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3.1
Introduction

Catfish is the major aquaculture species in the United
States, accounting for more than 60% of all US aqua-
culture production. Its global importance is increas-
ing as several countries in Asia, such as China and
Vietnam, are now heavily involved in catfish aquacul-
ture. Of the cultured catfish in the US, channel catfish
(Ictalurus punctatus) is the major cultured species.
However, a closely related species, blue catfish (I. fur-
catus) is also important because of its ability to pro-
duce hybrid catfish with channel catfish. In addition,
a number of characteristics of blue catfish make it
a highly useful model for genome research.

Channel catfish belongs to the phylum Craniata,
class Actinopterygii, order Siluriformes, family Ic-
taluridae, and genus Ictalurus. It belongs to a gen-
eral group referred to as catfish, i.e., a group of fishes
with smooth skin, large flat heads, and long barbels
near the mouth. Like the carps, this group of fishes is
hardy such that they are more adaptable for artificial
spawning, handling, and culture. They have all the
characteristics necessary for aquaculture, e.g., easy to
produce seeds, ability to manipulate spawning (in-
cluding artificial), easy to culture, high tolerance to
low dissolved oxygen, and efficient feed conversion.
Catfish is particularly adaptable for western lifestyles
because it lacks small bones and can therefore be pro-
cessed into fillets on an industrial scale.

Catfish culture consisted of only sporadic activi-
ties before the 1970s in the United States. Starting in
the 1960s, a group of scientists at Auburn University,
led by Homer Scott Swingle, started pond culture of
channel catfish. Research conducted at Auburn Uni-

versity and elsewhere optimized pond design, aera-
tion, nutrition, feeding strategies, hatchery produc-
tion, and disease management, allowing catfish to
become a significant national aquaculture industry
in the United States. The industry took off in the
early 1980s and has been steadily growing since then
(Fig. 1). In 2006, catfish production reached 700 mil-
lion pounds, becoming one of the fastest growing sec-
tors in American agribusiness.

The major catfish cultured in the US is channel
catfish. However, the closely related blue catfish is
quite important, not only for research, but also for
production. Channel catfish and blue catfish exhibit
different phenotypes for important production and
performance traits. Channel catfish is superior to
blue catfish in growth rate, resistance to columnaris
disease, and perhaps feed conversion efficiency since
that has been found to correlate with growth rate.
Blue catfish is more resistant than channel catfish to
the most serious bacterial disease, enteric septicemia

Fig. 1 Catfish is the major aquaculture species in the United
States CE
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of catfish (ESC) caused by Edwardsiella ictaluri. The
bacterial pathogen can infect blue catfish in nature,
but the incidence rate is much lower. Blue catfish also
has a smaller head and a more uniform body shape,
making it more adaptable to processing machines
to provide a greater fillet yield than channel catfish.
Blue catfish stays higher in the water column, making
it easier to harvest by seining. One way of exploiting
these desirable traits from blue catfish is through the
use of an interspecific hybrid catfish. The other way is
to introgress the beneficial genes into channel catfish
to develop synthetic breeds.

Channel catfish female × blue catfish male inter-
specific hybrid catfish are superior to either parent
in most production and performance traits. Experi-
ments conducted at Auburn University using various
combinations of hybrid catfish production involving
channel catfish, blue catfish, white catfish, and flat-
head catfish demonstrated that only the female chan-
nel catfish × blue catfish male hybrid results in het-
erosis or hybrid vigor. All other hybrids produced
by crossing channel catfish with any other tested ic-
talurid catfishes, or combinations of any other mating
scheme, including the reciprocal hybrid of blue cat-
fish female × channel catfish male produced hybrids
that performed worse than channel catfish and, there-
fore, do not have any application values. The channel
catfish female × blue catfish male interspecific hy-
brid catfish, however, is better in almost all important
traits. It grows faster, has a more aggressive feeding
behavior, exhibits a greater feed conversion efficiency,
is more resistant to major bacterial diseases, is easier
to harvest, and provides a greater fillet yield. Wide
commercial application of the hybrid catfish could
revolutionize the catfish industry. However, mass pro-
duction of the hybrid seeds is still difficult. Due to re-
productive isolation, artificial spawning must be con-
ducted to produce the hybrid catfish fingerlings. In
addition, the fertilization rate and hatching rate of the
hybrid catfish is significantly lower than the natural
spawning of channel catfish. Research is needed to
figure out ways to mass produce the hybrid catfish
fingerlings to provide sufficient sources of seed stocks
for the catfish industry.

Domestic channel and blue catfish exhibit sig-
nificant phenotypic and genetic variation for eco-
nomic traits such as disease resistance, growth rate,
feed conversion efficiency (found highly correlated
with growth), environmental stress tolerance, carcass

yield, seinability, and reproduction (Dunham et al.
1982, 1983, 1984, 1985, 1987a, b, 1990, 1992, 1993a,
1993b; Dunham and Smitherman 1983a, b, 1984, 1987;
Bondari 1984; Hallerman et al. 1986; Cadieu 1993;
Wolters and Johnson 1994; Dunham 1996; Wolters
et al. 1996). Auburn University established an ongoing
catfish genetics research program in 1969 to evaluate
traditional selective breeding and molecular genet-
ics for improving these quantitative traits. Growth
rate and feed conversion efficiency have been im-
proved by as much as 50% through selection (Bondari
1983; Dunham and Smitherman 1983a, 1987; Rezk
1993; Padi 1995), intraspecific crossbreeding (Bondari
1983, 1984; Dunham and Smitherman 1983b), inter-
specific hybridization (Dunham et al. 1990; Ramboux
1990; Dunham 1996), and genetic engineering (Dun-
ham et al. 1992; Dunham 1996). Disease resistance
has been improved primarily through interspecific hy-
bridization (Plumb and Chappell 1978; Dunham et al.
1990, 2000; Dunham 1996; Wolters et al. 1996; Argue
et al. 2003), intraspecific crossbreeding (Plumb et al.
1975), and strain selection (Dunham and Smither-
man 1984; Wolters and Johnson 1994). Tolerance to
low oxygen was improved primarily by interspecific
hybridization (Dunham et al. 1983). Seinability can
be improved by interspecific hybridization (Dunham
1996) and strain selection (Chappell 1979), and car-
cass yield by strain selection (Dunham et al. 1984),
hybridization (Dunham 1996; Dunham et al. 2000; Ar-
gue et al. 2003), and indirect selection (Dunham et al.
1985; Rezk 1993). Heritabilities and genetic correla-
tions have been calculated (Patino 1986; Cadieu 1993;
Dunham et al. 2000; Argue et al. 2003).

It is widely recognized that aquaculture must grow
rapidly to become an alternative seafood source to
the world’s collapsing fisheries. It is also clear that
improved brood stocks must be developed to over-
come the major biological and production hurdles
blocking the development of an intensive, reliable,
cost-effective, and sustainable aquaculture industry.
The greatest obstacle to the catfish industry is the
disease problems related to intensive aquaculture. In
fact, a recent survey performed by the Auburn Uni-
versity Extension System indicated that all the partici-
pating catfish farmers listed disease problems as their
top concern (John Jensen unpublished). “To keep my
fish alive” is the greatest wish of catfish farmers. Dis-
eases are the primary cause of losses of all operations
(NAHMS 1997). The catfish industry suffers an annual

CE
5 The scale should read “Million Pounds”, not “Million Ponds”
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loss of more than $100 million due to diseases. Other
hurdles include low profit margins to catfish produc-
ers due to high levels of spending on feeds and the
reduction of environmental stresses.

Genetic improvement of catfish is a proven
method of addressing these problems. Previous
research in selective breeding and molecular genetics
has resulted in genetically improved catfish (Dunham
and Smitherman 1983a, b, 1987; Dunham et al. 1990,
1992; Dunham 1996) and four releases of genetically
improved catfish to the industry. The catfish industry
has reached a new milestone based upon research
with the establishment of the first few viable breeding
companies in the industry within the past 10 years,
as well as the increased use of genetically improved
catfish and breeding principles by catfish farmers
over the past 20 years. An understanding of the
chromosomal location of economic trait loci (ETL)
is required for further improvement in disease
resistance, growth, and carcass yields and other
traits using marker-assisted selection (MAS), genetic
engineering, or introgression of genes from both
channel catfish (Ictalurus punctatus) and blue catfish
(I. furcatus). In many cases, the selected traits could
be counterproductive to one another. For instance,
a recent release of a line referred to as the USDA103,
a genetically improved catfish line with enhanced
growth rate and feeding behavior by USDA-ARS,
has resulted in severe disease occurrence in the
catfish industry, demonstrating that it is important
to not just concentrate on a single trait, but rather to
consider most, if not all, important traits.

In spite of the progress made by traditional selec-
tion programs, further progress is limited by lack of
genome information. The rationale for creating ge-
netic maps of catfish is to increase the efficiency of se-
lection. Breeders wish to find molecular markers cor-
related with genetic loci controlling economic traits
and use these markers to select superior brood stocks
(Waldbieser et al. 2001). Traits such as growth rate are
relatively easy to measure and select using phenotypic
information alone. A genetic map will be more useful
to select fish for traits for which measurement is dif-
ficult or expensive (e.g., disease resistance) or lethal
to brood stocks (e.g., carcass composition). A genetic
map will also be beneficial for introgression of alle-
les into channel catfish from other species with which
hybrid production is feasible, such as blue catfish. In
addition, a gene map would provide a guide to selec-
tion on multiple traits. For instance, fast growth is of-

ten correlated with low reproductive capacity. A gene
map would allow both traits to be mapped such that
brood stocks can be obtained to harbor superior traits
on both growth and reproduction traits.

Catfish genome studies started in the 1980s. How-
ever, due to limitations in technology, very limited
genome characterization was conducted. Channel and
blue catfish both have 29 pairs of chromosomes and
genomic sizes of approximately 1.0×109 bp per hap-
loid genome (LeGrande et al. 1984; Tiersch et al. 1990,
Tiersch and Goudie 1993). The recombination ge-
nomic size is still not well known but is estimated
to be 3,000–4,000 cM. Several studies on linkage anal-
ysis were conducted in early stages of catfish genome
research. Hallerman et al. (1986) found that 9 of 13
polymorphic allozyme loci changed their frequency
in response to selection for growth rate, indicating
these loci were linked with growth trait. Three elec-
trophoretic studies (Dunham and Smitherman 1984;
Hallerman et al. 1986; Carmichael et al. 1992) have
documented extensive genetic variability within and
between blue and channel catfish at 70 isozyme loci.
This genetic variability was first used in gene mapping
to estimate gene–centromere distances for six loci in
gynogenetic channel catfish (Liu et al. 1992) and for
additional polymorphic loci in blue–channel hybrids.
The first Ictalurus linkage group, comprised of loci
coding for glutathione reductase and phosphogluco-
mutase (Morizot et al. 1994), was identified by studies
of segregation in intraspecific channel catfish crosses
and interspecific F1 (channel × blue) × channel cat-
fish backcrosses. Genetic segregation analysis using
allozyme markers demonstrated that the marker in-
heritance from the interspecific hybrid backcrossing
was all normal (Liu et al. 1992; Morizot et al. 1994), as
indicated by karyotype studies (LeGrande et al. 1984).
This early genome-related research paved the way for
large-scale catfish genome research. Here in this chap-
ter, I will summarize the recent progress made in cat-
fish genome research and also briefly introduce the
National Aquaculture Genome Project in the United
States.

3.2
Construction of Genetic Maps

The US National Aquaculture Genome Project
is a part of the National Animal Genome Re-
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search Program (NAGRP). Details of the NAGRP
can be found at http://www.csrees.usda.gov/
nea/animals/in_focus/an_breeding_if_nagrp.html.
The Aquaculture Genome Project was launched
officially in 1997 when the first Aquaculture Genome
Workshop was held in Dartmouth, Massachusetts.
The workshop, organized by Acacia Warren of Tufts
University, marked the start of large-scale aquacul-
ture genomic research. The US aquaculture genome
project was initially established as a regional project
(NE-186), and in 2003 joined the National Animal
Genome Project (NRSP-8). Under the umbrella
of the US National Aquaculture Genome Project,
six species groups are listed: catfish, salmonids,
tilapia, shrimps, oysters, and striped bass. For more
information on the US Aquaculture Genome Project,
visit http://www.animalgenome.org/aquaculture/.
Below, I will summarize research progress in catfish
genomics.

3.2.1
Development and Evaluation
of Molecular Markers

Facing a genome about which there was little informa-
tion available, our first task was to develop molecular
markers for marking the catfish genome. The initial
effort in catfish genomics was devoted to the devel-
opment of polymorphic markers and evaluation of
their applications in catfish. Because we did not have
any previous knowledge, we first evaluated marker
systems which required no prior molecular informa-
tion. Random amplified polymorphic DNA (RAPD)
and amplified fragment length polymorphism (AFLP)
markers do not require any specific probes or se-
quence information. They are applicable to species
where there is no known information. Therefore, they
were adoptable to catfish. RAPD polymorphisms were
abundant using the channel catfish × blue catfish
hybrid system but were relatively infrequent among
channel catfish (Liu et al. 1998a). A total of 142 primers
were tested for their application in genetic studies of
catfish (Liu et al. 1999a). RAPD markers were highly
useful for hybrid identification in catfish but were not
most suitable to genome mapping because of their
relatively low reproducibility.

AFLP is similar to RAPD in its inheritance as dom-
inant markers (Liu et al. 1998b). However, several fea-

tures of AFLP make it one of the most preferred mark-
ers in catfish. First, it is a highly robust marker sys-
tem, allowing multi-locus analysis to be conducted
in a single analysis. Second, polymorphism rates are
high, especially for analyses using the channel catfish
× blue catfish hybrid resource families. In contrast
to the low reproducibility of RAPD, AFLP is highly
reliable. More than 3,000 polymorphic AFLPs were
identified using 64 primer combinations (Liu et al.
1999b). AFLP markers were not only very useful for
genome mapping in catfish (Liu et al. 2003), but also
highly useful for population studies (Mickett et al.
2003; Simmons et al. 2006).

As progress was made in catfish genomics,
microsatellite markers were demanded. Microsatel-
lites are very useful markers in catfish. Their major
strengths lie in their high polymorphism, codominant
inheritance, high abundance, even distribution in the
genome, and small locus sizes facilitating genotyping
using PCR. Their major drawback is the cost and
effort involved in the development of the markers.
Like RAPD and AFLP, most microsatellites are type
II markers that prohibit information communication
among different species through the evolutionary
spectrum. Several hundred microsatellite markers
were developed in catfish through microsatellite-
enriched libraries and analysis of expressed sequence
tags (ESTs) (Waldbieser and Bosworth 1997; Liu et al.
1999c, 2001a; Tan et al. 1999; Karsi et al. 2002a; Ko-
cabas et al. 2002b). Very recently, several thousands
of microsatellites have been identified from BAC end
sequences (Xu et al. 2006).

3.2.2
Development of Type I Markers

One of the lessons learned from the initial efforts
of catfish genomics is that not enough attention was
paid to the development of type I markers. Type I
markers are associated with known genes. Like type
II markers, type I markers are useful for genetic link-
age and QTL mapping. However, additional benefits
of being able to conduct comparative genome map-
ping, to study genome evolution, to allow interspecies
information exchange, and to enhance interlabora-
tory communications can only be offered by type I
markers. Three approaches have been taken to de-
velop type I markers in catfish. The first approach
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was to identify microsatellites within cDNAs through
bioinformatic mining of microsatellites from EST se-
quences (Serapion et al. 2004a). While the coding re-
gions of these genes allow us to identify the sequences,
microsatellites offer high polymorphism to the se-
quences. Polymorphic microsatellites within genes
of known functions make highly informative type I
markers. It appears that catfish ESTs are rich in mi-
crosatellites. About 9% of ESTs deposited in GenBank
contain microsatellites, twice the rate of zebrafish and
seven times the rate in mammals (Liu 2003).

The second approach was to identify single nu-
cleotide polymorphisms among expressed sequences
for expressed single nucleotide polymorphisms (eS-
NPs). In this effort, we have taken advantage of the
channel catfish × blue catfish interspecific hybrid sys-
tem. Comparative analysis of expressed sequence tags
(ESTs) has proven to be a very effective way for devel-
opment of type I SNPs. He et al. (2004) analyzed a to-
tal of 86,603 bases from 159 genes, of which 63,537 bp
were analyzed from 131 known genes. Among the 131
known genes, a total of 840 eSNPs were identified, i.e.,
1.32 eSNP per 100 bp of known genes. The vast ma-
jority of the genes harbor at least one SNP between
channel catfish and blue catfish.

The third approach is to identify microsatellites
within introns. Catfish introns are rich in microsatel-
lite sequences. PCR primers were designed from ad-
jacent exons of selected genes. The intron sequences
were amplified and sequenced for the existence of
microsatellites (Serapion et al. 2004b) or length poly-
morphism. It appears that this approach is also effec-
tive for the development of type I markers in catfish.
Among the three approaches, the largest effort to date
is being devoted to the first approach. A recent EST
project sequenced more than 20,000 more channel cat-
fish ESTs and more than 10,000 blue catfish ESTs (Li
et al. 2007). Bioinformatic mining of microsatellites
from these ESTs allowed the identification of several
thousands of EST-derived microsatellites.

In spite of the importance of type I microsatellites,
it is clear that SNPs will soon serve as the predomi-
nant marker type because of their high abundance.
With the recent EST project conducted at the Joint
Genome Institute, 400,000 channel catfish ESTs will
be produced, and 200,000 blue catfish ESTs will be
produced. These resources will allow the identifica-
tion of a large number of SNPs. Obviously, once the
whole genome sequence is produced, SNP markers

will play an even greater role in genome studies of
catfish.

Recent progress in sequencing the ends of bac-
terial artificial chromosome (BAC) clones (Xu et al.
2006) has also generated many microsatellite mark-
ers that can be used not only for genome mapping of
catfish, but also for integration of the genetic linkage
maps based on meiosis and the BAC-based physical
map (Xu et al. 2007). By assigning a common set of
markers to both BACs and to the meiotic map, the two
maps are merged together, providing greater resolu-
tion.

3.2.3
Resource Families and Linkage Maps

Linkage maps of catfish were constructed using both
interspecific hybrid resource families (Liu et al. 2003)
and intraspecific channel catfish resource families
(Waldbieser et al. 2001). Each of the two mapping pop-
ulations has its own advantages. By using the channel
catfish intraspecific resource families, recombination
frequency is more natural, and thus the genetic dis-
tances between markers are not distorted. Practical
objectives of the map may be toward fine-mapping
of performance traits showing variation among vari-
ous strains/lines of channel catfish. A genetic linkage
map has been constructed using the channel catfish
resource families. To date, some 270 microsatellites
have been mapped in 32 linkage groups (Waldbieser
et al. 2001). In contrast, the use of the interspecific
hybrid resource families allows exploitation of an ex-
perimental system where maximum polymorphism
can be created for markers of various kinds. In this
regard, most markers should be species markers, and
thus data is most likely transferable among different
interspecific resource families.

Because of the high polymorphism between the
channel catfish and blue catfish, the hybrid system
should allow mapping of various markers, such as
RAPD, AFLP, microsatellites, and SNP markers. The
practical objectives of using the interspecific hy-
brid system are to construct synthetic catfish breeds
through introgression. As mentioned above, while
channel catfish are different from and superior to blue
catfish in growth rate, feed conversion efficiency, and
resistance to columnaris disease (caused by Flavobac-
terium columnare, the most common bacterial disease
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in catfish), blue catfish are different from and superior
to channel catfish in resistance to enteric septicemia
of catfish (ESC, the most severe bacterial disease in
catfish), harvestability, and processing yield. This in-
terspecific system, therefore, provides a model system
for analysis of major QTLs involved in disease resis-
tance and disease defenses.

3.2.4
A Summary of the Linkage Map

A genetic linkage map has been constructed using the
interspecific hybrid resource families. A total of 418
AFLP markers have been mapped to 44 linkage groups
(Liu et al. 2003). Another genetic linkage map was
constructed using microsatellite markers (Waldbieser
et al. 2001) using the intraspecific resource families.
In this linkage map, a total of 293 microsatellites were
mapped in 35 linkage groups.

A key demand of catfish genetic mapping is the
construction of a gene-based linkage map. To that
end, more than 300 type-I microsatellite markers have
been genotyped in the interspecific resource family.
This gene-based linkage map will serve as the base for
comparative genome analysis.

A second demand of catfish genetic mapping is
the integration of the various genetic maps. Genotyp-
ing the same markers across multiple resource fami-
lies should allow integration of the maps and provide
higher map resolution. Besides, it should be inter-
esting to compare maps constructed using different
resource families.

3.3
QTL Mapping and Identification
of Candidate Genes

Catfish offer unique advantages for analysis of QTLs.
Thousands of individuals can be produced per spawn.
The use of large full-sib families for analysis of quanti-
tative traits should minimize any variation due to the
use of different families. However, phenotypic evalua-
tions of aquatic animals can be challenging. Marking
fish is often difficult and intrusive and causes wound-
ing or stress of fish that interferes with phenotypic
evaluations and measurements. For instance, labeling

fish, no matter whether it is heat branding or PIT tag-
ging, often leads to wounding that may stress the fish
and result in infections by bacterial pathogens. Traits
important for aquaculture include growth rate, feed
conversion efficiency, disease resistance, body con-
formation and processing yield, meat quality, stress
response, tolerance to low dissolved oxygen, and toler-
ance to low water quality. Feed conversion efficiency
is very important, because feed accounts for more
than 50% of the variable production costs. Diseases
can cause up to 30% of annual losses. Under intensive
aquaculture conditions, disease problems have been
one of the top concerns of catfish producers. Faster
growth means shortening of culture period, thereby
reducing cost of production.

Selective genotyping is a very effective approach
for initial QTL analysis in catfish. Because families are
large, phenotypic extremes can be selected for geno-
typing. For certain markers such as SNPs, selective
genotyping coupled with pooling of DNA samples has
proven to be very efficient for initial identification of
markers linked to performance traits. To date, three
markers have been tentatively linked to feed conver-
sion efficiency, and several markers are being eval-
uated for their linkage with resistance to ESC (e.g.,
Fig. 2). QTL projects are ongoing at Auburn Univer-
sity. Our most important objective is to identify DNA
markers linked to disease resistance. The interspe-
cific hybrid system is currently being used for the
assessment of major genes affecting resistance to ESC
disease.

3.4
Landscape of the Catfish Genome

An understanding of the basic genomic landscape
is very important for decision making related to
marker development, linkage mapping, physical
mapping, and whole-genome sequence assembly.
In this regard, we have given major attention to
identifying repetitive elements in the catfish genome.
Our recent BAC-end sequencing experiments suggest
that about 10% of sequences in the catfish genome
are highly repetitive. By using the Repeatmasker
web server (http://www.repeatmasker.org/cgi-
bin/WEBRepeatMasker) and the zebrafish repeat
database, about 8% of the catfish sequences were
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Fig. 2 Putative microsatellite markers asso-
ciated with feed conversion efficiency. Shown
on the left are the best performers and on
the right are worst performers of feed con-
version. Note the great differences in allele
usages. Marker names are marked on the left
margin

Fig. 3 Southern blot analysis of the Xba elements revealed its
head-to-tail tandem arrangements. Lanes 1–6, catfish genomic
DNA was digested with incremental amount of XbaI endonu-
clease, generating a ladder of monomer, dimmer, trimer, etc.
Lane 7, negative control, and lane 8, molecular weight marker

masked. Additional use of Fugu repeat databases
allowed masking of another 2% of the catfish
sequences. The largest group of the repeats contains
transposons accounting for approximately 4% of the
catfish genome. Simple sequence repeats also account
for a significant amount of the catfish repeats in the
genome (Xu et al. 2006).

Several repetitive elements have been identified
and characterized in catfish. The Xba elements are
highly repetitive, accounting for about 5% of the cat-
fish genome. This element was initially identified by
the observation of prominent bands after catfish ge-
nomic DNA was digested with restriction endonu-
clease XbaI. Sequencing analysis revealed that it is
about 330 bp in size and highly A/T-rich. Further
analysis using Southern blot hybridization indicated

that the XbaI element was arranged in head-to-tail
arrays because incremental amounts of the restric-
tion enzyme led to the generation of a ladder-like
pattern representing monomers, dimers, trimers, etc.
(Fig. 3). These elements appeared to be specific only
for channel catfish and blue catfish but were not in
the genomes of several other ictalurid catfishes (Liu
et al. 1998c). Fluorescent in situ hybridization (FISH)
experiments suggest that these elements are located in
the centromeric regions of the catfish chromosomes
(Quiniou et al. 2005).

The second major class of repetitive elements
identified from catfish was the Tc1-like transposons.
Several families of Tc1-like transposon elements have
been identified by PCR using a single primer designed
from the inverted repeats. Three of these families have
been characterized. The largest Tc1-like element, re-
ferred to as Tip1, is 1.6 kb in size, representing the
full-length Tc1-like elements. They are highly similar
to those identified from zebrafish and other teleosts
(Radice et al. 1994; Izsvak et al. 1995; Liu and Li 2003).
The second family of Tc1-like elements identified from
catfish, referred to as Tip2, was 1.0 kb in size. They
represent the deleted forms of Tc1-like elements. Se-
quence comparison of the Tip2 with known Tc1-like
elements from various organisms indicated that they
are more similar to Tc1-like elements from inverte-
brates than to those from vertebrates, especially when
the functional domains were considered. The third
family of Tc1-like elements is non-autonomous Tc1-
like elements, referred to as Tipnon (Liu et al. 1999e).
They include inverted repeats that share a sequence
identity with the Tc1-like elements but do not have any
sequences homologous to the transposase gene. They
are very small with a size of about 530 bp. However,
Tipnon is highly abundant with about 32,000 copies
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accounting for about 1.6% of the catfish genome. Most
of the Tc1 elements appear to exist as short remnants
of the transposon. Further analysis through large-
scale EST sequencing suggested that a significant frac-
tion (0.6%) of the entire transcriptome contains Tc1-
related sequences in both the natural and antisense
orientations (Nandi et al. 2007).

In addition to the Xba elements and the Tc1-like el-
ements, the Mermaid and Merman short interspersed
elements (SINE) were also identified and character-
ized in catfish. About 9,000 copies of Mermaid and
1,200 copies of Merman exist in the channel catfish
genome. They were so named because of their coex-
istence (Kim et al. 2000).

3.5
BAC Libraries and Physical Mapping

Development of genomic resources and technology in
catfish has been a major focus in the last few years. To
date, one genomic λ-DNA library has been made (Kim
et al. 2000; Kocabas et al. 2002a). Two large insert BAC
libraries have been made (Quiniou et al. 2003; Wang
et al. 2007). The two libraries were constructed using
different restriction enzymes EcoR1 and Hind III, and
should be useful to complement each other for gap
filling.

BAC contig-based physical maps have been con-
structed in catfish (Xu et al. 2007; Quiniou et al. 2007).
One physical map was constructed using BAC library
CHORI 212, and the other using CCBL1 BAC library.
With the CHORI 212 BAC library, fingerprints of
40,000 BAC clones (6.5× genome coverage) were pro-
cessed, generating 34,580 BAC clones (5.6× genome
coverage) for the fingerprinted contig (FPC) assembly
of the BAC contigs. A total of 3,307 contigs were assem-
bled. Each contig contains an average of 9.25 clones
with an average size of 292 kb. The combined contig
size for all contigs was 0.965 Gb, approximately the
genome size of the channel catfish. The reliability of
the contig assembly was assessed by both hybridiza-
tion of gene probes to BAC clones contained in the
fingerprinted assembly and validation of randomly
selected contigs using overgo probes designed from
BAC end sequences (Xu et al. 2007). With the CCBL1
BAC library, 46,548 BAC clones were fingerprinted and
assembled into 1,782 contigs and covered an estimated

physical length of 0.93 Gb (Quiniou et al. 2007). The
use of gynogenetic catfish DNA for the construction of
the CCBL1 BAC library allowed cloning of nearly com-
pletely homozygous DNA into the CCBL1 library, pro-
viding advantages for physical mapping. These phys-
ical maps should greatly enhance genome research in
the catfish, particularly aiding in the identification of
genomic regions containing genes underlying impor-
tant performance traits. These genome resources lay
solid ground for whole genome sequencing in catfish.

The successful sequencing of the human and
mouse genomes stirred up a wave of excitement in
genome biology. As a result, and partly also due to
advances in sequencing technology, sequencing the
entire genomes of vertebrate species is no longer an
overwhelming challenge. Currently, whole-genome
sequencing has been completed or is being completed
for a number of vertebrate animals, including cattle,
pigs, chickens, and several species of fish, such as the
zebrafish, Danio rerio, Takifugu rubripes, Tetraodon
nigroviridis, and medaka. In addition, the NIH an-
nounced the whole genome sequencing for tilapia –
the first aquaculture species. The availability of these
genomic sequences will make it possible to trace ge-
nomic differences related to functional differences
and evolution and fundamentally understand the ge-
netic elements determining expression and function.

For the most efficient whole-genome sequencing,
the ideal situation is to avoid repeated sequencing of
overlapping regions, but also to cover all gaps such
that the sequence of the entire genome can be as-
sembled. Three paradigms have been used for select-
ing minimally overlapping clones for sequencing. The
first is a map-based approach in which fingerprints of
clone pairs that appear to have minimum levels of
overlapping are picked. This approach was used by
the C. elegans project and on human chromosomes
1, 6, 20, 22, and X. This approach works well, except
that the average overlaps were found to be signifi-
cant (47.5 kb). If the fingerprinting is conducted by
four-color fluorescence-based labeling, this situation
probably could be improved, but such a prediction is
yet to be proved.

The second approach is based on sequence-tagged
connectors using BAC-end sequences (Venter et al.
1996). This approach alleviated the problem of large
overlapping regions, but the risk of false positives is
high. The third approach is a hybrid of the first two
approaches and has been used in various sequencing
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projects such as Arabidopsis and Drosophila. By exam-
ining both the overlapping fragments and the over-
lapping sequences, this approach has been both effi-
cient and reliable. However, many genome resources
must be developed to prepare a species for effective
whole-genome sequencing. Among many resources,
large-insert BAC libraries are crucially important be-
cause of their capacity to serve as the basis for phys-
ical mapping as well as for the standard clone sets
for high-throughput genomic sequencing (Tomkins
et al. 2001; Osoegawa et al. 2000, 2003). The BAC-
end sequencing (BES), or sequence-tagged connector
(STC), approach has proven to be an effective strat-
egy for large-scale sequencing (Venter et al. 1996).
This approach involves sequencing the ends of BAC
inserts to scatter sequence tags randomly across the
genome (Mahairas et al. 1999). Once any BAC or other
large segment of DNA is sequenced to completion
by conventional shotgun approaches, the STCs can
be used to identify a minimum tiling path of BAC
clones overlapping the nucleation sequence for se-
quence extension (Siegel et al. 1999; Chen et al. 2004),
thereby greatly reducing redundant sequencing. BES
is also useful for confirming genome assembly and
for obtaining a non-biased sample of the genome
for the purpose of analysis for gene contents, sta-
tus of repetitive elements, and simple sequence re-
peats (Larkin et al. 2003; Winter et al. 2003). Thus,
production of a BAC-based physical map and BAC-
end sequences in channel catfish should lay the sci-
entific foundation for sequencing the whole genome
of this species. Although other methods have been
used to generate contigs for targeted comparative
sequencing, large-scale BAC-end sequencing is cur-
rently the most efficient strategy for building whole-
genome comparatively anchored physical maps in
map-poor species (Larkin et al. 2003) such as cat-
fish.

Recently, we have sequenced 25,000 BAC ends,
generating almost 50,000 BESs. This project produced
more than 27 million base pairs of genomic sequences,
representing approximately 3% of the catfish genome,
allowing, for the first time in catfish, a look at gene
content, repeat structure and arrangements, and con-
served syntenies. The BAC-end sequences are equiv-
alent to one BES every 20 kb, providing a valuable
resource toward whole-genome sequencing of catfish.
Furthermore, many genes and microsatellites were
assigned to BACs, allowing them to be used for in-

tegration of the physical map with linkage maps. We
also confirmed conserved syntenies using overgo hy-
bridization, demonstrating the value of the draft ze-
brafish genome sequence to catfish research. Once
BAC-based contigs are produced, this BES resource
will allow integration of the maps, development of
regional markers for fine QTL mapping, and large-
scale comparative genome analysis. Such resources,
therefore, are important for genetic analysis of per-
formance traits important to aquaculture, whether or
not the catfish genome will be sequenced in the near
future.

3.6
EST Analysis
and Transcriptome Analysis

Twenty-one cDNA libraries have been made from
channel catfish, including 15 cDNA libraries made
from various channel catfish tissues and six cDNA li-
braries made from cultured cell lines. Tissues used
for construction of the cDNA libraries include head
kidney (anterior kidney), spleen, skin, liver, brain,
stomach, intestine, ovary, gill, muscle, testis, pitu-
itary, olfactory tissue, and trunk kidney (posterior
kidney). Fourteen of the 15 cDNA libraries were made
in the pSport-1 vector (Life Technologies, MD), and
one was made in the lambda Unizap cloning vec-
tor (Stratagene, CA). In consideration of their uses
for the identification of SNPs, tissues from 15 fishes
were used; as genomic resources to include potentially
most, if not all, transcripts for the study of disease-
related genes, tissues were collected from both healthy
and infected fishes at various times after infection
(Li et al. 2007). The six cDNA libraries from the
cultured cell lines of channel catfish were from the
catfish autonomous (immortal) B cell line, the cat-
fish autonomous (immortal) T cell line, one-week-
old catfish mixed leukocyte culture, the catfish au-
tonomous (immortal) macrophage cell line, and the
catfish nonautonomous (mortal) cytotoxic T cell lines
(http://morag.umsmed.edu/libraries/index.html).

Six cDNA libraries were also constructed from
blue catfish using tissues of head kidney, spleen, liver,
gill, skin, and heart. These cDNA libraries were used
to conduct comparative analysis of ESTs between the
channel catfish and blue catfish for the identification



u
n

c
o
r
r
e
c
t
e
d

p
r
o
o
f

94 Z. Liu

of eSNPs. EST analysis has proven to be one of the most
efficient ways for gene identification, gene expression
profiling, and cataloguing. It also produces resources
for the development of cDNA microarrays. To date,
about 43,000 ESTs from channel catfish and 10,000
from blue catfish have been produced and deposited in
GenBank. The Institute of Genome Research (TIGR)
has constructed a gene index that includes more than
23,000 unique sequences (http://www.tigr.org). This
number will increase, since several more thousands
of ESTs sequenced recently have not been deposited
in GenBank yet.

The majority of cDNA libraries have only been se-
quenced at a low depth (Fig. 4). In order to acquire
a greater coverage of the catfish transcriptome, more
ESTs must be sequenced. In our previous sequencing
experience, the gene discovery rate was quite high.
Our initial sequencing efforts were limited to non-
normalized libraries, including libraries made from
brain (Ju et al. 2000), head kidney (Cao et al. 2001),
skin (Karsi et al. 2002a), and spleen (Kocabas et al.
2002b). On top of these efforts, a recent EST sequenc-
ing project generated 30,000 additional ESTs (Li et al.
2007). In this project, overgo probe hybridization sub-
traction was used to enhance the gene discovery rate.
Overall, the sequencing redundancy rate was below
30%, an excellent rate. In a recent effort attempting
to characterize the entire catfish transcriptome, the
author of this chapter took a lead along with 80 scien-
tists and obtained approval for a large EST sequencing
project by the Joint Genome Institute of the Depart-
ment of Energy. In the project, 300,000 catfish EST
clones will be sequenced from both ends to generate
600,000 ESTs. I believe that through this project, we
should be able to capture the largest proportion of the
catfish transcriptome, and this project will soon be
completed.

One of the major uses of ESTs is to provide techno-
logical resources for the development of microarrays.
The first catfish microarray was a 660 gene channel
catfish (Ictalurus punctatus) cDNA array printed on
nylon and used to identify channel catfish brain genes
responsive to cold acclimation at four time points (0, 2,
24, and 48 h) after a shift from 24 ◦C to 12 ◦C (Ju et al.
2002). Cultured catfish in the US must be able to toler-
ate wide ranges in water temperatures throughout the
year. The findings of this study (e.g., transient induc-
tion of chaperone and signal transduction pathway
genes) provided insight into the genes and molecular

pathways altered in the catfish brain during exposure
to a type of environmental stress that is relevant to the
aquaculture industry (decreased ambient tempera-
ture) (Ju et al. 2002). A comprehensive understanding
of the genes involved in cold acclimation may reveal
suitable targets (e.g., expression biomarkers or SNPs)
for marker-assisted selection (MAS) of cold-resistant
catfish broodstock. A 19 K oligo microarray platform
was developed to identify catfish spleen genes respon-
sive to LPS (Li and Waldbieser, 2006). This study con-
firmed that many immune-relevant genes (e.g,. TLR5,
interferon regulatory factor 1, a chemokine receptor)
responded in LPS-stimulated catfish spleen.

Infectious diseases are among the most serious
threats to the global aquaculture industry. Therefore,
one of the main applications of fish genomic resources
and techniques is to identify genes that may be suit-
able targets for MAS of disease-resistant broodstock.
Channel catfish is the most economically important
aquaculture finfish species in the US, and the im-
mune system and responses of this species are well-
characterized. While channel catfish are relatively sus-
ceptible to E. ictaluri infection, blue catfish are rela-
tively resistant. A 28 K catfish in situ oligo microarray
platform was recently developed, with features repre-
senting all discrete transcripts currently known in I.
punctatus (21 K genes) and I. furcatus (7 K genes). This
is an outstanding genomics platform for comparative
transcriptomic studies aimed at identifying candidate
genes or heritable expression biomarkers of natural
resistance to E. ictaluri. Two studies using the 28 K cat-
fish microarray provide a comprehensive look at the
hepatic gene expression responses of channel catfish
and blue catfish to challenge with E. ictaluri (Peat-
man et al. 2007, 2008). A comparison of the results of
these two microarray studies identifies a suite of 58
genes that responded to the pathogen in blue catfish
but not in channel catfish. This differentially respon-
sive suite included immune-relevant genes such as CC
chemokine SCYA106, MHC class I alpha chain, and
matrix metalloproteinase 13 (MMP13) (Peatman et al.
2007b). These studies identified numerous genes that
potentially play roles in the differential sensitivity of
channel and blue catfish to E. ictaluri, forming a solid
foundation for future functional characterization, ge-
netic mapping, and QTL analysis of immunity-related
genes from catfish (Peatman et al. 2008).

EST analysis allows a brief assessment of tissue ex-
pression of genes. It also allows identification of alter-
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Fig. 4 Catfish libraries and EST sequences produced to date. Sketched areas indicate channel catfish libraries, and dotted areas
indicate blue catfish libraries

native splicing and alternative polyadenylation. Most
importantly, it is probably the most efficient way to
identify polymorphic markers such as EST-associated
microsatellites. In a recent analysis of 43,000 ESTs, we
have identified more than 4,000 EST-associated mi-
crosatellites. Though additional work is still required
for these microsatellites to be used as markers, it is the
first step to the mapping of a large number of type-I
markers.

ESTs also provide the material basis for the study
of gene duplication. Gene duplication is a widespread
phenomenon in teleost fishes. The most popular the-
ory currently states that teleost fish went through
a stage of whole-genome duplication, making them
tetraploid organisms, followed by rapid random gene
losses in various lineages. Such high levels of gene
duplications present many difficulties for aquaculture
genomicists. The availability of ESTs from closely re-
lated species of channel catfish and blue catfish pro-
vide phylogenetic approaches to differentiate if the
genes are orthologous or not. For instance, if a chan-
nel catfish EST is more similar to a blue catfish EST
than another channel catfish EST, it would suggest the
presence of two copies of the related genes in channel
catfish.

3.7
Systematic Characterization of Genes
and/or Full-Length cDNAs

Systematic analysis of complete cDNAs and/or genes
using a genomic approach is part of our genome pro-
gram. While understanding the genome on a large
scale is important, detailed analysis of genes and
their expression is mandatory for the understanding
of gene structure, gene evolution, gene families, or-
thologs versus paralogs, and gene expression in rela-

tion to functions. Additional information concerning
transcript processing can also be obtained regarding
alternative splicing and alternative polyadenylation.
All such information should facilitate comparative
functional genomics.

A set of transcripts involved in a specific metabolic
pathway or a specific process can be obtained sys-
tematically during large-scale EST analysis without
screening for specific cDNAs one by one. After the
initial identification of ESTs representing genes of in-
terest, complete cDNA sequences can be easily ob-
tained and their expression analyzed. Using such an
approach, we have characterized a complete set of all
32 small ribosomal protein cDNAs and a complete set
of all 47 large ribosomal protein cDNAs from chan-
nel catfish (Karsi et al. 2002b; Patterson et al. 2002).
Other genes we have analyzed include myostatin (Ko-
cabas et al. 2002a), gonadotropin (GnRH) alpha sub-
unit (Liu et al. 1997), GnRH beta subunits 1 and 2 (Liu
et al. 2001b), alpha actin gene (Kim et al. 2000), crea-
tine kinase (Liu et al. 2001c), a large number of CC (He
et al. 2004; Bao et al. 2006; Peatman et al. 2005, 2006)
and CXC chemokine genes (Baoprasertkul et al. 2004,
2005; Chen et al. 2005), hepcidin (Bao et al. 2005),
LEAP-2 antimicrobial peptide (Bao et al. 2006), bac-
terial permeability increasing protein (Xu et al. 2005),
three NK-lysin genes (Wang et al. 2005, 2006), a num-
ber of cytokine genes, a number of complement genes,
and a large number of cytochrome P450 genes (Z Liu
unpublished).

The significance of characterizing complete
coding sequences has been realized. NIH started
the mammalian Full-Length cDNA Initiative (http://
grants.nih.gov/grants/guide/rfa-files/RFA-CA-99-005.
html) in 1999 for the purpose of functional and com-
parative genomics. Full-length cDNA databases of
human (http://www.ornl.gov/meetings/wccs/helix.
htm) and mouse (http://www.jsbi.org/journal/GIW99/
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GIW99P34.pdf) cDNAs have also been established in
Japan. While our efforts and resources for the analysis
of full-length cDNAs are limited, our high-quality
cDNA libraries should be a valuable resource for such
purposes.

3.8
Future Perspectives

Efforts in catfish genome research should be en-
hanced. Specifically, I believe the following areas need
to be addressed in the very near future. First, genetic
linkage mapping should be continued. Denser genetic
maps must be constructed for practical usefulness in
breeding programs. QTL mapping efforts should be
increased. With the initial identification of perfor-
mance traits-linked markers, genome regional mark-
ers should be developed for fine-mapping the putative
QTLs. Candidate gene identification using microarray
and other approaches should be conducted in order
to pin down the potential genes involved in impor-
tant QTLs, especially for disease resistance. Integra-
tion of the linkage and physical maps is very important
for the identification of genes underlining production
and performance traits. More importantly, regional
markers can then be developed from adjacent BAC
clones for fine-mapping of QTLs and for the eventual
cloning of economically important genes. In the long
term, the BAC contigs should be useful as the guide for
entire or partial genome sequencing in catfish. Map-
ping of common markers on the physical map and
the linkage maps will also allow integration of vari-
ous maps that will greatly increase the resolution of
catfish maps. Comparative mapping efforts should be
increased. Much information can be obtained by the
comparative mapping.

Benefits of great investment into basic studies us-
ing model species can only be realized by comparative
genomics. This includes the “transfer” of information
from map-rich species to catfish and also comparative
studies among several aquaculture fish species such
as tilapia and salmonids. A large number of type-I
markers are being mapped in catfish. Upon comple-
tion, comparison of the map location of these type-I
markers can be directly compared to those of the hu-
man, cattle, swine, and zebrafish. Coordination and
mapping of the same set of type I markers in other

aquaculture fish species will also allow development
of comparative maps in several other aquaculture
species. In addition, hybridization of a common set of
type-I marker probes to catfish, tilapia, and salmonids
has been planned (TD Kocher, pers. comm.). A di-
rect comparison of their location on the physical map
is also possible using BAC contigs. Gene expression
in relation to function should be studied in a com-
parative way through evolution. While many genetic
mechanisms may have been evolutionarily conserved,
specific mechanisms discovered from catfish should
fill the gap it represents as an important aquaculture
species among the lower teleost fish.

Whole-genome sequencing must be considered
for catfish in the near future. This is mandated by
several realities. Several funding agencies are now
starting to limit their funding to species with en-
tire genome sequences. This would mean a double
penalty on aquaculture species if we do not push
for genome sequencing. First, because of the lack of
genome sequences, we cannot do in silico cloning, in
silico Southern blot, and many other functions avail-
able to species with genome sequences; and second,
the lack of genome sequences certainly does not dis-
qualify anyone for applying for grants to do functional
genome research. Also, the genome research of catfish
has come to a stage where further progress is limited
without the genomic sequences, and advances in se-
quencing technology make it feasible now to carry out
the entire genome sequencing of catfish. At present, it
would take about $10 million to sequence and assem-
ble the catfish genome. Whole-genome sequencing
was not previously even a possibility at this price.

In spite of funding limitations, catfish genome
research has made major advances in recent years.
We expect that as the genome research progresses,
genome information will be applied to selective breed-
ing programs, allowing enhanced broodstock devel-
opment. Along with research from many other fields,
genome research will prove to be the fundamental
basis for a sustainable aquaculture industry.
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