indicating that the overall
distribution of SNPs was uneven across the genome. To ensure the probe specificity, SNPs
near simple nucleotide repeats were also removed, ~15,000 SNPs from channel catfish and
~8,000 SNPs from blue catfish were filtered in this step. As the Axiom genotyping platform
can only discriminate bi-allelic SNPs, over 340,000 SNPs from channel catfish and 38,000
SNPs from blue catfish were removed because there were more than two alleles for these
SNPs.

A total of 2.4 million SNPs initially passed in house selection as described above.
These SNPs were submitted to Affymetrix Bioinformatics Servers for in-silico analysis to
assess the predicted performance of the SNP probes on Axiom arrays. For each SNP, both
the forward and reverse probe were evaluated with a random forest model to predict the
probability that the SNP will be convertible on the array. The model considers multiple
factors including probe sequence content, binding energy, as well as the expected degree

of specificity of hybridization (personal communication with Lucy Reynolds,
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Bioinformatics Services Engineer). SNP probes with high p-convert values were expected
to convert on the array. About 1.8 million SNPs from channel catfish and 0.3 million SNPs

from blue catfish were with a p-convert value greater than the threshold of 0.5.

Table 2. Summary of SNPs identified in channel and blue catfish.

Channel Blue
Total
catfish catfish
Number of putative SNPs 8,644975 3,850,662 9,662,958
Number of unique mapping SNPs 5,667,615 3,138,197 6,535,576

Number of SNPs without adjacent SNPs in 2,270,690 347,958 2,512,422
35bp

Number of SNPs passed flanking sequence 2,199,952 340,921 2,435,602
complexity inspection

Number of bi-allelic SNPs 2,184,946 332,934 2,418,168
Number of SNPs passed Affymetrix in-silico 1,839,478 294,593 2,046,175

test

SNPs from four channel catfish domestic strains and a wild population were also
selected with the same procedure (Table 3). After filtration, about 1 million qualified SNPs

were retained for each strain/population.

Table 3. Summary of SNPs identified in channel catfish domestic strains and wild

population.
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Thompson  Hatchery Marion  USDA103 Wild
Number of putative SNPs 5,723,886 4,270,527 4,817,089 4,900,634 5,488,642
Number of unique mapping

3,992,954 2,861,190 3,283,718 3,345,046 3,852,203
SNPs
Number of SNPs without

1,487,079 1,032,160 1,184,548 1,225,949 1,442,459
adjacent SNPs in 35 bp
Number of SNPs passed
flanking sequence complexity 1,455,201 1,009,026 1,155,782 1,196,716 1,414,789
inspection
Number of bi-allelic SNPs 1,443,954 1,000,560 1,146,365 1,187,187 1,403,727
Number of SNPs passed

1,224,483 846,622 969,303 1,004,560 1,191,020

Affymetrix in-silico test

As there were many more than needed SNPs passed the p-convert evaluation,

additional criteria were applied to rank the order, including: (1) SNPs with p-convert value

greater than 0.65; (2) SNPs with MAF greater than 0.1; (3) SNPs were not A/T or C/G; (2)

SNPs with GC percentage of flanking sequences between 30-70%.

SNPs included on the 690K array

The high-density new SNP array provided better coverage of gene and reference

genome sequences. With the enlarged sample and data size, more high quality SNPs could

be identified on gene associated regions and previously unmapped scaffolds. The final
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SNPs included on the new catfish SNP array were summarized in Table 4. A total of
690,662 SNPs were included, including 206,580 gene-associated SNPs and 484,082
anonymous SNPs. Of the gene associated SNPs, 206,270 were from 24,878 genes
annotated from the channel catfish reference genome sequence, the other 310 SNPs were
from 521 genes annotated from transcript sequences via de NOVO transcriptome assembly.
Inclusion of gene associated SNPs could enhance the conversion rate as genes and their
associated sequences should be more unique in the genome than the non-coding regions of
the genome. As genes were not entirely evenly distributed, inter-marker spacing is not

equal. The 484,082 SNPs from non-coding regions would fill the gaps.

Table 4. Summary of the catfish 690K SNP array.

SNP array Number
Number of gene-associated SNPs 206,580
Number of SNPs from anonymous genome regions 484,082
Total number of SNPs on array 690,662
Number of SNPs tiled with single probe 687,757
Number of SNPs tiled with two probes 2,905
Total number of probes 693,567

To ensure the performance, markers with high quality probes and MAFs were
included on the array. A total of 693,567 SNP probes were synthesized for interrogation of
these 690,662 SNPs. Most of the probes were with a high p-convert value (greater than

0.65) (Figure 1). Only 2,905 SNPs of which were tiled with two probes. In addition to SNP
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probes, 2,000 DQC probes were included on the SNP array serving as negative controls.
As for linkage mapping, GWAS, and other genetic analysis, common variants were more
important compared with rare variants, therefore, most of the included SNPs were common

variants with a MAF greater than 0.1 (Figure 2).

75000

50000

Number of SNPs

25000

0.5 0.6 0.7 0.8 0.9

Figure 1. Distribution of SNP probes based on p-convert values.
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Figure 2. Distribution of SNPs based on MAF.

The 690K catfish SNP array also included species and strain specific SNPs (Table
5), which should be useful for genetic analysis of the interspecific hybrid system and
intraspecific crossbreeding. Of the total SNPs on the array, 581,002 SNPs were specifically
from channel catfish, 44,694 were exclusively observed in blue catfish, 19,124 were
interspecific SNPs identified between channel catfish and blue catfish, and 45,842 were
identified both in channel and blue catfish. To facilitate catfish domestication studies,
48,434 SNPs from four catfish aquaculture strains that originate from different geographic
locations were also included on the array. These four strains possess different production
traits such as growth rates, disease resistance, and adaptation to environmental stresses. A

total of 6,622 SNPs were specifically from a wild channel catfish population of Coosa River,
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Alabama, which should be useful for genetic analysis of genomic regions with selective

signatures.

Table 5. Summary of the species/strain-specific SNPs on catfish 690K SNP array.

SNP array Number
Channel catfish-specific SNPs 581,002
Blue catfish-specific SNPs 44,694
Inter-species SNPs 19,124
Channel-blue both possessed 45,842
Strain-specific SNPs 48,434
Domesticate strain (Thompson) 12,672
Domesticate strain (Hatchery) 9,498
Domesticate strain (Marion) 10,309
Domesticate strain (USDA 103) 9,333
Wild population 6,622
Total 690,662

Distribution of SNP spacing

One of the most important goals of the SNP array development is to have a good
coverage of the genome with relatively even distribution across the entire genome. The
locus of SNPs on the reference genome sequences were set as the coordinates to assess
their overall distribution. A total of 659,912 (95.5%) SNPs were developed from the
reference genome reference, which span a total of 778 Mb, approximately 99.1% of the

reference genome sequence. As shown in Figure 1, almost all of the regions were covered
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by SNPs, except a few highly repetitive regions from which convertible SNP probes cannot
be designed. A total 0f 30,750 (4.5%) SNPs were developed from other genomic resources,
including 15,108 SNPs from scaffolds that have not been anchored to the reference, 521
SNPs from transcript sequences via de nNovo transcriptome assembly, and 15,121 SNPs
from bacterial artificial chromosome (BAC) end sequences (BES) constructed contigs
which were not able to integrate with linkage map. Taking together, the total SNPs covered

98.6% of the genome scaffolds and 93.9% of the BEC based physical map contigs.
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Figure 3. Genome distribution of SNPs on the 690K SNP array.
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The inter-SNP spacing were evaluated using their physical position on the reference
genome or other genomic contigs. As shown in Figure 4, most of the SNPs had an inter-
SNP spacing less than 2,500 bp. Of which, approximately 45,000 SNPs had a small inter-
SNP spacing of less than 200 bp, ~100,000 SNPs had an inter-SNP spacing of 200-400 bp,
the largest number of SNPs (~110,000) had an inter-SNP spacing of 400-600 bp. A total
of ~85,000 SNPs had a marker spacing of 600-800 bp, ~60,000 SNPs had a marker spacing
of 800-1,000 bp. ~100,000 SNPs had a marker spacing of 1,000-1,500 bp, ~55,000 SNPs
had a marker spacing of 1,500-2,000 bp. A relative small part of SNPs had a marker spacing
greater than 2,000 bp. As shown in Figure 3, the markers intervals have an interquartile

range of 500-1,300 bp.
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Figure 4. Distribution of inter-SNPs spacing for SNPs included on the array.
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Figure S. Box-plot of inter-SNPs spacing for SNPs included on the array.

Performance of the catfish 690K SNP array

Genotyping performance of the SNP array

Performance of the SNP array was examined by genotyping catfish DNA samples
from hybrid backcross families and channel catfish domesticate families. As summarized
in Table 6, 473 of 480 catfish samples (98.5%) were successfully genotyped after sample
quality control. In backcross hybrids samples, a total of 597,323 (86.1%) SNPs were
converted, and 504,265 (72.7%) were polymorphic in these samples. The average call rate
of DQC qualified samples was greater than 99.2%. In channel catfish samples, a total of

578,868 (83.5%) SNPs were converted, of which 467,821 (67.5%) were polymorphic.
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Despite more channel catfish samples were processed, much higher percentages of SNPs
were converted and polymorphic in backcross hybrids samples. This may be caused by the
interspecific and blue-specific SNPs included on the array. The backcross hybrids possess
fraction of “blue catfish” genome materials, therefore, 35,156 blue-specific SNPs and

15,538 interspecific SNPs were polymorphic in these samples.

Table 6. SNP metrics summary.

Backcross hybrids ~ Channel catfish Total
Samples processed 84 396 480
Samples passed QC 81 (96.4%) 392 (98.9%) 473 (98.5%)
_ . 401,815
PolyHighResolution 292,185 (42.1%) 326,411 (47.1%)
(57.9%)
. 133,803
NoMinorHom 211,980 (30.6%) 141,410 (20.4%)
(19.3%)
. 535,618
Total Polymorphic SNPs 504,265 (72.7%) 467,821 (67.5%)
(77.2%)
MonoHighResolution 93,058 (13.4%) 111,047 (16.0%) 62,262 (8.9%)
597,880
Total converted SNPs 597,323 (86.1%) 578,868 (83.5%)
(86.2%)
Conclusion

In this study, we developed the catfish 690K SNP array using Affymetrix Axiom

technology. The final set SNPs on the array comprising channel catfish specific, blue
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catfish specific, and inter-species SNPs. A subset of strain-specific markers from domestic
and wild channel catfish populations were also included on the array, which should be
useful in study channel catfish domestication events. The selected SNPs were relatively
evenly distributed on the reference genome sequence, and provided a high coverage on the
whole genome, which should benefit the detection of linkage disequilibrium in further
genome-wide association studies and fine-scale linkage mapping. Distribution of minor
allele frequency indicated that most of the SNPs included on the array were common
variants (vast majority of SNPs have a minor allele frequency >0.1). The evaluation of SNP
array performance by genotyping samples from catfish backcross hybrid families and
channel catfish families suggested high polymorphic rates (~77%) and high SNP
conversion rates (~86%). The catfish 690K SNP array should serve as valuable resources

for both industry and research such as genetic mapping and analysis of quantitative traits.
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CHAPTER 3. CONSTRUCTION OF A HIGH-DENSITY GENETIC MAP AND

ITS INTEGRATION WITH GENOMIC SEQUENCES OF CHANNEL CATFISH

Abstract

Catfish is the leading aquaculture species in United States of American. However,
the catfish industry is facing great challenges due to international competition, escalating
feed and energy cost, and devastating diseases. Genetic and genomic studies can greatly
contribute to improve the economical traits and performance of domestic species,
providing enhanced production efficiency. Construction of accurate and high density
genetic linkage map is fundamental for genetic and genomic studies. Great advances in
sequencing technologies and genotyping platforms enabled the construction of high-
density and accurate genetic linkage maps, especially for non-model organisms with
relative scarce genome resources. In the present work, I constructed a new generation of
channel catfish genetic linkage map with improved marker density and resolution with four
large reference families genotyped using the catfish 690K SNP array. Over 250,000 SNPs
were finally placed on the linkage map, which contains, to the best of our knowledge, the
highest marker density among all the non-model organisms. The total estimated genetic
size of the new linkage map is 3,004

cM with a resolution of 0.1 cM for sex-averaged genetic map. The sex-specific
linkage maps constructed in each sex revealed that the recombination rate is 1.4-fold larger
in females than in males. After integration with the recently constructed catfish reference
genome assembly, 1,546 of the whole-genome sequence contigs were anchored to the
linkage groups, covering a physical length of 766 Mb that account for about 97.8% of the
783 Mb genome sequence assembly. Additional 950 previously unmapped scaffolds were
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placed onto the linkage map, which greatly improves the catfish reference genome
assembly. With the unprecedented coverage, it should also serve as a valuable tool for
genetic analysis, especially GWAS and fine-scale QTL mapping for genes associated with

economically important traits.

Introduction

Genetic maps are essential tools for genomic and genetic studies. It provides a
frame of the genome structure with landmarks of DNA markers along chromosomes; it
also provides the inference of how the rate of recombination varies across the genome
(Dumont et al, 2008). Recombination is an important sequence feature, which serve as a
critical parameter in governing the degree and nature of intraspecific diversity as well as
interspecific divergence. Revealed by Roselius et al., the recombination rate is expected to
significantly correlate with local levels of nucleotide content, and the rate of adaptive
evolution (Roselius et al. 2005). There is also an increasing awareness that the local
recombination rate regulates the evolution of nucleotide composition by GC-biased gene
conversion (Weber et al. 2014). As regulated by recombination rate, genomic landscape
played critical role in species differentiation (Burri et al. 2015).

Another important usage of genetic map is to anchor and order scaffolds along
chromosomes (Beldade et al. 2009). High-density linkage map is a valuable tool to make
full use of the unprecedented power provided by NGS technology. Despite a few long reads
sequencing technologies which were not widely used until very recently, most of the
sequencing data generated by NGS were relatively short in size. Contigs assembled through

short reads were difficult to be organized on the chromosomal level. Integration of genetic
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map with physical map is useful for understanding genomes from different dimensions and
is essential for genomic studies, including comparative genome analysis, GWAS, and QTL
mapping.

Notable progress has been accomplished in the past decades in the construction of
linkage maps as a consequence of the rapid development of molecular markers. Until
recently, linkage maps for more than 40 aquaculture species have been constructed using
various genetic markers (Yue 2014), including AFLP, microsatellite, as well as SNPs. The
density of genetic maps have increased significantly in many important teleost species such
as catfish (Li et al. 2015), Atlantic salmon (Gonen et al. 2014; Lien et al. 2011), rainbow
trout (Guyomard et al. 2012; Rexroad et al. 2008), Nile tilapia (Lee et al. 2005), Japanese
flounder (Castano-Sanchez et al. 2010), Asian seabass (Wang et al. 2011), sea bream
(Tsigenopoulos et al. 2014), bighead carp (Zhu et al. 2014), yellowtail (Ohara et al. 2005),
Pacific oyster (Hedgecock et al. 2015), South African abalone (Rhode et al. 2012), and
many others. High quality genetic linkage maps can provide framework for QTL
localization, and facilitate marker-asssistd selection and breeding in many agriculture and
aquaculture species. For instance, growth-related traits have been mapped and
characterized in many teleost fishes, such as Asian seabass (Wang et al. 2015a), Atlantic
salmon (Wang et al. 2015a), common carp (Laghari et al. 2015), and rainbow trout (Wringe
et al. 2010). Diseases resistance related traits have been mapped in Japanese flounder and
applied to marker assistant selection (Yu et al. 2016). Sex markers have been identified in
the genetic map of tilapia (Shirak et al. 2006), halibut (Palaiokostas et al. 2013), catfish

(Ninwichian et al., 2012), and smooth half tongue sole (Song et al. 2012).
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As catfish is the most important aquaculture species, much efforts on genomic and
genetic studies have been conducted. In the past decades, a number of linkage maps of
catfish have been constructed with different types of molecular markers, using various
resource families, and with various levels of marker densities (Kucuktas et al. 2009; Liu et
al. 2003; Waldbieser et al. 2001). The first catfish linkage map was constructed with
microsatellite markers and two channel catfish intraspecific reference families. The
microsatellite-based linkage map grouped 262 loci into 32 multipoint linkage groups which
was spanned a total genetic length of 1,958 cM. The overall recombination rate in female
is 3.18-fold larger than male (Waldbieser et al., 2001). In 2003, a second genetic map in
catfish was constructed using an interspecific hybrid reference family with AFLP markers.
The reference family was generated by backcrossing a F1 hybrid male (channel catfish
female x blue catfish male) with a channel catfish female. The AFLP based genetic map is
composed of 419 markers in 44 linkage groups with a genetic length of 1,593 ¢cM (Liu et
al., 2003). The inflated linkage group number indicated that more markers were need to fill
the gaps and link the fragment linkage clusters. With the generation of EST sequences,
more available markers were obtained. Therefore, a third catfish linkage map was
constructed with 259 microsatellites and 72 SNPs. These markers were assigned into 29
linkage group and covered a total genetic length of 1,811cM (Kucuktas et al., 2009). In
2012, more genomic markers were developed from the BES-based physical contigs.
Markers used to construct the fourth catfish linkage map that included 2,099 BES-based
microsatellites, 235 microsatellites from EST, 127 anonymous microsatellites, 17
microsatellites from NGS data, and 79 SNPs. The total genetic length increased to 2,550cM,

with an average marker interval of 1.4 cM (Ninwichian et al. 2012). Great improvement of
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the linkage map was achieved with the available of catfish 250K SNP array (Liu et al.,
2014). A SNP-based linkage map was constructed in channel catfish by using three full-
sib reference families. A total of 54,342 SNPs were assigned into 29 linkage groups. The
sex-averaged genetic map spanned 3,505 cM, with a resolution 0of 0.22 ¢cM (Li et al., 2015).
However, about 11% of physical map contigs were still not anchored onto the linkage map
and about 25 Mb of the assembled genome sequences were not mapped. A linkage map
with higher density and resolution is still desired in order to provide a high level of
integration of the linkage map with the reference genome sequence. However, it is a great
challenge to genotype larger numbers of markers in large reference families. The recently
developed catfish 690K SNP array provided an affordable tool for the ultra-high density
linkage map construction. The 690,662 SNPs on the genotyping array provided an
unprecedented coverage of channel catfish whole genome, with an average interval of
1.5kb.

In this study, we constructed an ultra-high resolution genetic linkage map with
254,825 SNP markers, which is the highest density genetic linkage map among all
aquaculture species. This work should provide a frame work for improving channel catfish
reference genome sequence, as well as a powerful tool for QTL mapping and GWAS

analysis for economically important traits.

Materials and methods

Resource families and DNA preparation

A total of 478 Delta select channel catfish from four full-sib families were used for

linkage mapping. All fish were provided by USDA-ARS Warm Water Aquaculture
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Research Unit. DNA samples were prepared following the procedures as previous
described (Waldbieser et al. 2001). In brief, the fish were euthanized with tricaine
methanesulfonate (MS 222) at 300 mg/1 before blood collection. For each individual, 500
ul blood samples were collected with a 1 ml syringe and immediately expelled into a 50
ml tube with 20 ml of DNA extraction buffer (10 mM Tris, 100 mL NaCl, 25 mM EDTA,
0.5% SDS, 0.1 mg/ml proteinase K, pH 8.0). The extracted blood samples were then
incubated at 55 °C overnight and then extracted with phenol and chloroform to remove
protein and DNase. Following extraction, DNA of each sample were precipitated by
isopropanol and collected by brief centrifugation, washed with 70% ethanol and
resuspended in reduced EDTA TE buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.0). The
extracted DNA samples were quantified using spectroscopy by Nanodrop (Thermo
Scientific) and checked for integrity by 1% agarose gel electrophoresis stained with

ethidium bromide.

SNP genotyping and pedigree testing

DNA samples were diluted to 50 ng/ul and genotyped with the catfish 690K SNP
array at GeneSeek (Lincoln, Nebraska, USA). The intensity data of each probe on the array
were stored as CEL files, which were analyzed by Axiom Analysis Suite (version 1.1.0.616)
for quality control. Samples with a DQC value greater than 0.85 and SNP call rates greater
than 95% were retained for subsequent analysis. Genotype calling were achieved by
Affymetrix AxiomGT1 algorithm. SNPolisher (an R package developed by Affymetrix) is
used to generate quality metrics and classify all the SNPs into six types. SNPs classified as

“PolyHighResolution” and “NoMinorHom” were considered as polymorphic and high-
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quality, and were retained for further analysis. The genotyping results were exported as the
pre-MAKEPED LINKAGE pedigree format(Lathrop et al. 1984).

The genotyping data were imported into Plink (version 1.9) to test pedigree
information. A complete linkage agglomerative clustering procedure based on pairwise
identity-by-state (IBS) distance were carried out. Multidimensional scaling analysis were
performed on the generated IBS pairwise distances matrix. The clustering results were then
represented with the first two clustering dimensions. The pedigree information of outliers
was identified and checked by subsequent outlier detection diagnostics, where a Z score
was assigned to measure the distance between the outliers with the rest of the samples.
Outlier samples were discarded once they were detected with significantly larger distances

compared with the normal level.

Linkage Map construction

Linkage map was constructed using Lep-MAP2 software. First, the Filtering
module was executed to filtering low quality and un-informative markers. Markers with
missing values larger than 12 (about 10%) or minimum allele frequency (MAF) less than
6 (about 5%) in each family were discarded. Only markers that have 2 or more informative
families were kept. A segregation distortion test was also performed to compere the
offspring genotype distribution and the expected Mendelian proportions. Markers with
significant segregation distortion were filtered out () test, P < 0.005). SNP Markers were
assigned into linkage groups (LGs) using the SeparateChromosomes module. LGs were
formed according to the threshold of logarithm of the odds (LOD) score limit of 35 and

minimum LG size of 10. The singular markers were then added to the established LGs
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using the JoinSingles module with an LOD score limit of 10 and a minimum difference of
3 between the best LG and the second best LG of each joined marker.

Marker order of each LGs were determined by allowing different recombination
probabilities in both sex. Genotyping data of markers from the four families were analyzed
simultaneously. For markers that were not mutually informative in all the families, their
genetic distance was assessed by using haplotypes as partial inheritance vectors (Rastas et
al. 2013). Two-round of marker ordering procedures were carried out for better
performance (Figure 6). In the first round, ten iteration ordering-steps were conducted in
each reference family, the marker order with the best likelihood across the four reference
families were exported. To reduce the computing burden, a missing rate of 5% was set
when deciding whether two markers were duplicates. As the number of markers may
beyond the resolution of recombination. There were a lot of markers stack up in the same
locus on the genetic map, which may lead to recombination rate deformities. Therefore,
the stacked markers as well as the duplicated markers were clustered and filtered. The
marker with the most informative meiosis of one cluster was selected as the representative
marker and retained for a new round of marker ordering. After the second round of ordering,
all the previously identified duplicates and stacked markers were added to the adjacent
locus and included for genetic distance calculation with Kosambi mapping function by
taking account both male and female meiosis. Sex-specific recombination rates were then
calculated with the same marker order. MapChart (version 2.3) were used to graphically

present the genetic linkage map.
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Figure 6. Genetic mapping procedure.

Results

Quality control for mapping families and SNP markers

SNP genotypes were obtained from 478 samples of four mapping families. By
applying the criteria of DQC greater than 0.82 and call rate greater than 97%, 5 samples
with pool qualities were recognized and filtered. Genotyping data of the rest 473 samples
were imported into Plink for pedigree information test (Figure 7). The most majority of
samples fall into three clusters, with two families gathered together because they were from
one sire. The identified 8 outliers were also detected with abnormal ‘nearest neighbor'
scores, therefore, they were filtered from downstream analysis. The genotyping data of
remaining 465 samples were imported into Lep-map2 for SNP filtering prior to linkage

group assignment. According to the assessment of genotyping quality and polymorphism
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in all samples from the four reference families, a total of 287,583 SNPs were informative
in at least two families (Figure 8). For SNPs with identical genotypes in all mapping

individuals, only one of which were kept for further analysis.

0.06 r

0.04 |

-0.14 f f ; ; ;
-0.09 -0.04 0.01 0.06 0.11 0.16

Fig 7. Sample structure identified by multidimensional scaling analysis of IBS

distances. The coordinates were the first two clustering dimensions. Larger markers

represent parent samples.
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Figure 8. SNPs filtering process for linkage mapping

Linkage mapping

The qualified markers were first assigned into separate linkage groups with the
SeparateChromosomes module. a total of 287,583 SNPs were assigned in to a total of 29
linkage groups, which was in concordance with the number of chromosomes of the catfish
haploid genome. A two-round marker ordering procedure were carried out with the four
families simultaneously. The first round of marker ordering identified 116,864
representative markers. By using the hidden Markov model (HMM), the OrderMarkers
module is able to model recombinant haplotypes and identify markers with significant
position difference across different mapping families. After filtering these unstable
markers, a second round marker ordering step were performed to improve the order of

representative markers. Finally, the previously excluded duplicate and stacked markers
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were insert back into the maker order to calculate the genetic distance. Finally, a total of
253,744 markers were placed onto the new linkage map.

The sex-average genetic distances were calculated by taking account the
recombination probabilities in both sexes. As summarized in Table 7, the sex-average map
consists of 253,744 markers including 30,615 unique positions, with a total genetic length
0f 3,004.7 cM. The marker intervals estimated based on the unique marker positions ranged
from 0.08 cM/marker pair in LG12 and LG13 to 0.13 cM/marker pair in LG22, with an
average marker interval of 0.1 cM/marker pair in sex-average genetic map.

The markers on the sex-average map is well distributed, with no obvious gaps

(Figure 9).

Table 7. Summary of the sex-average linkage map of channel catfish.

Sex-average map

Linkage group Mapped Unique Marker
Genetic length

markers positions interval
1 13,473 1,198 122.48 0.1
2 6,639 1,031 97.624 0.09
3 12,864 1,342 136.613 0.1
4 7,769 1,090 111.502 0.1
5 9,882 1,017 91.712 0.09
6 11,557 1,314 126.625 0.1
7 8,013 832 83.681 0.1
8 11,036 1,218 112.518 0.09
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9,309
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1,364
1,011
1,287
899
1,000
1,181
1,287
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864
864
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122.109
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92.755
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Figure 9. Illustration of sex-average linkage map

The sex-specific genetic distances were calculated by taking account the
recombination probabilities in only one sex. The female genetic map consists of 23,610
unique markers, with a total genetic length of 3,582.26 cM (Table 8, Figure10). The marker
intervals estimated based on the unique marker positions ranged from 0.13 cM/marker pair
in LGS, LG13, LG19 and LG21 to 0.18 cM/marker in LG22 and LG29, with an average
marker interval of 0.15 cM/marker in female genetic map. The male genetic map consists

of 18,339 unique markers, with a total genetic length of 2,545.59 ¢cM (Table 8, Figurel1).
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The marker intervals estimated based on the unique marker positions ranged from 0.11
cM/marker in LG12 to 0.17 cM/marker in LG22, with an average marker interval of 0.14
cM/marker in male genetic map.

The difference between female- and male-specific linkage map was assessed
according to Ott’s G-test (Ott, 1999). Significantly higher recombination rates were
observed in a majority of the linkage groups of the female genetic map than that of male
genetic map (p<0.01). The female genetic map was 1,036.67 cM longer than male-genetic
map, with an average female-to-male ratio of 1.4:1. The ratio varied by linkage groups,
ranging from 0.96 in LG6 to 2.06 in LG18 (Table 8). Large differences of recombination
rate were also observed in LG2 and LG23 with the recombination ratios of female to male

greater than 1.6.

Table 8. Summary of the sex-specific linkage map of channel catfish.

Female-specific map Male-specific map
Linkage F:M
Unique  Genetic Marker Unique  Genetic = Marker
group ratio
positions  length  interval positions  length  interval

1 880 150.398 0.17 764 96.932 0.13 1.55
2 914 128.927 0.14 576 80.311 0.14 1.61
3 1,005 167.41 0.17 797 107.838 0.14 1.55
4 798 133.264 0.17 608 94.902 0.16 1.4
5 797 107.165 0.13 564 76.823 0.14 1.39
6 1,020 147.84 0.14 1,088 154.592 0.14 0.96
7 593 98.666 0.17 515 69.364 0.13 1.42
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Figure 10. Illustration of female-specific linkage map
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Figure 10. Illustration of male-specific linkage map

Integration and validation with whole genome sequence contigs

The genetic map anchored 1,546 out of 9,974 whole-genome sequencing scaffolds
(Liu et al., 2016), corresponding to 766 Mb (97.8%) of the total 783 Mb. Compared with
the recently generated reference genome sequence, a total of 5.7 Mb from 950 previously
unmapped scaffolds were successful anchored to their corresponding positions (Figurell).
Additionally, 15 transcripts generated from de novo transcriptome assembly and 245
previously unmapped BAC-based physical contigs were also placed onto the linkage map.

The positons of these contigs were illustrated in Figure 11.
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As shown in Figure 11, mild to strong localized specific recombination pattern were
observed in each linkage group. The recombination rates were usually elevated towards the
ends and decreased in the middle of the chromosome. Stacked markers that located in
regions of strong linkage disequilibrium were observed in each linkage group, especially

in positions close to the centromeres rather than to the telomeres.
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Figure 11. Concordance of SNP marker positions on reference sequence with those

on genetic linkage map. The x-axis represents the markers physical position (Mb), the Y-
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axis represents the marker’s position on the linkage map (cM). Markers in blue were from

previously mapped scaffolds, markers in orange were from previously unmapped contigs.

Discussion

In the present work, we constructed a high-density genetic map for channel catfish
by using four reference families with a total of 466 individuals. This map possesses the
highest marker density among all the genetic linkage maps constructed for aquaculture
species. Taking advantage of the catfish 690K SNP array, we were able to efficiently
genotype large number of samples for genetic linkage mapping. Such a high-density
linkage map should be valuable resource for analysis and fine scale QTL mapping in catfish.

A large number of stacked markers were observed in the linkage map, reflecting
the lack of recombination among these markers during meiosis. The only way to increase
resolution power is to increase the sample sizes of the reference population (individuals of
the reference families). While that can be done, the primary limitation is the cost. Each
690K array cost over $150, and 1,000 samples would cost $150,000, without considering
all other cost including fish production, culture, sampling, DNA preparation, and
genotyping. Due to the presence of genotyping error and missing values, genetic mapping
with these closely linked markers greatly increase the computation burden and usually
introduce an overestimated genetic sizes. In our study, the total genetic distance and error
estimate dramatically reduced when we filtered the stacked SNPs. Genotyping errors in
duplicate markers could also deform the marker orders, which can cause more severe
problems compared with the inflation of genetic distances. To reduce the effect of clustered
markers on the map construction and reduce the computing burden, we selected one

representative marker to anchor the clusters. After the marker order is settled, the
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duplicated markers were then rejoined into the linkage group. This procedure rescued the
informative markers onto the linkage maps based on the positions of their representative
anchor marker. Such clustered markers were still valuable to organize the scaffolds to
chromosomes using the reference genome sequence.

By integration the genetic map and the reference genome sequence, the patterns of
recombination across the whole chromosomes could be determined. Most often, the regions
with strong linkage disequilibrium were distributed close the centromeres on the
chromosomes, which was in concordance with the previously studies in catfish (Liu et al.,
2003; Li et al., 2015), as well as other aquaculture species, such as tilapia (Kocher et al.,
1998), medaka (Naruse et al., 2000), Atlantic salmon (Lorenz et al., 2010), rainbow trout
(Sakamoto et al., 2000). Although the ultimate mechanism is still elusive, increasing
evidence supported the notion that multiple functional sequence motifs were involved in
the recombination regulation (Ross et al. 2015). With the available of channel catfish
reference genome, the next step of our study is to identify the sequence features within the
recombination “hot zones”.

Recombination rate in females was 1.4-fold higher than that in males, which was
consistent with previously studies in channel catfish (Kucuktas et al., 2009; Li et al., 2015).
This phenomenon was usually observed in species with dissimilar sex chromosomes, with
larger recombination rate in homogametic sex than in heterogametic sex, such as mice
(Lynn et al. 2005), zebrafish (Singer etal., 2002), Atlantic salmon (Lien et al. 2011),
rainbow trout (Sakamoto et al. 2000), European seabass (Chistiakov et al. 2005), silver
carp (Guo et al. 2013), and grass carp (Xu et al., 2010). Hypothesis toward the sexual

dimorphism in recombination fraction is that sex chromosomes in homogametic sex is

55



equal in size, therefore, recombination is more likely to occur. However, this does not seem
to be true for channel catfish. Interestingly, our results showed that recombination rate of
LG4, which corresponds to the sex chromosome, is similar to that of other linkage groups,
perhaps with the exception of the sex determination region. This suggested that other
factors such as male-specific selection (Mank 2009) or chromatin differences may account
for this difference (Makova and Hardison 2015).

The high-density genetic map can be a useful resource for genetic and genomic
studies. By integrating it with the reference genome assembly, a total of 5.6 Mb from 950
previously unmapped contigs were successful anchored to their corresponding positions.
In addition, 15 transcripts generated from de novo transcriptome assembly and 245
previously unmapped BAC-based physical contigs were also placed onto the linkage map.
This is a great improvement on integration of the linkage map and the reference genome
sequence, which is useful for further genomic studies, QTL analysis, and whole genome-

based selection.
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