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Abstract

Channel catfish (Ictalurus punctatus) and blue catfish (Ictalurus furcatus) are two
important freshwater aquaculture species in the United States. Interspecific hybridization is an
efficient strategy to enhance production traits. The hybridization between these two species has
resulted in the production of a superior hybrid catfish (Ictalurus punctatus @ > Ictalurus furcatus
), which has proven to be highly advantageous in pond farming and accounted for over 50% of
the total catfish production in the United States. However, this heterosis phenomenon in hybrid
catfish is conditional, and can be affected by cultured the environment. The parental species,
channel catfish, have a dominant growth advantage in the tank rearing environment compared to
blue catfish and hybrid catfish. The molecular mechanism of the environment-dependent heterosis

is of interest and still poorly understood.

To confirm the robustness of environment-dependent heterosis in catfish and pave the way
for investigation of genetic basis, a catfish farming experiment was designed in two rearing
environments and performed for a period exceeding two years. Here, we characterized fitness in
growth and survival in a longitudinal study and revealed environment-dependent heterosis in
catfish. In earthen ponds, F1 hybrids outgrow both parental species due to a 4-month rapid growth
phase in the second year. A bimodal accelerated growth pattern is unique to F1 hybrids in pond

culture environment only. In sharp contrast, the same genetic types cultured in tanks display



outbreeding depression, in which hybrids perform the worst and channel catfish are superior in
growth across development. To the best of our knowledge, our findings represent the first example
of opposite fitness shifts in response to environmental changes in interspecific vertebrate hybrids,
suggesting a broader fitness landscape of F1 hybrids. Future genomic studies based on this
experiment will help to understand the genome-environment interaction in shaping the F1 progeny

fitness in the scenario of environment-dependent heterosis and outbreeding depression.

As one of the parental species for hybrid catfish, the genetic information of blue catfish is
also essential for genomic study. However, transcriptome and methylome studies suffered from
low alignment rates to the channel catfish genome due to divergence, and the genome resources
for blue catfish are not publicly available. Thus, we sequenced the blue catfish using whole-
genome sequencing (WGS). The blue catfish genome assembly is 841.86 Mbp in length with
excellent continuity (8.6 Mbp contig N50, 28.2 Mbp scaffold N50) and completeness (98.6%
Eukaryota and 97.0% Actinopterygii BUSCO). A total of 30,971 protein-coding genes were
predicted, of which 21,781 were supported by RNA-seq evidence. Phylogenomic analyses
revealed that it diverged from channel catfish approximately 9 million years ago with 15.7 million
fixed nucleotide differences. The within-species SNP density is 0.32% between the most
agriculturally important blue catfish strains (D&B and Rio Grande). Gene family analysis
discovered a significant expansion of immune-related families in the blue catfish lineage, which
may contribute to disease resistance in blue catfish. We reported the first high-quality,

chromosome-level assembly of the blue catfish genome, which provides the necessary genomic
iii



tool kit for transcriptome and methylome analysis, SNP discovery and marker-assisted selection,
gene editing, and genome engineering, as well as reproductive enhancement of the blue catfish

and hybrid catfish.

Although differences were observed between the two parental species for the economic
trait such as growth rate and disease resistance, the divergence of the transcriptome across multiple
tissues between these two species is still largely unknown. Using high-throughput RNA
sequencing, we generated transcriptomic resources for the heart, liver, intestine, mucus, and
muscle of these two species. The number of expressed genes across tissues ranged from over
20,000 in the mucus to 5036 in the muscle. Gene Ontology analysis demonstrated the functional
specificity of the differentially expressed genes (DEGS) in respective tissue. Overall, three major
biological process categories were enriched, which are involved in the metabolism pathway,
immune activity, and response to stress. Eight interesting tissue-specific genes were identified,
including Irrc10, fabp2, myog, pthla, hspa9, cyp21a2, agt, and ngtb. This transcriptome resource
will facilitate future studies assessing the molecular mechanism of environment-dependent

heterosis and pave the way for genetic breeding in catfish.

The gene expression in hybrids exhibited greater variability compared to their purebred
parents, which are manifested as transgressive genes and may explain increased phenotypic
variability. Here, phenotypic characterization and transcriptomic analyses were performed for this

study in the channel catfish and blue catfish parents and reciprocal F1s reared in tanks. The results



showed that the channel catfish is superior in growth-related morphometrics, presumably due to
significantly lower innate function, as investigated by reduced lysozyme activity and alternative
complement activity. RNA-seq analysis revealed that genes involved in fatty acid
metabolism/transport are significantly upregulated in channel catfish compared to blue catfish and
hybrids, which also contributes to the growth phenotype. Interestingly, the hybrids have a 40-80%
elevation in blood glucose than the parental species, which can be explained by a phenomenon
called transgressive expression (overexpression/underexpression in F1s than the parental species).
A total of 1,140 transgressive genes were identified in F1 hybrids, indicating that 8.5% of the
transcriptome displayed transgressive expression. Transgressive genes upregulated in F1s are
enriched for glycan degradation function, directly related to the increase in blood glucose level.
This study is the first to explore molecular mechanisms of environment-dependent heterosis in
vertebrate species and sheds light on the regulation and evolution of heterosis vs. hybrid

incompatibility.
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Chapter 1 Introduction
1.1 Problem Statement

The human population will reach 9.6 billion by 2050 [1]. To feed the global population,
food animal production must increase by 60% [2-4], which will intensify the pressure on animal
feed supply [5]. However, both grazing- and crop-land continue to decrease [5]. The proportion of

agricultural land has declined from 63% to 51% in the US from 1949 to 2007 [6].

Aguatic products, including fish, crustaceans, mollusks, and other aquatic animals, account
for ~17% of total animal protein consumed by the global population [7], totaling 395 billion
pounds with a first-sale value of $401 billion [8]. Whereas wild-caught fish continue to decline,
aquaculture is a fast-growing section that represents nearly half (47-53%) of the total aquatic
animal harvest [7]. Therefore, aquaculture is one crucial solution to the discrepancy between

increasing agricultural product needs and continuously decreasing agricultural land supply [9].

In 2016, 86 million pounds of seafood and 547 million pounds of freshwater species were
harvested in the US. This amount is merely 0.2% of the worldwide production, ranking only 16™
with an annual trade deficit of $17 billion in fish products in 2020. Therefore, there is significant
potential and an urgent need to boost US aquaculture production. Catfish is the most important
species in US aquaculture, and catfish farming in Mississippi, Alabama, Arkansas, and Texas
accounts for 70% of the total freshwater production. However, 70% of catfish consumption still

comes from imports.

Catfish production has been on the rise since the 1980s and reached its peak at 300 million

kg in 2003 before dramatically declining. The decrease in production was caused by various factors,

1



such as rising feed and fuel costs, the economic recession, and importation from Asia [10]. The
present production of catfish stands at around 150 million kg, which is only half of the highest
production recorded in 2003. It is noteworthy that Americans are now consuming 500 million kg
of catfish. Therefore, increasing efficiency and regaining this market share would have significant

economic effects on the catfish industry.

1.2 Selective breeding in aquaculture, especially in North America Catfish

Selective breeding is the process of selecting parents with popular traits to mate and
produce offspring with more desirable phenotype traits, which is an efficient way to enhance
production efficiency. Selective breeding in the field of plant production dates back to the early
1900s after the pioneering hybridization experiments conducted by Mendel in 1865 [11]. It was
about 15 years later that the same techniques were employed for terrestrial farm animals [12].
Nowadays, breeding programs have brought about a revolution in the biological efficiency of plant
and livestock production by creating genetically improved seeds and stocks that have high yields.
For example, milk production increased by 67% [13]. Compared to the plant and terrestrial farm
animal industries, aquaculture lags behind in terms of adoption of this technology. Some fish and
shellfish producers still rely on wild stocks or production stocks that have undergone only a few

generations of domestication [14].

The first selection experiments in aquaculture were reported in the 1920s, brook trout were
the first selective breeding species for their reduced susceptibility to furunculosis [15]. During this
time, the selective breeding experiment for common carp was carried out, resulting in the
development of two highly productive strains [16]. In the 1970s, large-scale family-based breeding

programs were first implemented for salmonids, and these programs are now considered as the
2



industry standard for genetic improvement of aquaculture species [17]. Subsequently, selection
programs using sib information have been employed for various aquaculture species worldwide.
The first catfish genetic breeding program was initiated at Auburn University and developed at
various institutions (University of Georgia, Mississippi State University, etc.) in the 1960s [18].
Through these programs, the blue catfish and channel catfish were identified as two suitable
species for commercial aquaculture. The reason why these two species are tough to beat is not only

their great growth performance but also their unique characteristics in disease resistance.

1.2.1 Major diseases in catfish

Bacterial diseases account for the majority of disease-related deaths in the catfish industry.
Among them, enteric septicemia of catfish (ESC), columnaris disease, and motile Aeromonad
Septicemia (MAS) are three major diseases, resulting in huge economic losses in the catfish
industry. ESC is a frequently fatal disease in catfish, and its causative pathogen is Edwardsiella
ictaluri. According to the report in 2009, it caused a loss of 60 million USD annually in the US
[19]. The infection of E. ictaluri can be influenced by environmental conditions, particularly
during periods of stress caused by handling and temperature fluctuations. Outbreaks of the disease
are more likely to occur when these stress factors are prominent, and the optimal temperature range
for such outbreaks usually falls between 22 and 28 <C. The common treatment for ESC typically
involves the use of medicated feed containing antibiotics, such as sulfadimethoxine-ormetoprim
and florfenicol. ESC vaccines have demonstrated efficacy in reducing infection rates, although

they do not eliminate the risk of infection [20].

Columnaris disease, caused by Flavobacterium columnare, is a globally distributed

condition. Within the US catfish industry, columnaris disease stands as a significant contributor to
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mortality rates, and mortalities can reach as high as 50~60% in commercial ponds [21], resulting
in substantial economic losses amounting to USD 30 million [22]. There are no specific approvals
by US FDA of antibiotics for treating columnaris in catfish [23]. Although a live-attenuated
vaccine has demonstrated promising efficacy in laboratory settings [22], effective vaccines are

currently unavailable within the catfish industry.

Since it was first reported in the United States in 2009 [24], the US catfish industry has
experienced devastating outbreaks of motile aeromonad septicemia (MAS) caused by the
bacterium Aeromonas hydrophila. This Gram-negative bacterium, typically considered a
secondary pathogen in disease outbreaks among cultured fish species, has had a significant impact
on the fish industry. In the US catfish industry, it has been estimated that the annual economic loss
due to this bacterium amounts to approximately 12 million USD [25]. Treatment is currently
limited to two antibiotics, Terramycin, an oxytetracycline, and Remet-30, a potentiated
sulfonamide [26]. However, Aeromonas showed resistance to several common antibiotics [27].
Attenuated vaccines and recombinant vaccines have demonstrated significant protection in

channel catfish when challenged by the Aeromonas strain with antibiotic resistance.

The summary of the above three major diseases in catfish was shown in Table 1. Notably,
co-infections are commonly observed in nature and occur when a host is infected by two or more
pathogens simultaneously [28]. Distinguishing clinical signs arising from co-infections and
selecting appropriate treatments can be challenging. Thus, genetic breeding is a potential strategy
to increase resistance to disease, attenuate antibiotic resistance, and reduce the treatment of costs

for farmers.



Table 1. Summary of three major diseases in cultured catfish and comparison of disease
resistance between channel catfish and blue catfish.

Resistant catfish

Major disease Economic loss Pathogen species
ESC 60 million USD Edwardsiella ictaluri Blue catfish
Columnaris 30 million USD  Flavobacterium columnare Channel catfish
Aeromonas 12 million USD Aeromonas hydrophila Blue catfish

Channel catfish (Ictalurus punctatus) are the traditionally and widely cultured species for
catfish farmers in the US, because channel catfish grow fastest to market size as a purebred and
are resistant to most diseases except enteric septicemia of catfish (ESC) [29]. Blue catfish
(Ictalurus furcatus) are another important aquaculture species in the United States and have great
value in recreational fisheries [30]. Blue catfish have a higher dressing percentage and are more
resistant to ESC [29]. In that case, the goal would be to improve the productive traits in a single
species or try to combine the desired characteristics from these two species. There are three types

of selective breeding in animals: inbreeding, line breeding, and outbreeding.

1.2.2 Inbreeding and practice in catfish

Inbreeding refers to the practice of breeding animals that are closely related, such as
siblings. Inbreeding resulted in the reduction of fitness in offspring, and this phenomenon was first
documented by Darwin from plant breeding experiments in 1876 [31], which is called inbreeding
depression [32]. The phenomenon of inbreeding depression was found in many plant and animal
species, as well as humans. In inbred families, there is a higher occurrence of significant
abnormalities compared to outcrosses. These abnormalities can manifest as deadly mutant
phenotypes, such as chlorophyll-deficient albino seedlings in plants [33], developmental defects
in fish [34], or genetic diseases in humans [35]. Even in the absence of obvious significant
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abnormalities, inbreeding depression can be detected by the lower fertility, survival, and growth
rates of individuals with high inbreeding coefficients [36]. However, inbreeding has its own

benefits.

The first catfish inbreeding experiment was reported in the 1980s, and no significant
inbreeding depression was found in one generation of brother-sister mating compared to the
control group of channel catfish (Ictalurus punctatus) [37]. Subsequently, effects on growth
performance and survival rate for channel catfish were evaluated in the second generation. They
found that inbreeding depression of body weight occurred in inbred lines with a rate of 19%,
whereas the survival rate was significantly higher than the control line [38]. Comparison studies
have been conducted for growth and reproductive traits among various channel catfish strains and
families. Differences were reported among strains and families for such characteristics [39, 40].
These studies provided some insights into the intensive inbreeding effect on economic traits in

channel catfish.

1.2.3 Line breeding and practice in catfish

Line breeding is a type of inbreeding. Close inbreeding includes two categories: first-
degree relatives and second-degree relatives [41]. First-degree relatives refer to full siblings or
between parents and offspring. Second-degree relatives encompass various individuals in human
terms, such as grandparents and grand-offspring, half-siblings, and relatives akin to uncles, aunts,
nephews, and nieces. Additionally, double-first cousins also fall under the category of second-
degree relatives. Linebreeding is a breeding practice in which breeders intentionally select parents

who share a common ancestor, but they are not as closely related as in close inbreeding. The



primary objective of line breeding is typically to enhance or preserve specific traits within the

breed [42].

The line-breeding practice is commonly used in crop plants [43], farm animals [44], and
companion animals [45], such as dogs, to maintain popular characteristics within a population and
reduce genetic disorder dissemination to some extent. In fish, the use of this breeding practice is
more frequent in the species of ornamental fish [46]. From my knowledge, no line breeding study

was reported in catfish.

1.2.4 Outbreeding and practice in catfish

Outbreeding, which is the opposite of inbreeding, refers to the production of offspring by
mating individuals who are either unrelated or distantly related through ancestral descent [47]. In
most aspects, outbreeding includes intraspecific crossbreeding and interspecific hybridization.
Intraspecific hybridization occurs when two genetically distinct individuals of the same species
mate, such as two strains or breeds, whereas interspecific hybridization takes place between two
different species. The aim of using intraspecific crossbreeding and interspecific hybridization is to

achieve heterosis.

Intraspecific crossbreeding experiments in channel catfish have been proven to be able to
improve growth performance [48], disease resistance [49], and reproductive characteristics [50].
Among channel catfish strains, the best crossbreed was produced by mating Marion female and
Kansas male, which increased 10.3% in growth to harvest size than the best parent strain [51]. The

reciprocal crossbreeds do not show the same heterosis. The performance of different intraspecific



crossbreeds in channel catfish indicated maternal effect played an important role in the formation

of heterosis.

Various catfish species have been cultivated, each demonstrating distinct cultural
characteristics. Interspecific hybridization is an effective approach to combine the desired traits
from two distinct species. The family Ictaluridae, commonly known as North American Catfishes,
is the largest group of freshwater fish native to North America, consisting of 50 species distributed
among seven genera [52]. Interspecific hybridization experiments were performed among seven
major species from the family Ictaluridae and generated 42 different combinations of hybrid catfish
[53]. Only one hybrid from channel catfish female > blue catfish male processed superior traits
that would make it suitable for commercial application compared to the traditionally cultured
channel catfish [54]. In contrast, outbreeding depression is commonly observed when the two
parental species are too distantly related, leading to decreasing F1 fitness and even hybrid

breakdown.

1.3 Heterosis and hybrid vigor

From the perspective of genetic improvement, the definition of heterosis is that the hybrids
perform better in production traits than the parental mean. For example, the production traits can
be growth-related traits and survival rates. There is a specific instance of heterosis where the traits
of hybrids surpass those of the best-performing parent, which is called heterobeltiosis [55]. In
animal breeding, the terms "hybrid vigor" and "heterosis" are sometimes used interchangeably.
However, from a population genetics perspective, this can be misleading because "hybrid vigor"
has a distinct meaning [56]. In this context, "hybrid vigor" refers to fitness, particularly

reproductive fitness. It is observed when the F1 hybrid produces more offspring than either of the
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parental types.

As the largest aquaculture industry, catfish farming accounts for 70% of total US
freshwater production. The hybrid of channel catfish and blue catfish (Ictalurus punctatus @ >
Ictalurus furcatus ) is one of the most successful examples of the application of heterosis in
aquaculture. The hybrid catfish exhibits better feed conversion efficiency [57], increased carcass
yield [54], improved tolerance to low oxygen [58], enhanced disease resistance [59], and superior
growth performance to reach market size [54]. Currently, the hybrid catfish constitutes more than

50% of the total catfish production in the US [60, 61].
1.4 Heterosis environment interaction

It has long been recognized that heterosis is influenced by the environment in crossbreeding
within species and interspecific hybrids [62]. This phenomenon was broadly referred to as
environment-dependent heterosis in the literature. For further classification, two types of heterosis-
environment interaction should be noticed and applied. One is environment-influenced heterosis,
in which the fitness in hybrids is still greater than mid parent value, and environmental factors only
affect the degree of heterotic traits in hybrids. In the 1980s, Barlow proposed that heterosis was
influenced by the environment, and the level of heterosis was reduced with decreased stress in
farm and laboratory animals [63]. This was confirmed by studies in pigs under three different
environments (basic, good, and excellent). The level of heterosis in hybrid pigs was reduced when
the environment changed from basic to excellent herds [64]. Another is environment-dependent
heterosis, in which the same hybrid displays heterosis in one environment but outbreeding
depression in another environment. The best example is the hybrid catfish (Ictalurus punctatus ¢

x Ictalurus furcatus &) model. The hybrid catfish outperformed the best parent (channel catfish)
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at all densities tested in earthen ponds [65]. However, when the fish were cultured in smaller
culturing units, such as tanks and aquaria, and cages, this hybrid catfish did not show heterosis and
grew slower than channel catfish. This is only one report of environment-dependent heterosis in
vertebrates. In animals, this phenomenon was previously reported in Drosophila, in which hybrid
heterosis was higher in optimal density than in a crowded environment, and much higher at a lower
than optimal temperature [66]. However, these Drosophila were from inbred lines, which are not
from species with geographic difference. Thus, catfish system is a unique model to understand the

basis of environment-dependent heterosis and outbreeding depression.

1.5 Potential mechanism of heterosis and outbreeding depression

The phenomenon that offspring from interspecies crossbreeding are fitter than parents was
first well documented by Darwin in 1876, and the term ‘heterosis’ was proposed in 1914 to
measure hybrid offspring performance compared to parental mean [67, 68]. Despite heterosis
being observed for over a century, the genetic mechanisms underlying this phenomenon remain
poorly comprehended. Three theories regarding heterosis have been proposed, sparking extensive
discussions and debates. The first hypothesis is the Dominance hypothesis [69], based on Mendel's
theory, which suggests that dominant alleles suppress the expression of recessive alleles. In this
case, the deleterious effects of recessive alleles carried by parental gametes are suppressed, while
the beneficial effects of dominant alleles are maintained. The second hypothesis is the
Overdominance hypothesis [70], which suggests that heterozygotes exhibit superior expression
compared to the highest expression values of either parent. This indicates that the combination of
alleles in heterozygotes leads to enhanced performance. The third hypothesis is the Epistatic

hypothesis [71], which suggests the existence of gene or allele interactions. Epistasis can manifest
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in two ways: positive epistasis, where the phenotype exceeds expectations, and negative epistasis,
where performance is lower than expected. Positive epistatic interactions between non-allelic

genes are believed to contribute to heterosis.

Evidence of outbreeding depression has been observed in diverse organisms [72].
Outbreeding depression can occur through two mechanisms. Firstly, interpopulation hybridization
can reduce fitness by introducing nonlocal alleles, which may lead to less adaptation to local
environmental conditions and the production of intermediate phenotypes [73]. The negative impact
on fitness due to this mechanism becomes apparent in the F1 generation. Secondly, outbreeding
depression can also arise from the disruption of positive epistatic interactions or co-adapted gene
complexes [74]. This mechanism becomes evident beyond the first generation, as recombination
and segregation during meiosis in the F1 generation can disrupt these beneficial interactions.
However, existing theories of genetics basic do not give a unified explanation for both heterosis

and outbreeding depression, which appear to be contradictory [75].

1.6 Gene regulation, transgressive genes, and tissue-specific genes

Transcriptional regulation is a key part of the genetic basis for phenotypic variation [76,
77]. Gene expression in hybrids was more variable than in their purebred parents [78], which are
manifested as transgressive genes and may explain increased phenotypic variability [79]. In
hybrids, the expression levels of most genes are expected to be close to the mid-parent value
(additive effect) or near the level of one parent (dominance or partial dominance). For a subset of
the genes, F1 hybrid expression levels can be higher (positive overdominance) or lower (negative
overdominance) than both parental species [80]. Genetic loci with such expression patterns are

called transgressive genes [81], which directly contribute to the superior phenotypes in heterosis
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or misregulation of gene expression in outbreeding depression [82]. Transgressive patterns in
expression were shown to be common in lake whitefish hybrids [83, 84] and not all of them

contribute to the heterotic phenotype.

The regulation of gene expression exhibits significant variation across tissues, individuals,
strains, and species [85-87]. Tissue-specific genes are a set of genes that exhibit a preference for
function and expression in one or multiple specific tissue types. For example, a set of tissue-
specific regulation of lipid-related genes was identified in European sea bass (Dicentrarchus
labrax), which contributes to compensatory growth [88, 89]. Gene expression research sheds light
on the physiology of tissue and organ functions, as well as cellular adaptations to novel
environments [90]. Although tissue-specific gene expression patterns are frequently employed to
identify genes with functional relevance, the extent to which these differences are conserved
among outbred individuals has not been extensively documented [91]. It is possible that some of
these changes represent polymorphism among different genetic types or species and are
overlapped with transgressive genes, which are associated with the formation of heterosis and

outbreeding depression.

1.7 Characterization of the gene expression: bulk RNA-seq

From a molecular biology perspective, genetic information is carried by DNA and
subsequently transferred to mRNA and proteins, which fulfill various cellular functions [92].
Assessing mMRNA levels enables us to assess how cells modify their transcriptome in response to
the surrounding environment. Comprehending the transcriptome is crucial for deciphering the

functional components of the genome and uncovering the molecular constituents of cells and
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tissues. It also plays a pivotal role in understanding processes such as development and disease

[93].

Two approaches have been developed to infer and quantify the transcriptome, including
hybridization-based and sequence-based technologies. Early studies in transcriptomics
predominantly relied on microarray technologies using a small chip, which was based on
hybridization methods reported in 1995 [94]. For the first time, a genome-wide analysis of gene
expression became feasible. However, this technique has some limitations. The use of microarray
requires prior knowledge of the genome sequence. The absence of exon-level information is
another drawback of microarrays. This led to the development of specialized exon microarrays
[95]. Furthermore, comparing expression levels across various experiments can be challenging and

may necessitate the use of complex normalization methods.

Compared to microarray techniques, sequence-based approaches directly capture the
information from cDNA sequences. Initially, Sanger sequencing (first-generation sequencing
technology) of cDNA or EST (expressed sequence tags) libraries was used for the identification
of gene transcripts, gene discovery, and tissue- or stage-specific gene expression [96-98]. However,
this method is relatively low throughput and expensive. By employing different strategies,
massively parallel sequencing methods significantly improved the scalability and reduced the cost
compared to traditional Sanger sequencing. This first high-throughput sequencing platform
emerged in 2005, which is also known as next-generation sequencing or massively parallel
sequencing [99]. Later, several commercialized next-generation sequencing (NGS) platforms were
subsequently established, including Illumina [100], Applied Biosystems SOLiID [101], Roche 454

Life Science [102] and others [103]. Over an extended period, lllumina's NGS machines utilizing
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the sequencing by synthesis method have emerged as the dominant players in the sequencing
market due to their remarkable accuracy, low cost, and high-throughput capabilities [104]. This
RNA-Seq (RNA sequencing) technology represents the first sequencing-based approach that
enables comprehensive and high-throughput surveying of the entire transcriptome in a quantitative
manner, which provides both single-base resolution for annotation and genome-scale gene
expression levels [93]. RNA-seq has been widely used in studies of transcription in both non-

model species [105] and model organisms such as yeast [106], mice [100], and humans [107].

The development of sequencing technologies has resulted in exponential growth in the
quantity of generated datasets. Simultaneously, the emergence of NGS technologies has
necessitated the development of computational tools to decipher their biological significance. Here,
the standard bioinformatic procedures for downstream analysis of RNA-Seq data were
summarized. The general process for analyzing RNA sequencing data includes evaluating the
quality of the raw data, trimming low-quality reads and adapter sequences, aligning reads,
quantifying gene expression levels, conducting differential expression analysis, and performing
gene set enrichment analysis. For the reads alignment, when a reference genome is available,
reference-based mapping is employed. If a reference genome is not known, de novo transcript
assembly is utilized. In the case of de novo assembly, the short reads are combined to create contigs,
which represent a hypothetical genome. Trinity is a commonly used bioinformatic tool for

reference-free mapping [108].
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Figure 1. Overview of RNA-seq data analysis.

Workflow from raw data to downstream analysis.

1.8 Whole-Genome Sequencing (WGS)

The advancement of aquaculture production efficiency and profitability relies on
harnessing a wide range of genetic resources. The primary objectives of research in aquaculture
genomics, genetics, and breeding are to improve production efficiency, product quality,
sustainability, and profitability for the commercial sector and benefit of consumers. To achieve
these objectives, it is crucial to gain a comprehensive understanding of the genomic structure of

aquaculture species, as well as the variations in their genomic and phenomic profiles [109].

15



Additionally, investigating the genetic basis of traits and their interrelationships is of utmost

importance.

The availability of whole genome sequences (WGS) has facilitated genome assembly and
the identification of genomic variations in many species [110]. In aquaculture, several important
fish species in the US have been sequenced, and their genomes were available, including channel
catfish [111], tilapia [112], rainbow trout [113], and Atlantic salmon [114]. As one of the parental
species of hybrid catfish, the paternal genetic contributions from blue catfish play a vital role in
enhancing economic traits. However, the blue catfish genome resources are currently lacking. A
high-quality assembly of the blue catfish genome would provide valuable information for the
improvement of catfish genetic breeding and the advancement of scientific knowledge on heterosis

in fish.

Various approaches have been utilized for generating whole genome sequences of
aquaculture species. The history of DNA sequencing coincides with RNA sequencing. The first-
generation sequencing has been replaced by NGS technologies, which is defined as second-
generation sequencing (SGS). Among these, Illumina is the predominant provider of second-
generation sequencing (SGS) platforms worldwide. The latest HiSeq X series Illumina sequencer
has the potential to achieve a cost of less than $1,000 per whole genome sequencing in humans,
representing a remarkable reduction of nearly 10,000-fold compared to the sequencing of the first
human reference genome in 2003 [115, 116]. Illumina sequencer produces short reads (150 bp)
with high accuracy (>99%) at a relatively lower cost. However, certain genes and critical regions
of interest frequently encounter challenges in accurate assembly, primarily attributed to the

presence of repetitive elements in the sequences [117]. An encouraging resolution is the utilization
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of third-generation sequencing (TGS), which relies on long reads [118]. Unlike the mentioned
NGS technologies that involve DNA template amplification during library preparation, these third-
generation sequencing (TGS) platforms directly sequence from the template DNA. The utilization
of long-read sequencing technology provides a significant advantage in de novo genome
assemblies, resulting in substantially higher contig and scaffold N50 values compared to de novo
genome assemblies based on short-read sequencing [119]. Arguments are proposed that single
molecule real-time (SMRT) sequencing technologies should be defined as third-generation
sequencing (TGS). The PacBio SMRT sequencing [120] and Oxford Nanopore sequencing are
recognized as the two primary third-generation sequencing technologies. These advanced
platforms have the capability to generate long reads with over 10,000 base pairs. However, it is
important to note that these long reads have per sequence error rates ranging from 10% to 15%,
necessitating a preliminary correction before or after the assembly process. Considering this, the
combination of both SGS and TGS technologies is a good strategy to yield even better results, as

the shorter reads can be utilized to correct the longer reads [121].

Notably, the latest PacBio SMRT sequencing platform has been optimized using circular
consensus sequencing (CCS) technology, which could process highly accurate (99.8%) reads [122].
The ongoing decrease in the cost of PacBio sequencing holds the potential to replace short-read

sequencing and bring about a paradigm shift in the field of whole-genome assembly.
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Chapter 2 From heterosis to outbreeding depression: genotype-by-environment interaction

shifts hybrid fitness in opposite directions.

2.1 Abstract

In F1 hybrids, phenotypic values are expected to be near the parental means under additive
effect or close to one parent under dominance. However, F1 traits can be outside the parental range,
and outbreeding depression occurs when inferior fitness is observed in hybrids. Another possible
outcome is heterosis, a phenomenon that interspecific hybrid or intraspecific crossbred F1s have
improved fitness than both parental species/strains. As an application of heterosis, hybrids between
channel catfish females and blue catfish males are superior in feed conversion efficiency, carcass
yield, and harvestability. Over 20 years of hybrid catfish production in experimental settings and
farming practice provided ample phenotype data and genomic resources, making it an ideal system
to investigate heterosis. Here, we characterized fitness in growth and survival in a longitudinal
study and revealed environment-dependent heterosis in catfish. In earthen ponds, F1 hybrids
outgrow both parental species due to a 4-month rapid growth phase in the second year. A bimodal
accelerated growth pattern is unique to F1 hybrids in the pond culture environment only. In sharp
contrast, the same genetic types cultured in tanks display outbreeding depression, in which hybrids
perform the worst and channel catfish are superior in growth across development. To the best of
our knowledge, our findings represent the first example of opposite fitness shifts in response to
environmental changes in interspecific vertebrate hybrids, suggesting a broader fitness landscape
of F1 hybrids. Future genomic studies based on this experiment will help to understand the
genome-environment interaction in shaping the F1 progeny fitness in the scenario of environment-

dependent heterosis and outbreeding depression.
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2.2 Background

Heterosis was first reported and discussed by Charles Darwin [123], and in most situations,
it is defined as improved hybrid fitness over the best-performing parents [124] (Figure 2A), which
is also known as heterobeltiosis [125] or colloquially as hybrid vigor [126]. In animals, one of the
classic examples is the mule, the progeny of a female horse and a male donkey, which outperforms
both parents in certain traits such as strength, stamina, temper, and longevity [127]. In contrast,
outbreeding depression is most commonly observed when the two parental species are too distantly
related, leading to decreasing F1 fitness and even hybrid breakdown [128]. Hybrid fitness was
known to vary across environments, affecting the degree of heterosis [64, 129-135]. In extreme
cases, enhanced F1 fitness is only observed in one environment, and heterosis disappears when the
environment is altered [136-139]. Such a case was first reported in Drosophila pseudoobscura in
1959. Hatching rate, fecundity, and egg production were quantified for inbred strains collected
from different geographic locations and compared to reciprocal F1s, and the presence and absence
of heterosis were observed at different rearing temperatures [136]. To date, only a few cases of
heterosis influenced by environment have been reported in animals, but all of them are
strains/ecotypes within species. Environment-dependent heterosis has not been reported in any

vertebrate interspecific hybrids to our best knowledge.

Interspecific hybridization is widely used in plants and livestock to increase the production
due to the effect of heterosis [124, 140]. It is an effective genetic enhancement in aquaculture
because it combines the genetic material from two species, which could result in greater
phenotypic variation and superior traits [141]. Hybrids between female channel catfish (Ictalurus

punctatus) and male blue catfish (Ictalurus furcatus) is one of the most successful applications of
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heterosis in US aquaculture. Among 42 interspecific Ictalurid hybrid catfish combinations, CB

hybrid catfish (Channel catfish female x Blue catfish male) is superior in feed conversion [57,

142], carcass yield [143], low oxygen tolerance [58], disease resistance [59], and harvestability to
market size [144]. Many studies have been conducted to evaluate the production traits in hybrid
catfish and improve the hybrid performance through genetic breeding technology during the past
two decades [60, 61]. An interaction between fitness in close-related catfish species and the rearing
environment was consistently observed in agriculture practice. Specifically, channel catfish has
growth advantage compared to hybrid catfish and blue catfish (no heterosis in hybrid) in smaller
culturing units such as tanks/aquaria/cages, whereas hybrid catfish has the best growth
performance compared to the two parental species (heterosis) when cultured in earthen ponds, [65,
145, 146]. Briefly, previous studies only compared the growth performance in three genetic types
of catfish (BB, CC and CB hybrid) under pond or cages environment, and the time for rearing fish
did not cover the whole catfish farming process. The experiment from hatching to market-size
catfish is still lacking. In this research, we performed a longitudinal study of body weight and
survival for the two parental species (channel catfish and blue catfish), as well as the reciprocal F1
hybrids in tank and pond culture environments, providing the systematic characterization of

heterosis in different rearing environments.

2.3 Materials and methods

2.3.1 Fish and ethical statement

The four genetic types of catfish were produced at the Fish Genetic Research Unit (School

of Fisheries, Aquaculture, and Aquatic Science, Auburn University, Alabama, USA). For the
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details, the catfish broodstock have been described in a previous study [147] and maintained at the
Fish Genetic Research Unit (School of Fisheries, Aquaculture and Aquatic Science, Auburn
University, Alabama, USA). The research protocol followed all Standard Operating Procedures
(SOP) approved by the Institutional Animal Care and Use Committee (IACUC) of Auburn

University (PRN 2019-3496).

2.3.2 Fish breeding and reproduction preparation

For broodstock selection, adult channel catfish (3-4 years old) and blue catfish (6-7 years
old) were harvested from the earthen pond at the Fish Genetic Research Unit (School of Fisheries,
Agquaculture, and Aquatic Science, Auburn University, Alabama, USA). Secondary sexual
characteristics were used to assess sexual maturity: males with a muscular head and large and
reddish genital papillae; females with a fuller, well-rounded belly and a reddish genital region.
When they were transported back to the hatchery, males and females of two species were
temporarily housed separately in the holding tanks with aeration (DO was above 6.0 ppm; water
temperature was 27-28 °C) and water flow. Channel catfish were weighed, and blue catfish of

similar body weight were paired in the aquariums for spawning.

To synchronize reproduction, blue catfish females were primed with luteinizing hormone-
releasing hormone analog (LHRHa) at 30 pg/kg of body weight, followed by a resolving injection
of 90 pg/kg LHRHa 12 hours later [148]. Meanwhile, the male blue catfish received 50 pg/kg
LHRHa (CSBio, Menlo Park, CA, USA). Right after blue catfish females were given the second
injection, channel catfish females were collected from holding tanks and injected with 90 jg/kg
LHRHa. The female channel catfish were then put in bags attached to the holding tanks at a certain

distance apart and 25-35 cm under the water. At 24 h after the hormone injection, an ovulation
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check was performed every 4 hours. The reproductive behavior and ovulation of blue catfish were
observed through the bottom of the aquariums. Channel catfish ovulation was checked by holding

the bags and gently lifting their bags out of the water.

Channel catfish sperm solutions were prepared 24 hours after the hormone injection. Males
were euthanized with 300 mg/L tricaine methanesulfonate (MS-222; Syndel, Ferndale,
Washington, USA) buffered with NaCOz (FP&S, Animal Feed Grade, Feed Products & Service
Co., 12444 Powerscourt Drive SITE190, St. Louis, MO, USA) (pH=7.0) to harvest testes. When
the testes were taken out, extra tissue was cut away, and saline (0.85% salt solution; 1000 Ml
VislV container 0.9% sodium chloride, injection, USP) was used to wash away the blood. Testes
were briefly dried with a paper towel, weighed, and macerated in saline at a ratio of 1 g testes/10
ml saline. The sperm solutions were held in a 50 ml tube with holes in the lid (no more than 30

ml), labeled, and kept in the refrigerator for use.

2.3.3 Mating design and production of the four genetic types

Blue catfish female > blue catfish male (BB). For blue catfish, CL8, CL1 and OL strains
were used and three families were generated including CL8 x<CL8, CL1 xCL1, and OL =<0OL. The
mating of each parent line was only repeated once, using a single brood fish. When blue catfish
dropped a thinner egg layer, their reproduction was interrupted and stopped. Both males and
females were moved out of aquariums and anesthetized in 100 ppm buffered MS-222; females
were rinsed in pond water with the genital opening covered and then dried with a clean towel. The
egg masses from a blue catfish pair spawning in the aquarium were collected and transferred into
a hatching trough for incubation. Extra eggs from blue catfish females were hand-stripped into

pans lubricated with vegetable shortening.
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Channel catfish female ><channel catfish male (CC). Kmix and TARMK strains were used,
and two families were generated, including Kmix < Kmix and TARMK < TARMK. The mating
of each parent line was only repeated once, using a single brood fish. When channel catfish females
were ovulating, they were removed from the holding tank and anesthetized. The same procedure
was applied to collect channel catfish eggs. Hand-stripped channel catfish eggs were put into two
greased pans. Channel catfish sperm was used to fertilize one of the pans using the dry fertilization

method.

Blue catfish female ><channel catfish male (BC). For BC hybrid catfish, two families were
generated, including CL8 xKmix and CL8 < TARMK. The mating of each parent line was only
repeated once, using a single brood fish. The channel catfish sperm solution was added to the blue
catfish eggs and mixed. The pond water was added to the pan with the blue catfish eggs to activate
egg fertilization. After 2 minutes, a little more pond water was added to the pan to form egg masses

and further harden.

Channel catfish female x<blue catfish male (CB). For CB hybrid catfish, two families were
generated, including Kmix < 0L and TARMK x> OL. The mating of each parent line was only
repeated once, using a single brood fish. Blue catfish sperm solution was prepared the same way
as channel catfish sperm. The second pan of channel catfish eggs was fertilized with blue catfish
sperm using the same procedure. If the sperm from those mated blue catfish males was insufficient,
another male was collected and sacrificed for sperm preparation and fertilization. When the egg
masses formed, they were placed in a flow-through trough equipped with a homemade calcium
chloride drip. The hardness was maintained > 40 ppm for 15 to 45 minutes for further water

hardening by continually dripping calcium chloride. They were transferred into egg-hatching
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baskets housed inside paddle-wheel troughs to incubate the egg masses. After fertilization, eggs
were treated every 8 hours with 100 ppm formalin or 32 ppm copper sulfate (Copper (I1) Sulfate
Pentahydrate, VWR, USA) to prevent fungal infection. When embryos were close to hatching,
each egg-hatching basket was held by a fry catcher. Seven days after fertilization, embryos were

hatched, and fries were moved into individual aquariums.
2.3.4 Fish culture

The fry took three days to consume the yolk sac. Then they were fed Artemia nauplii (Brine
Shrimp Eggs, Carolina Biological) five times a day, and gradually they were fed Purina®
AguaMax® Fry Powder (Purina, St. Louis, MO) five times daily. The density was 1000 fry per 60

L tank (60 cm x 23 cm x 43.5 cm) per genetic group. As the fry grew, they were fed Purina®

AguaMax® Fry Starter 100 for three months, then Purina® AquaMax® Fry Starter 200 for three
months, and Purina® AquaMax® Fry Starter 300 three times a day. When fingerlings were 2
months old, the density was adjusted to 100 fish per 60 L for each family; the density was 50 fish
per 60 L per aquarium at 4 months old. When they were 10 months old, they were fin-clipped or
pit-tagged and communally stocked into an earthen pond with a stock density of 15,000 fish/acre
(surface area of 0.04 ha [404.6 m?], and the average water depth was 1.45 m); meanwhile, 22—28
fish from each genetic group were stocked in an indoor recirculating system (a 60-L aquarium per
genetic group). When the fish were 16 months old, indoor fish were kept in two aquariums (11—

14 fish/60 L) for each genetic group. All the fish were fed to satiation daily.
2.3.5 Fish tagging and body weight measurements

Before releasing fish into the pond, all fish were injected with APT9 PIT Tag (Biomark,
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Boise, Idaho, USA) to get new identity using HPR Lite Handheld PIT Tag Reader (Biomark, Boise,

Idaho, USA).

Fish were sampled and body weight was measured roughly every six weeks for over 28.4
months (Figure 2). At different time points, fish were seined and transferred back to the hatchery.
For the pond fish, the body weight was measured at 15.6m, 18.6m, 20.2m, 21.8m, 23.5m, 25m,
26.8m, and 28.4m. For the tank fish, the body weight was measured at 0.7m, 10.8m, 15.6m, 18.6m,
20.2m, 21.8m, 23.5m, 25m, 26.8m, and 28.4m. Both pond fish and tank fish were sampled at the
age of 10.8m, 18.6m, 20.2m, 21.8m, 23.5m, 25m, 26.8m, and 28.4m. Their growth was evaluated

by collecting body weight and sex.

2.3.6 Survival analysis

The number of fish was accessed each time when the body weight measurement was

conducted. The survival fish was marked as “1,” and the dead fish was labeled as “0”, respectively

(Data S3).
2.3.7 Analysis of hatching rate and growth rate

The data collected on body weight and hatching rate were analyzed using R [149] with
Rstudio software version 3.6.3 (RStudio Inc, Boston, MA). A Shapiro-Wilk test was carried out to
determine the normality of the data. For hatching rate data, the significance of each pair-wise
comparison was assessed by Student’s t test, with a significant cutoff p < 0.05. The significance

of each pair-wise comparison for growth data was calculated using Mann-Whitney U Test. The

significant p-value was shown by using an asterisk rating system: *, p < 0.05; **, p < 0.01; ***, p

< 0.001.
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2.3.8 Data availability

All growth and survival data are available in the open-access AUrora repository

(http://dx.doi.org/10.35099/aurora-576).

2.4 Results and Discussion

2.4.1 Definition of environment-influenced (EIH) and environment-dependent heterosis

(EDH)

It has long been recognized that heterosis is influenced by the environment [62] in
crossbreeding within species and interspecific hybrids. This phenomenon was broadly referred to
as environment-dependent heterosis in the literature. Here, we further divide the genotype-
environment interactions in heterosis into two major categories: environment-influenced heterosis
(EIH) and environment-dependent heterosis (EDH). Under EIH, heterosis is observed in both
environments but in varying degrees (Scenario |, Figure 2B), which is the most common form in
animals [64, 129, 133, 135, 150] and plants [130-132, 134]. Under EDH, heterosis is observed in
a specific environment, and disappears when the environment shifts (Scenario Il, Figure 2B). An
extreme form of EDH is EDH/OD, in which the same hybrid displays heterosis in one environment
but outbreeding depression [151] in another environment (Scenario 11, Figure 2B). No EDH has

been reported in any vertebrate interspecific hybrids to our best knowledge.
2.4.2 Darwin’s corollary — asymmetric hatch rates in reciprocal hybrid catfish

The most relevant application of heterosis to US aquaculture is the development of hybrid
catfish (CB) from female channel catfish and male blue catfish, I. punctatus @ x I. furcatus &,

which account for more than 50% of US catfish production [54, 152, 153]. This specific cross
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direction (CB) is superior in pond culture in many aspects [57-59, 142-144]. Based on empirical
data and farming practices, the reciprocal BC hybrid (female blue catfish <male channel catfish)
is much more difficult to produce. To investigate this, we quantified the hatch rate for the four
genetic types (channel catfish CC, blue catfish BB, reciprocal hybrid CB and BC; Figure 1C)
between 2020 and 2022 at Auburn University Catfish Genetics Unit, and found a significantly
lower hatching rate for the BC genetic type (P <0.05, Students’ t test; Figure 2D). This asymmetric

postzygotic survival/viability is known as Darwin's corollary to Haldane's rule [154].
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Figure 2. Cartoon illustrations of environment-dependent heterosis, the catfish model and
experimental design.
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(A) A cartoon illustration of parental and F1 fitness under heterosis and outbreeding depression.
(B) Three scenarios where heterosis is affected by different environments. EIH (environment-
influenced heterosis), heterosis is observed in both environments to different degrees. EDH
(environment-dependent heterosis): heterosis is observed in one but absent in the other
environment. EDH/OD (environment-dependent heterosis/outbreeding depression): heterosis is
observed in one environment and outbreeding depression is observed in the other environment.
The green bar refers to fitness in F1 hybrid.

(C) Schematic illustration of four genetic types: pure breed channel catfish Ictalurus punctatus
(CC), pure breed blue catfish Ictalurus furcatus (BB), channel catfish female x<blue catfish male
hybrids (CB), and blue catfish female x<channel catfish male hybrids (BC).

(D) Hatching rate of four genetic type of catfish, statistical significance was assessed by
Student’s t test (¥, P < 0.05).

(E) Scheme of body weight measurements for four genetic types of catfish in tank and pond
rearing environment.

2.4.3 EDH in adult growth in the earthen pond and outbreeding depression (OD) in tank

culture

In catfish farming practice, fry were raised in tanks before releasing into the earthen pond
for culture. In a growth study in 1985, CB hybrid catfish outperformed channel catfish (CC) in
pond culture at a wide range of densities [65]. However, when the fry were housed in 3.6m? cages,
the growth performance of CC was superior to CB hybrids [65], suggesting environment-
dependent heterosis. This phenomenon was observed in subsequent culture experiments, and
heterosis in hybrid growth was not observed until year two in earthen ponds [145, 146]. These
previous studies indicate that the occurrence of heterosis depends on the rearing units, rather than
temperature (temperature changes with nature season) or density. In smaller culturing units, such
as cages, tanks, or aquaria, CC is the fastest-growing genetic type, and no heterosis is observed in
hybrids. Despite the previous data, longitudinal assessments of growth performance in all four
genetic types are still lacking because the reciprocal BC hybrid was difficult to obtain in a
sufficient quantity (Figure 2D). In addition, proper control experiments need to be carried out in

the same seasons for systematic analyses of the growth phenotype. Here, we performed a growth
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experiment for all four genetic types (Figure 2C) in large earthen ponds vs. small tanks (Figure
2E). The fries were reared in tanks, and no significant differences in body weight were observed
at 3 weeks of age (P > 0.05, Mann-Whitney U test, MWU). The juvenile fish were cultured in
tanks until 10.8 months of age (Figure 2E). Channel catfish (CC) grew much faster and were
heavier than the other three genetic types (P < 0.001, MWU), which is consistent with previous
reports [65, 145, 146]. At 10.8 months of age, fry of the four genetic types (CC, BB, CB, and BC)
were released into the same earthen pond for culture (N=49~777), and parallel control experiments

were conducted in separate tanks (N=23~48; Figure 2E). The sample sizes (N) are fish numbers.

For fish maintained in tanks, CC is superior in growth through the 29-month experiment
and weighed 399.0 grams on average at 29-month of age (Data S1), which is heavier than BB, CB,
and BC at all eight timepoints (P < 0.001, MWU; Figure 3A). BB weighed 302.8 grams at the end
of experiments, which was significantly heavier than F1 hybrids at 23.5-month, 25-month, 26.8-
month, and 28.4-month of age (P < 0.001, MWU; Figure 3A). CB and BC were the slowest-
growing genetic types in tank culture, with an average body weight of 234.0 grams at the end of
experiments, which is a 41% reduction compared to CC parents and a 29% reduction compared to
BB parents (Figure 3A). Therefore, we observed substantial outbreeding depression in growth

phenotype for hybrid catfish in tank culture.

In the earth pond, CC remained the largest during the first year of culture until 23.5-month,
before being exceeded by the F1 hybrid CB and BC (Figure 3B). At harvest, CC weighed 408
grams on average, which was not significantly different from CC cultured in tanks (Figure 3C). In
sharp contrast, CB and BC hybrids grew much faster starting from the second year of pond growth,

as we previously reported [145]. At harvest, the hybrids were significantly heavier than CC and
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BB (P < 0.001, MWU; Figure 2B), with a 125% body weight increase compared to hybrids
maintained in tanks (Figure 3C). For the growth phenotype, hybrid catfish demonstrated striking

EDH/OD, with growth performance shifting to opposite directions under pond vs. tank culture.
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Figure 3. Growth curve of four genetic types of catfish in two rearing environments.

(A) Growth curve across development stages in tank culture environment for four genetic types
measured in this study: pure breed channel catfish Ictalurus punctatus (CC), pure breed blue
catfish Ictalurus furcatus (BB), channel catfish female ><blue catfish male hybrids (CB), and
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blue catfish female > channel catfish male hybrids (BC).

(B) Growth curve across development stages in pond culture environment.

(C) Comparison of growth curve between CC and CB in tank (dotted line) vs. pond (solid line)
culture environments.

2.4.4 CB, but not BC hybrids, show EDH in survival

When percentage survival was measured at each timepoint, we observed substantial
variation (Data S3). In pond culture, CB hybrids had the best survival rate at harvest (~50%),
whereas BC survival was between CC and BB parents (Figure 4A). In tank culture, the survival
rates were over 80% for BB, CB, and BC, and a slightly lower survival for CC was caused by
accidental damage of the mucus layer during body weight measurement (Figure 4B). Our
experiments reproduced the results of previous studies, in which CB was also the genetic type with
the best survival in pond culture [145, 146]. Therefore, CB hybrids display EDH (scenario I1) in

culture survival, and there is no heterosis in BC survival.
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Figure 4. Survival percentages of four genetic types of catfish in tank and pond rearing
environments.

Survival percentage plot of catfish across different development stages (starting from 10.8
months of age) in pond (A) and tank culture environment (B) for four genetic types used in this
study: pure breed channel catfish Ictalurus punctatus (CC), pure breed blue catfish Ictalurus
furcatus (BB), channel catfish female x<blue catfish male hybrids (CB), and blue catfish female
xchannel catfish male hybrids (BC).

2.4.5 Growth advantage of CB hybrid is due to a rapidly increased growth rate in a critical

time window in the second year

To determine whether heterosis is established by a steady elevation or a sharp increase in

growth, we compared the growth rates between tank and pond culture environments. In tanks, CB
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and BC hybrids have lower absolute growth rates (AGR) compared to CC and BB parents in all
time intervals (Figure 5A), demonstrating outbreeding depression. In the pond, heterosis in AGR
was observed starting from 18 months (Figure 5B). When compounding monthly growth rates
(CMGR) were analyzed, similar CMGRs were observed from 18 months of age between CC and
CB hybrids (Figure 5C), which explains the parallel growth curves in Figure 3A. In pond culture,
the speed of growth was similar between CC and CB during 15~22 months of age, but a sharp
increase in CMGR occurred at 22-month and peaked at 25-month, with a ~50% rate which is
comparable to the fast-growing early development stage, between hatch and 10.8 months of age
(Figure 5D). Based on these data, CB and BC hybrids outgrow the best-performing parent (CC)

during a four-month period in which a rapid acceleration of growth is observed.
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Figure 5. Growth rate of four genetic types of catfish in pond vs. tank rearing
environments.

(A-B) Absolute growth rate of catfish during different development stages in tank culture (A)
and pond culture (B) environment for four genetic types measured in this study: pure breed
channel catfish Ictalurus punctatus (CC), pure breed blue catfish Ictalurus furcatus (BB),
channel catfish female x<blue catfish male hybrids (CB), and blue catfish female ><channel
catfish male hybrids (BC).

(C-D) Compounding growth rate (monthly) of catfish through different development stages in
tank culture (C) and pond culture (D) environment for pure breed channel catfish Ictalurus
punctatus (CC) and channel catfish female xblue catfish male hybrids (CB).

2.4.6 Potential mechanism of environment-dependent heterosis in hybrid catfish

We reported an intriguing type of heterosis (EDH/OD) in the interspecific hybrids of
channel catfish and blue catfish. For the growth phenotype, environment-dependent heterosis was

present for both CB and BC hybrids in pond culture, whereas outbreeding depression was observed
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in tank culture. Heterosis in survival was discovered in CB but not BC hybrid, in pond culture
environment only. There is no heterosis in hatch rate, and asymmetric reduction in BC hybrid is
observed as a manifestation of Darwin’s corollary. Our results indicate that heterosis depends on
which traits are examined, and more importantly, the environmental change can alter the F1
phenotype from heterotic trait to outbreeding depression. We postulate that the parental species,
channel catfish and blue catfish, achieved local optimum in fitness since their divergence (~9
million years since channel catfish diverged from blue catfish [155]), and their genome
configurations are more robust to environmental perturbations. After divergence, genetic
incompatibilities gradually accumulated between the two parental species. F1 hybrids bring the
two diverging haploid genomes back together, with the potential to generate larger phenotypic
variations outside the parental range through variable phenotypic dominance [69], over-dominance
[70], or epistatic effects [156, 157]. Although the majority of these effects may be deleterious,

favorable shifts in fitness can occur when adapting to a specific environment.

The phenotypic extremes of CB hybrid in tank vs. pond culture (Figure 2C) are not due to
water temperature or quality, because EDH was shown in cage experiments performed in the same
pond [65]. Density alone cannot explain this phenomenon either because heterosis was observed
in both high- and low-density ponds [65]. The EDH is likely due to a combination of complex
physiological processes, including but not limited to feed intake amount/frequency [158, 159],
differential ecological niche in ponds [160, 161], stress levels [162], physical activity [163], innate
immune activity [164, 165], level of fighting and aggression [166, 167], which involve behavioral,
neurological, and hormonal differences among the four genetic types. Potential molecular

mechanisms, including transgressiveness in gene expression, causal gene variants, and epigenetic
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differences among genetic types [163, 168], warrant further study to elucidate the mystery of EDH

vs. OD in the hybrid catfish system.

The environment-dependent heterosis in hybrid catfish is not due to stochastic effects.
Instead, it is robust, strong, and highly reproducible based on empirical data from genetic
experiments and farming practices. Interestingly, in a recent study of threespine stickleback
crosses, heterosis was detected in F1 hybrid within the benthic ecotype crosses in ponds, and
hybrid breakdown was observed in aquaria [169], which is the same direction as in hybrid catfish.
Simulations and in vitro experiments in yeast glycolysis pathway suggest that heterosis is a
systemic property and positive heterosis in metabolic fluxes is prevalent [170]. Beyond metabolic
systems, the heterosis in hybrid catfish growth also seemed to be due to intrinsic developmental
processes. Compared to channel catfish, the hybrids have a bimodal pattern in growth in pond
culture. Rapid growth (>50% monthly growth rate) was observed in first 10 months in both hybrids
and channel catfish, followed by a slow-down with fluctuating growth rate centered around ~15%
in channel catfish (Figure 4D). In year two, the hybrids experienced a second wave of fast growth,
which peaked at a 50% growth rate. Substantial advantage is observed over channel catfish, and
the hybrids outgrow channel parents during this four-month period. The two waves of rapid growth

may be the key reasons to drive the manifestation of heterosis in growth.
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Chapter 3 Chromosome-level assembly and annotation of the blue catfish Ictalurus furcatus,

an aquaculture species for hybrid catfish reproduction, epigenetics, and heterosis studies
3.1 Abstract

The blue catfish is of great value in aquaculture and recreational fishery. The F1 hybrids
of female channel catfish (Ictalurus punctatus) x male blue catfish (I. furcatus) have been the
primary growth driver for US catfish production in recent years because of superior growth,
survival, and carcass yield. The channel-blue hybrid also provides an excellent model to
investigate molecular mechanisms of environment-dependent heterosis. However, transcriptome
and methylome studies suffered from low alignment rates to the channel catfish genome due to

divergence, and the genome resources for blue catfish are not publicly available.

The blue catfish genome assembly is 841.86 Mbp in length with excellent continuity (8.6
Mbp contig N50, 28.2 Mbp scaffold N50) and completeness (98.6% Eukaryota and 97.0%
Actinopterygii BUSCO). A total of 30,971 protein-coding genes were predicted, of which 21,781
were supported by RNA-seq evidence. Phylogenomic analyses revealed that it diverged from
channel catfish approximately 9 million years ago with 15.7 million fixed nucleotide differences.
The within-species SNP density is 0.32% between the most agriculturally important blue catfish
strains (D&B and Rio Grande). Gene family analysis discovered a significant expansion of
immune-related families in the blue catfish lineage, which may contribute to disease resistance in

blue catfish.

We reported the first high-quality, chromosome-level assembly of the blue catfish genome,

which provides the necessary genomic tool kit for transcriptome and methylome analysis, SNP
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discovery and marker-assisted selection, gene editing, and genome engineering, as well as

reproductive enhancement of the blue catfish and hybrid catfish.
3.2 Background

Catfish is the largest segment of US aquaculture [171], and catfish farming in Mississippi,
Alabama, Arkansas, and Texas accounts for 70% of total US freshwater aquaculture production.
Blue catfish Ictalurus furcatus (NCBI:txid66913; Fishbase ID: 3019) is an important aquaculture
species in the US, which is native to the Mississippi River basin and along the Atlantic and Gulf
Coast slopes [161]. The hybrid of female channel catfish (C) and male blue catfish (B), I. punctatus
Q@ x|. furcatus & (C>B), constitutes more than 50% of the total harvest [61]. Additionally, blue
catfish is the largest catfish species in North America and has special value for recreational fishery

due to the demand for trophy catfish for many anglers [172, 173].

US catfish production peaked in 2003 at around 300 million kg. However, it has been
declining since then due to increased feed and energy costs, low catfish market prices, and
competition from imports, notably Asian catfish [174, 175]. Interspecific hybridization is an
efficient way to recover catfish industry's prosperity by producing greater genetic enhancement.
The F1 hybrid (C>B) is superior in many production traits, including faster growth rate [57, 176,
177], improved feed conversion efficiency [57, 142], more carcass yield [143], better low oxygen
tolerance [58], disease resistance [59], and enhanced harvestability [54]. Collectively, these
heterosis characteristics enable a commercial production rate of 13,000 kg/ha, which doubles the
yield of traditional channel catfish farming [142, 178, 179]. In this context, paternal genetic
contributions from blue catfish are essential for improving industry-relevant traits [180], and yet

the blue catfish genome resources are not publicly available. A high-quality genome assembly of
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the blue catfish genome will provide the essential toolkit for the following research areas to

enhance catfish breeding and advance the scientific knowledge of heterosis in fish.

In channel-blue catfish hybrids, only C>B hybrids demonstrated heterobeltiosis
characteristics [54], and the superior phenotypes were only observed in pond culture but not in
smaller culturing units one cubic meter or less [163]. The asymmetric and environment-dependent
heterosis remains a mystery in the genetics and evolutionary biology field [181]. Transgressive
genes, which are defined as genes with higher or lower expression than both parents in F1 hybrids
[182], may contribute to the superior performance in heterosis, or misregulation of gene expression
resulting in hybrid incompatibility [183]. To understand the molecular mechanism of heterosis, we
performed RNA-seq in blue catfish, channel catfish, and their F1 hybrids to determine how gene
regulation in hybrid catfish was altered. However, only ~60% of the blue catfish reads can be
aligned to the channel catfish genome [184] due to sequence divergence, which greatly diminished
the ability to investigate the gene expression differences genome-wide. Thus, a high-quality blue

catfish genome assembly is necessary to improve the RNA-seq mapping rate.

Using channel catfish > blue catfish hybrid crosses and backcrosses, previous research
identified major genetic loci responsible for the resistance of three economically important catfish
diseases [185-188]. For certain bacterial pathogens, the blue catfish allele was the most resistant.
Blue catfish were almost completely resistant to Edwardsiella ictaluri, the pathogen for Enteric
Septicemia of Catfish [165, 189], whereas a 26% mortality in C>B hybrids [189] and up to 72.3%
mortality in channel catfish were reported [165]. Blue catfish were also more resistant to the
Aeromonas disease than C>B hybrids, whose mortality (32%) [190, 191] was much lower than the

channel catfish (90% mortality reported in [192] and 78% in [193]) under the infection of
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pathogenic Aeromonas hydrophila. Understanding the blue catfish genome will facilitate the
selection of the disease-resistant alleles from blue catfish for superior hybrid catfish breeds. As a
cost-effective approach, marker-assisted selection (MAS) has been applied to select superior
breeders for traits of interest, which relies on the selection of the best representative SNPs from
genome-wide association study (GWAS) peaks. Public genome assembly and annotation are
already available for channel catfish [184, 194], and the catfish SNP genotyping arrays were
designed primarily based on the channel catfish sequences [195, 196]. A high-quality blue catfish
genome is required for the selection of ideal SNP marker sets from GWAS/QTL mapping results
to ensure equal PCR amplification efficiency for both the channel catfish and blue catfish allele,

and avoid SNPs located in the repeat region or paralogous sequences in either species.

In addition to transcriptomic and genomic analyses, a blue catfish reference genome will
also enable epigenomic investigations, which is critical for studying the heterosis and reproduction
biology of the hybrid catfish. To explain the phenotypic differences between B>C and C>8 hybrids,
an epigenetic component must be considered because the F1 hybrids have identical nuclear genome
configurations (29 chromosomes from the blue catfish and 29 from the channel catfish) [197]. As
a key epigenetic modification [198], DNA methylation may be differentially marked in the male
germline of channel catfish vs. blue catfish, affecting the global gene expression profile. The C>xB8
hybrid catfish fry were produced using artificial reproduction techniques by mixing eggs and
sperm in vitro [199]. Unlike other fish species, in which sperm could be easily obtained by
stripping, blue catfish sperm is collected by the removal and maceration of testes, which is a lethal
procedure [54, 200]. Since blue catfish males become sexually mature at 4-7 years of age [161],

the paternal side (blue catfish) is the bottleneck in hybrid catfish embryo production.
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Cryopreservation of gametes is a solution to overcome paternal limitations during the spawning
season [201], but substantial variations in hatch rate were reported for cryopreserved blue catfish
sperm samples, ranging from 0% to 82% [202-206]. Thus, a reliable method for assessing sperm
quality is in urgent need within the US catfish industry, and DNA methylation is the most
promising biomarker. Sperm methylation has been linked to fertility in fish [207], and it has been
reported that cryopreservation can affect the DNA methylation of sperm [208]. To determine
whether different storage strategies induce epigenetic lesions, DNA methylome studies have been
performed in blue catfish sperm, but the proportion of mapped reads to the channel catfish
reference genome is relatively low, resulting in insufficient coverage for DNA methylome analysis.
Thus, a high-quality, high-continuity blue catfish genome is required for epigenetic studies to
enhance embryo production for hybrid catfish, and also as a genetic resource for producing better
genetic types of hybrid catfish.

To fill the gap in the catfish genomic toolkit, in this study, we reported the first genome
assembly of blue catfish (I. furcatus) using PacBio long-read sequencing. This high-quality, high-
continuity assembly will allow researchers to better investigate the genomic underpinnings of
production phenotypes. The annotation of the blue catfish genome makes it possible to conduct
comprehensive functional genomics studies. The blue catfish genome resource will provide a solid
molecular basis for investigating the mechanism of heterosis in the C>B hybrids, as well as

improving the genetic potential for commercial production by genetic enhancement programs.

3.3 Materials and methods

3.3.1 Fish and blood collection

Four healthy adult blue catfish (body weight: 2.8 to 3.8 kg) were obtained from the brood
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stock pond of Auburn University Fish Genetics Research Unit (Auburn, AL, USA), including two
blue catfish (one female and one male) from the D&B strain and two blue catfish (one female and
one male) from Rio Grande strain. All the fish were anesthetized using 100 mg/L buffered MS-
222 (tricaine methanesulfonate, Syndel Inc., Ferndale, WA, USA), and blood samples were
collected using a syringe from the caudal vasculature and immediately put into the lithium heparin-
containing blood collection tubes (The Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). After blood collection, the four fish were temporarily reared in an indoor tank with
dissolved oxygen level > 8 mg/L, water temperature 21 to 22.5 °C, and pH 6.8 to 7.0, for them to
recover for a few days before releasing back into the research pond. All experimental animal
protocols, including animal care and tissue sample collections, were approved by the Auburn

University Institutional Animal Care and Use Committee (IACUC) under PRN# 2019-3520.
3.3.2 Genomic DNA extraction and quality control

High molecular weight (HMW) genomic DNA was extracted from one female D&B, one
male D&B, one female Rio Grande, and one male Rio Grande blue catfish blood samples (Table
S1) using Monarch® HMW DNA Extraction Kit for Cells & Blood kit (New England BioLabs,
Ipswich, MA, USA) following the manufacturer’s protocol. A total of 20 uL. blood sample was
used as input for each extraction. The concentration of genomic DNA was determined by a Qubit
3.0 Fluorometer instrument (Thermo Fisher Scientific, Waltham, MA, USA). The gDNA integrity
and size distribution were checked by an Agilent TapeStation 4200 (Agilent Technologies, Santa

Clara, CA, USA).

3.3.3 PacBio CCS HiFi library preparation and sequencing
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PacBio CCS (circular consensus sequencing) library was constructed on 10 pg female
D&B blue catfish HMW genomic DNA sheared into 20 kb fragments, using SMRThbell Template
Prep Kit v2 following the CCS HiFi library protocols (Pacific Biosciences, Menlo Park, CA, USA).
The PacBio library was prepared and sequenced on a PacBio Sequel 11 System at the HudsonAlpha

Genome Sequencing Center (HudsonAlpha Institute for Biotechnology, Huntsville, AL, USA).

3.34 The 10x Genomics Linked-read library preparation and Illumina short-read

sequencing

Four 10xGenomics Linked-read libraries (female and male of D&B and Rio Grande strains)
were constructed on a 10 Genomics Chromium Controller (10xGenomics, Inc., San Francisco,
CA, USA) using 1.1 ng HMW genomic DNA input with the Chromium Genome Reagent Kit v2
and Chromium Genome Library & Gel Bead Kit v2 (10> Genomics, Inc., San Francisco, CA,
USA). Individual libraries were barcoded using the Chromium i7 Multiplex Kit (10> Genomics,
Inc., San Francisco, CA, USA). Final library quality and size distribution were determined by
Agilent TapeStation 4200 (Agilent Technologies, Santa Clara, CA, USA), and the concentrations
were measured with Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The
libraries were sequenced using a 2>150 bp Paired-End format on an Illumina NovaSeq 6000

sequencing at Novogene (Novogene Corporation Inc., Sacramento, CA, USA).

3.3.5 Genome size estimation

Illumina sequencing reads were used to estimate the genome size of I. furcatus. Adapter
sequences and low-quality bases in the raw reads were trimmed by Trimmomatic version 0.36

[209], with the parameters “ILLUMINACLIP:adapter:2:30:10 LEADING:3 TRAILING:3
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SLIDINGWINDOW:4:15 MINLEN:75”. The remaining high-quality reads in the D&B female
DNA resequencing data were used for multiple k-mer counting using Jellyfish version 2.3.0 [210]
with parameters count “-m 25 -s 180G -t 48”. The genome size, heterozygosity, and repeat level

were estimated using GenomeScope [211] based on the k-mer frequency distributions.

3.3.6 Genomic contig assembly

After removing the PacBio sequencing adapters and primers, the CCS HiFi reads were
assembled to blue catfish contigs using hifiasm version 0.13 [212] with default parameters. De
novo assemblies of the 10x Genomics linked-reads were performed using Supernova version
2.1.1 with default parameters [213]. The quickmerge software (version 0.3.0) [214] was used to
combine the long-read and linked-read assemblies, but the outcome was the same as the PacBio
contigs. Potential microbial contaminations were examined by a pipeline described previously
[215], and none were identified. The contig assembly statistics were assessed using the stats.sh

function in the BBMap package [216].

3.3.7 Chromosome assembly and polishing

Based on previous cytogenetic studies, blue catfish have the same number of chromosomes
as the channel catfish (2N = 58), and the blue and channel catfish chromosomes cannot be
distinguished in the karyotyping results [217]. To assemble the PacBio contigs into chromosomes,
blue-channel catfish linkage information was utilized from previous linkage maps constructed
using channel catfish > blue catfish crosses [218-222]. Specifically, PCR primer sequences for
linkage marker from Ninwichian et al. [221] were identified in the blue catfish contigs using the

UCSC In-Silico PCR tool [223] (Data S1). The contigs were ordered based on the linkage map
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positions, and adjacent contigs were separated by 50,000 Ns. The draft genome assembly was
polished using lllumina short-reads (Table 3) for indel and error correction to generate a final high-
quality assembly by Pilon (version 1.24; parameter settings: fix=all) [224]. Potential bacterial
contaminations were checked using a pipeline described in our previous research [225], and no

bacterial contamination was found.

3.3.8 Genome completeness and quality assessment

The final genome assembly statistics (Table 2) were determined by the stats.sh function in
BBMap [216]. Genome completeness of blue catfish assembly was evaluated by Benchmarking
Universal Single-Copy Orthologs version 5.3.2 [226] and compared with the closely-related
channel catfish (Ictalurus punctatus) reference genome [184, 227], and tra catfish (Pangasianodon
hypophthalmus, also known as striped catfish) genome assembled recently [228-230]. Orthologs
in eukaryota_odb10 and actinopterygii_odb10 were used to compute the BUSCO scores. To
determine the completeness at the chromosome termini, telomeric repeat motifs (TRM) were
identified and quantified from the Illumina sequencing data using the TRIP pipeline [231], and the

6-bp vertebrate-type TRM (TTAGGG)n was identified.

To assess the quality of the blue catfish reference genome assembly, we compared blue
catfish transcriptome and DNA methylome data alignment rate to channel catfish reference
genome vs. this blue catfish assembly. For RNA-seq, adult liver transcriptome data from our
previous research were used with NCBI GEO (Gene Expression Omnibus) databases accession
number GSE186603 [163]. For DNA methylome data, DNA was extracted from three
cryopreserved blue catfish sperm samples using AllPrep PowerFecal DNA/RNA Kit (Qiagen,

Redwood City, CA, USA) following the manufacturer’s protocols. Pair-end EM-seq libraries were
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constructed using NEBNext Enzymatic Methyl-seq Kit (New England BioLabs, Ipswich, MA,
USA). The quality and size distribution of libraries were determined by TapeStation 4200 (Agilent
Technologies, Santa Clara, CA, USA), before they were sequenced in an Illumina NovaSeq 6000
S4 lane at Novogene (Novogene Corporation Inc., Sacramento, CA, USA). The raw EM-seq reads
were checked by FastQC [232] and trimmed by Trimmomatic (version 0.36) [209], with the
parameters “ILLUMINACLIP:adapter:2:30:10 LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:75”. The filtered reads were aligned to blue catfish genome
assembly using the BWA aligner (version 0.7.17-r1188) [233], with parameters “bwa-mem2 mem

-148-M -w3-012 -E 4.

3.3.10 Repeat annotation

To compare the quality of blue catfish genome with related species genome,
RepeatModeler version 2.0.1 [234] was performed to identify the repetitive elements in our blue
catfish genome assembly, channel catfish (Ictalurus punctatus) genome assembly [227], and tra
catfish (Pangasianodon hypophthalmus) genome [228]. The interspersed repeats sequences and

low-complexity DNA sequences were masked with RepeatMasker version 4.0.6 [235].

3.3.11 SNP identification between channel catfish and blue catfish, and within blue catfish

between D&B and Rio Grande strains

A total of 18.6 million PacBio CCS HiFi reads generated from the blue catfish D&B strain
were aligned to the channel catfish reference genome version 1.2 [184] using Minimap2 [236,
237]. De novo SNP calling was performed in the LongRanger pipeline v2.1.6 using

UnifiedGenotyper in GATK version 3.6 [238] with “-stand_call_conf 50.0 -stand_emit conf 10.0”
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parameters. SNP positions with a coverage depth of less than 10 were excluded from subsequent
analysis. The 10xGenomics reads from two individuals (female and male) of the Rio Grande strain,
and two individuals (female and male) of D&B strain were aligned to the repeat masked assembly
of blue catfish using LongRanger software version 2.1.6 [24]. De novo SNP calling was performed
in the LongRanger pipeline using GATK version 3.4 with the default parameters [238]. The
insertion and deletion variants in VCF file were filtered out by BCFtools version 1.11 [239]. To
obtain high-quality SNPs, positions with mapping quality < 250 and coverage depth < 4 were
excluded from the analysis. The shared high-quality SNPs between the female and male samples

were kept for the D&B and the Rio Grande strains.

3.3.12 Gene prediction and functional annotation

To annotate the protein-coding genes in the blue catfish genome, we exploited ab initio,
RNA-seq based, and homology-based approaches for gene prediction in the repeat-masked
assembly. Trimmed RNA-seq reads were mapped to the blue catfish genome assembly with
Tophat version 2.1.1 [240], and transcript isoforms were extracted using cufflinks version 2.2.1
[241]. In addition, de novo transcript contig assembly was performed using Trinity version
2.4.0 [242]. The blue catfish repeat families and transcriptome assembly were fed to the MAKER
annotation pipeline version 2.31.9 [243]. Gene models were predicted using ab initio gene
prediction algorithms with protein and transcriptome evidence by EST2GENOME and
PROTEIN2GENOME procedures in MAKER. The RNA-seq GFF3 file and transcript assembly
were provided as expressed sequence tags (ESTS) evidence, and annotated protein sequences of
teleost species in the OrthoDB database version 9.1 were utilized as homology evidence [244].

The initially predicted gene models were used to train both the SNAP [245] and the AUGUSTUS
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[246, 247] gene predictors. Two additional iterations were performed to generate the final MAKER
gene models. For homology-based gene prediction, high-quality channel catfish protein-coding
gene models were downloaded from the Ensembl database version 99 [248], and blue catfish gene
prediction was performed using Gene Model Mapper [249], based on the channel gene catfish
model and BAM files of blue catfish RNA-seq alignments. Finally, the GeMoMa and MAKER
gene sets were compared and merged to select the best representative gene models. To assess the
quality of the gene annotation, the sequences of predicted gene models were aligned to the EST

sequences from blue catfish using BLAT [250].

3.3.13 Annotation of non-coding RNA genes

Non-coding RNA genes were predicted by the Rfam INFERNAL version 1.1.4 [251]
(accessed on 1/30/2022) using Rfam database version 14.7 [252]. The tRNA gene models were
identified using tRNAscan-SE version 2.0.9 implemented in the MAKER pipeline [253]. For 28S

and 18S rRNA genes, fragments gene models were excluded from the analysis.

3.3.14 Catfish 690K probe alignment to channel and blue catfish genomes

The widely applied catfish 690K SNP array using Affymetrix Axiom technology [195] was
evaluated for SNP coverage in the blue catfish genome. The 5’- and 3’- SNP flanking sequences
in the probe were aligned to the channel catfish and blue catfish genome using in the UCSC In-
Silico PCR tool with 11bp tileSize and 30 bp minimum perfect match. In-Silico PCR hits less than
or great than 71 bp, or with indels in them were excluded. Channel catfish and blue catfish alleles
were determined for the SNP position in each probe. Density patterns of channel-blue SNPs

covered by the catfish 690K array were plotted across each chromosome using the CMplot package
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in R [254].

3.3.15 Comparative genome analysis

To compare the genome assembly in blue catfish and channel catfish, the chromosome
ideogram was drawn according to a previous karyotyping study [255]. The blue catfish genome
sequences were compared with that of channel catfish genome sequences to identify chromosome
orthology. Multiple genome alignment and visualization were performed using Mauve version
2.1.0 [256] implemented in Geneious version 11.1.5 [257]. Unique genomic regions with high
sequencing similarity and genome rearrangement events between blue catfish and channel catfish
were highlighted for each chromosome pair comparison. In addition to DNA sequences, we also
compared the two genomes using protein-coding genes as anchors. Homologous regions in these
two genomes were identified using MCScan version X [258], a Python package for synteny
detection and evolutionary analysis. The inferred gene pairs and linked relationships were
visualized and placed in the context of whole-genome collinearity using a genomic circle generated

by Circos version 0.69-7 [259].

3.3.16 Phylogenetic analysis

To investigate the phylogenetic relationship between blue catfish and other Actinopterygii
fish, ten species were selected from 52 Actinopterygii species in OrthoDB version 10.1 [260],
including channel catfish (I. punctatus), Atlantic herring (Clupea harengus), zebrafish (Danio
rerio), northern pike (Esox lucius), large yellow croaker (Larimichthys crocea), spotted gar
(Lepisosteus oculatus), nile tilapia (Oreochromis niloticus), guppy (Poecilia reticulata), greater

amberjack (Seriola dumerili), and pufferfish (Takifugu rubripes). A total of 5,269 single-copy 1:1
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orthologs among these species were identified. Protein sequences were aligned using MAFFT
version 7.407 [261] and concatenated into one alignment for phylogenomic analysis. 1Q-TREE
version 1.6.12 [262] was used to estimate the best protein model for phylogenetic tree construction.
A Maximum Likelihood (ML) tree was built with the best-fit model JTT+F+R3, with 1,000
bootstraps or branch support evaluation. The phylogenetic tree was annotated and visualized using

FigTree version 1.4.4 [263].
3.3.17 Gene family expansion and contraction analyses

The gene models from the blue catfish and other 10 Actinopterygii species in the
phylogenomics analysis were obtained from this assembly and OrthoDB version 10.1 [260],
respectively. Protein sequences less than ten amino acids were excluded from the analyses.
Sequence alignments were performed by all-vs-all blast module using Diamond version
2.0.0 [264], with an E-value cutoff of 1x10°. Gene family clusters were identified using
OrthoMCL (version 2.0.9) [265]. The divergence time was estimated based on the phylogenetic
tree and protein sequence by r8s version 1.8.1 [266]. The PL (penalized likelihood) method and
TN algorithms were used to estimate divergence time and absolute rates of substitution. Three
calibration nodes were applied for estimating divergence time, including one fixed time point (I.
punctatus & Danio rerio, 142 million years ago) and two constraining time points (Poecilia
reticulata & Oreochromis niloticus, 88-139 million years ago and Larimichthys crocea & Takifugu
rubripes, 102-127 million years ago) from the TimeTree [267]. Based on estimated divergence
times and phylogenetic relationships, CAFE version 4.2.1 [268] was used to analyze the gene family
expansion and contraction. The cutoff for significantly changed gene families was P-value less than
0.05. The genes in significantly expanded gene families were annotated by orthology in other species
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from OrthoDB version 10.1 or the eggNOG-mapper version 2.1.7 [269].

3.4 Results

3.4.1 Genome assembly and statistics

The estimated total genome length of I. furcatus is 839,021,413 bp, based on the k-mer
distribution and depth in the lllumina short-read data generated in this study, and the inferred
overall rate of heterozygosity is 0.597%. A total of 316.9 Gb PacBio raw reads were generated
from the blood DNA of a single female blue catfish (D&B strain). Genome assembly was
performed using 21.3 Gb PacBio CCS HiFi reads, and a total of 563 contigs were assembled,
which was much fewer than the long-read assemblies of channel catfish and tra catfish genomes
(Table 2). The assembled contigs had an N50 of 8.59 Mb, indicating excellent contiguity. The
contigs were further assembled into chromosomes based on linkage markers and linkage map
information constructed using F1 backcrosses in 2016 [221]. Both species had 29 pairs of
homologous chromosomes, and no karyotype differences can be detected at the cytogenetic level
[217, 255]. The genetic maps and physical distances were consistent between blue catfish and
channel catfish chromosomes (Figure 6A-B). On average, channel catfish had 60.0 linkage
markers per chromosome, whereas blue catfish assembly had 34.8 markers, with 32.8 overlapped
in both species (Figure 6C and Data S1). Given that the number of markers was much larger than
the number of scaffolds per chromosome (n = 11), the channel-blue linkage markers were
sufficient for the chromosomal assembly. The final assembly consisted of 29 chromosomes, a
circularized mitochondrial genome, and 241 unplaced contigs. The final genome size was

841,864,377 bp, with a scaffold N50 of 28.24 Mb (Table 2).
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Table 2. Summary statistics of the blue catfish (Ictalurus furcatus) genome assemblies.

Blue catfish

Genome assembly (this assembly)

Channel catfish
(ASM400665v3)

Tra catfish
(GCA 016801045.1)

Sequencing data and coverage

21.34 Gh PacBio Sequel Il
CCS HiFi reads

Illumina sequencing data 49.41Gb NovaSeq reads

PacBio sequencing data

Genome coverage CCS: 24> lllumina: 59x

Assembly statistics

Total scaffold length 841,864,377 bp
Total contig length 838,964,151 bp
Number of scaffolds 271
Scaffold N50 28.24 Mbp
Maximum scaffold length 38.50 Mbp
Number of contigs 563
Contig N50 8.59 Mbp
Maximum contig length 24.51 Mbp
Completeness (eukaryota_odb10, n=255)
BUSCO completeness 98.4%
single-copy BUSCO 95.7%
duplicated BUSCO 2.7%
fragmented BUSCO 0.4%
missing BUSCO 1.2%
Completeness (actinopterygii_odb10, n=3640)
BUSCO completeness 97.0%
single-copy BUSCO 95.4%
duplicated BUSCO 1.6%
fragmented BUSCO 0.6%
missing BUSCO 2.4%

57.69 Gb PacBio Sequel
CLS reads

CLS: 58x

1,036,985,268 bp
1,018,280,134 bp
3,164
26.68 Mbp
39.13 Mbp
6,999
1.70 Mbp

24.09 Mbp

95.7%
83.9%

11.8%
1.6%
2.7%

95.0%

84.7%
10.3%
1.2%
3.8%

63.07 Gb Nanopore

44.23 Gb HiSeq
reads
Nanopore: 130
Illumina: 59>

742,562,378 bp
771,909,303 bp
402
29.53 Mbp
45.06 Mbp
808
3.48 Mbp

16.11 Mbp

97.2%
94.1%

3.1%
0.4%
2.4%

96.1%
94.9%
1.2%
0.8%
3.1%
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Table 3. Summary PacBio and lllumina (10>x Genomics) sequencing data generated for

blue catfish genome assembly.

D&B M D&B F Rio_M Rio_F
Strain D&B D&B Rio Grande Rio Grande
Sex Male Female Male Female
PacBio data No Yes No No
Illumina NovaSeq (10x Genomics) Yes Yes Yes Yes
Total lHlumina sequence 16.55 Gb 32.85Gb 18.67 Gb 21.87 Gb
Illumina sequence depth 13x 28.7% 14.2x 18.6x
Raw reads 110,359,012 219,030,872 124,453,646 145,777,450
Filtered reads 82,508,560 173,468,774 91,588,034 113,134,956
Mapping rate (channel reference) 76.30% 83.06% 73.45% 81.05%
% genome mapped (channel) 94.72% 96.76% 94.09% 95.88%
Mapping rate (blue reference) 85.17% 90.34% 83.97% 89.41%
% genome mapped (blue) 98.29% 99.46% 96.80% 98.19%
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Figure 6. Markers in the genetic linkage map of channel catfish, Ictalurus punctatus, and
blue catfish, I. furcatus.

(A) The linkage map position (y-axis) and physical location (x-axis) of 84 channel catfish genetic
makers and 55 blue catfish genetic markers on chromosome 1.
(B) The linkage map position (y-axis) and physical location (x-axis) of 76 channel catfish genetic
makers and 43 blue catfish genetic markers on chromosome 2.
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(C) A total of 1,739 and 1,009 molecular markers were anchored onto 29 chromosomes in
channel catfish (orange bar) and blue catfish (blue bar), respectively. The brown bars represent
the shared makers in both channel catfish and blue catfish.

3.4.2 Assessment of genome completeness

The completeness of blue catfish genome assembly was assessed using the BUSCO tool
(see Materials and Methods). The completeness score against Actinopterygii BUSCO was 97.0%,
which was slightly higher than the channel catfish (95.0%) and tra catfish (96.1%; see Table 2).
The proportions of duplicated or fragmented BUSCO genes were low in the blue catfish genome,
suggesting a highly complete reference assembly (Table 2). Similar results were obtained when
assessed using Eukaryota BUSCOs (Table 2). We examined the termini of the assembled
chromosomes and discovered that 43 of the 58 telomeres start or end with the vertebrate-type
telomeric repeat motif TTAGGG, indicating telomere-to-telomere continuity for the majority of
the chromosomes (Figure 7A and Table 4). In contrast, only ten telomeric regions were present in
the channel catfish assembly (Figure 7A and Table 5). Over 90% of the 10> Genomics reads from
the female D&B library can be uniquely aligned to the blue catfish assembly, and 99.5% of the

blue catfish genome was covered by the Illumina reads (Table 3).
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Table 4. Chromosomal locations of telomeric regions in the blue catfish genome.

Chromosome Clzrzgrt'r;]o(sgge Telomeric region TRM unit TRM length (bp)
chrl 38,502,147 38,490,627-38,502,147 TTAGGG 11,521
chr2 37,347,697 37,328,958-37,347,697 TTAGGG 18,740
chr3 37,403,401 1-14,694 TTAGGG 14,694
chr3 37,403,401 37,388,652-37,403,401 TTAGGG 14,840
chrd 34,879,847 1-18,799 TTAGGG 18,799
chr4 34,879,847 34,876,224-34,879,847 TTAGGG 3,624
chr5 32,683,838 1-15,008 TTAGGG 15,008
chrb 32,683,838 32,672,972-32,683,838 TTAGGG 10,867
chré 34,832,723 1-2,316 TTAGGG 2,316
chré 34,832,723 34,817,154-34,832,723 TTAGGG 15,570
chr7 35,738,446 1-13,222 TTAGGG 13,222
chr7 35,738,446 35,733,978-35,738,446 TTAGGG 4,469
chr8 31,222,341 1-14,599 TTAGGG 14,599
chr8 31,222,341 31,213,178-31,222,341 TTAGGG 9,164
chr9 31,984,930 1-42 TTAGGG 17,035
chr9 31,984,930 31,972,799-31,984,930 TTAGGG 12,132
chr10 31,655,194 1-12,284 TTAGGG 12,284
chri2 29,997,346 29,982,864-29,997,346 TTAGGG 14,483
chrl3 28,244,497 1-383 TTAGGG 383
chrl3 28,244,497 28,228,599-28,244,497 TTAGGG 15,899
chri4 33,164,699 33,154,880-33,164,699 TTAGGG 9,820
chrl5 27,933,702 27,917,339-27,933,702 TTAGGG 16,364
chrl6 26,605,954 1-14,636 TTAGGG 14,636
chrl7 25,991,458 1-7,157 TTAGGG 7,157
chrl8 24,759,037 1-5,697 TTAGGG 5,697
chrl8 24,759,037 24,743,022-24,759,037 TTAGGG 16,016
chr19 28,130,347 1-8,377 TTAGGG 8,377
chrl9 28,130,347 28,117,110-28,130,347 TTAGGG 13,238
chr20 23,304,372 1-11,449 TTAGGG 11,449
chr20 23,304,372 23,291,168-23,304,372 TTAGGG 13,205
chr21 24,604,880 24,600,949-24,604,880 TTAGGG 3,932
chr22 21,156,995 1-15,567 TTAGGG 15,567
chr23 20,281,674 1-9,791 TTAGGG 9,791
chr24 20,306,282 1-6,740 TTAGGG 6,740
chr24 20,306,282 20,287,362-20,306,282 TTAGGG 18,921
chr25 20,550,178 20,530,827-20,550,178 TTAGGG 19,352
chr26 20,178,937 1-15,939 TTAGGG 15,939
chr26 20,178,937 20,171,519-20,178,937 TTAGGG 7,419
chr27 18,867,290 1-11,567 TTAGGG 11,567
chr27 18,867,290 18,852,505-18,867,290 TTAGGG 14,786
chr28 18,616,282 1-13,828 TTAGGG 13,828
chr29 15,876,424 1-11,389 TTAGGG 11,389
chr29 15,876,424 15,864,517-15,876,424 TTAGGG 11,908
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Table 5. Chromosomal locations of telomeric regions in the channel catfish genome.

Chromosome Clzrzgrt'r;]o(sgge Telomeric region TRM unit TRM length (bp)
chrl 37,510,255 1-100 TTAGGG 100
chrl 37,510,255 37,509,904-37,510,255 TTAGGG 262
chr2 37,257,225 1-130 TTAGGG 130
chr4 34,595,840 1-225 TTAGGG 225
chr9 30,212,908 1-226 TTAGGG 226
chr9 30,212,908 30,212,557-30,212,908 TTAGGG 352
chril 28,208,075 1-201 TTAGGG 201
chrl6 25,964,114 25,963,788-25,964,114 TTAGGG 327
chr20 22,470,590 3-359 TTAGGG 357
chr20 22,470,590 22,470,389-22,470,575 TTAGGG 187
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Figure 7. Synteny alignments of blue catfish and channel catfish chromosomes based on
DNA sequence similarity.

(A) Presence and absence of telomeric repeat motif (TRM) at termini of assembled
chromosomes shown in karyogram. The orange boxes represent channel catfish telomere, and
blue boxes represent blue catfish telomeric assembly. (B-C) Synteny analysis of chromosome 1
and 2 between channel catfish and blue catfish.

3.4.3 Protein-coding gene annotations

58



A total of 17,945 gene models were annotated by SNAP, and 10,591 genes were predicted
by AUGUSTUS in the MAKER pipeline (see Materials and Methods). Homology-based GeMoMa
algorithm identified 20,460 protein-coding genes based on channel catfish gene models in Ensembl
version 99. These gene models were merged based on BLAT results to the blue catfish genome
assembly, resulting in 33,677 predicted protein-coding genes. Among these gene models, 30,971
(92.0%) are complete with a start codon and a stop codon. The average coding region length was
1,195 bp, and the mean number of coding exons per gene model was 7.2. There were a total of
21,781 genes with RNA-seq reads aligned to the gene region, and 21,330 gene models were

supported by blue catfish EST sequences.

Table 6. RNA sequencing data yield, quality control, and alignment statistics to channel
catfish and blue catfish genomes.

Sample Number of Number of % of uniquely % of uniquely % of uniquely
raw reads filtered reads  mapped reads mapped reads mapped reads
to channel genome to blue genome to blue pseudo
(IpCoco 1.2) (this assembly) genome*
Blue_catfish_liver_1 1 39,671,838 39,524,026 61.0% 83.2% 68.1%
Blue_catfish_liver_2 1 24,723,270 24,644,364 62.1% 85.4% 68.4%
Blue_catfish_liver_1 2 87,981,866 87,650,476 70.6% 87.5% 76.7%
Blue_catfish_liver 2 2 66,425,710 66,215,758 68.0% 84.4% 74.1%

* A pseudo blue catfish genome was constructed based on the channel reference genome IpCoco 1.2, by
replacing the channel alleles with blue alleles at 15,685,661 channel-blue SNP positions.

3.4.4 Annotation of non-coding RNA genes

A total of 6,192 tRNAs were identified using tRNA-scan (Table 7 and Data S2). Among
them, 1,712 decode the twenty standard amino acids, eight decode selenocysteine (TCA), and ten
are predicted suppressor tRNAs. The remaining ones are predicted pseudogenes. A total of 55

complete clusters of 18S-5.85-28S rRNA were predicted (Table 7 and Data S3), and which were

59



located on chromosome 4 and four unplaced scaffolds (chrUn008, chrUn028, chrUn032,
chrun034). The blue catfish 28S rRNA gene has a 99.2% sequence identity with the channel
catfish gene on chromosome 24, and a 92.4% identity with Tra catfish (XR_004577711). The blue
catfish 18S rRNA gene has a 98.8% sequence identity with channel catfish (AF021880), and a
98.3% identity with Tra catfish (XR_004577708). The blue catfish 5.8S rRNA genes have a 100%
sequence identity with channel catfish (GQ465242), and a 99.4% identity with Tra catfish
(XR_003402644). A total of 12,448 copies of predicted 5S rRNA genes were identified (Table 7),
95.6% of which were located in a 4 Mbp cluster on chromosome 14 subtelomeric region between
positions 29,127,406 bp and 33,137,707 bp (Data S3). Spliceosome-related small nuclear RNAs
(snRNAS) include U1, U2, U4, U5, U6, and other members (Data S4). Altogether, there were 601
predicted copies of SnRNAs (Table 7), and they were organized in major clusters in the blue catfish
genome (U1 on chrl, U2 on chrl9, U4 on chrl4, U5 on chrl9, and U6 on chr22). Small nucleolar
RNAs (snoRNAS) are responsible for nucleotide modifications in rRNAs. A total of 135 C/D-box
snoRNAs and 72 H/ACA-box snoRNAs were predicted in the blue catfish genome (Table 7 and
Data S5). A total of 2,079 pre-miRNA genes were predicted in the blue catfish genome (Table 7

and Data S6), which encode 105 putative miRNAs.
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Table 7. Summary of predicted non-coding RNA genes annotated in blue catfish, Ictalurus
furcatus, genome.

Non-coding RNAs (fuclzloéjonptises) u'rol\i\':el(re?\%ih Total length ngfg:;:f
tRNA genes
tRNAs decoding standard 20 amino acids 1,712 75 bp 128,864 bp 0.015%
Selenocysteine tRNAs 8 75 bp 597 bp <0.001%
tRNASs with undetermined isotypes 13 73 bp 953 bp <0.001%
suppressor tRNAs 10 81 bp 813 bp <0.001%
predicted pseudogenes 4,359 75 bp 338,738 bp 0.040%
tRNA total 6,102 - 469,965 bp 0.056%
rRNA genes
28S rRNA 55 4,180 bp 229,935 bp 0.027%
18S rRNA 55 1,872 bp 102,983 bp 0.012%
5.85 rRNA 57 154 bp 8,782 bp 0.001%
5S rRNA 12,448 117 bp 1,451,889 bp 0.173%
rRNA total 12,615 - 1,793,589 bp 0.214%
SNRNA genes
U1 74 163 bp 12,047 bp 0.001%
U2 215 215 bp 39,363 bp 0.005%
u4 42 141 bp 5,903 bp 0.001%
us 207 115 bp 23,753 bp 0.003%
U6 51 106 bp 5,390 bp 0.001%
Other 12 105 bp 1,258 bp <0.001%
snRNA total 601 - 87,714 bp 0.010%
SNORNA genes
C/D-box snoRNA 135 123 bp 17,611 bp 0.002%
H/ACA-box snoRNA 72 150 bp 9,572 bp 0.001%
snoRNA total 207 - 27,183 bp 0.003%
miRNA genes 2079 81 bp 167,979 bp 0.020%

3.4.5 Ancient whole genome duplication in blue catfish
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Teleost species underwent a fish-specific ancient whole-genome duplication (WGD) event
during evolution [270]. To investigate this, we performed synteny analysis within the blue catfish
genome. A significant amount of reminiscent paralogy was found in a few chromosome pairs

(chrd-chr5, chr9-chr25, and chrl5-chr21), as well as local regions among other chromosomes

(Figure 8).
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Figure 8. Circos plot showing paralogous gene pairs in the blue catfish genome.

Colored lines join the gene pairs resulting from whole genome duplication. Chr = chromosome.

3.4.6 Comparative genomics between the blue catfish and the channel catfish

Comparative genomic analysis was performed using the whole-genome alignment tool
Mauve (see Materials and Methods), and blue-channel pairwise chromosomal alignment revealed
large syntenic blocks between homologous chromosomes (Figure 7B-C). For example,
chromosome 1 only had four inversion events involving small regions near the centromere and
telomere (Figure 7B). Local genome expansions and contractions were observed, but they only
accounted for a small fraction of the genome. Gene model and gene order based comparisons of
the two genomes were also performed (Figure 9), and a high level of synteny between the
corresponding chromosomes was also detected, with a few minor genome rearrangements (Figure

9).
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Figure 9. Genome comparisons between channel catfish, Ictalurus punctatus, and blue
catfish, 1. furcatus, based on orthologous genes.

A total of 29 chromosomes in the blue catfish genome assembly (on the left in the Circos plot)
showed a one-to-one homologous relationship with 29 chromosomes in the channel catfish
genome (on the right in the Circos plot). The outside ring represents chromosomes.

3.4.7 Divergence between D&B strain and Rio Grande blue catfish strains

Through de novo SNP calling using GATK, we identified a total of 1,433,465 SNP
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positions between the D&B and the Rio Grande strains. Among these, 607,059 were fixed
differences between D&B and Rio Grande, and 826,406 were segregating within the Rio Grande
strain. We estimated that the intraspecific SNP density between these two strains was 0.0032. The
assembled and circularized D&B mitochondrial (MT) genome is 16,499 bp in length, which is the
same length as a previously assembled blue catfish MT genome (NCBI GenBank accession
number NC_028151). We identified one fixed nucleotide difference between our D&B MT
genome assembly and NC_028151 (C12307T), which is a synonymous substitution at the third
position in a codon encoding Phe. We assembled the first MT genome in the Rio Grande strain,
and the circularized genome size is also 16,499 bp. There are 53 substitutions between D&B and
Rio Grande (36 in protein-coding genes, 2 in rRNA, and 2 in tRNA genes), resulting in a sequence

divergence of 0.0032 in the entire genome and 0.0026 in the genic region (Table 8).

Table 8. Summary nucleotide substitutions in the mitochondrial genome between blue
catfish D&B and Rio Grande strains.

nGaenﬁ Type subsﬁtﬂiions Synonymous syntg\ln?/r:]-wous SNP positions
12S_rRNA  rRNA 1 - - 378
16S_rRNA rRNA 1 - - 2527
tRNA-Cys tRNA 1 - - 5326
tRNA-Thr tRNA 1 - - 15489
ATP6 Coding 2 2 0 8151,8232
COX1 Coding 2 2 0 6168,6171
COX2 Coding 2 2 0 7509,7554
COX3 Coding 3 3 0 8903,9374,9413
CYTB Coding 4 3 1 14452,14490,14830,15073
ND1 Coding 6 5 1 2928,3078,3443,3545,3644,3770
ND2 Coding 5 5 0 4114,4408,4478,4720,4756
ND3 Coding 2 2 0 9954,9966
ND4 Coding 3 2 1 10795,11231,11365
ND5 Coding 7 5 2 12385,12484,13159,13433,13436,13639,13720
D-loop Intergenic 13 ) 15698,15745,15750,15790,15840,15993,16054,

16065,16206,16207,16208,16284,16395
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3.4.8 SNP annotation and channel genome-based pseudo blue catfish genome

The interspecific sequence differences between channel catfish and blue catfish were
previously estimated to be 13 to 15 SNPs per Kb based on EST data [271]. In this study, with the
blue catfish genome assembly and resequencing data of two important aquaculture strains (D&B
and Rio Grande), de novo SNP calling revealed a total of 15,685,661 fixed differences between
the blue catfish and the channel catfish, which is 18.7 SNPs per Kb. This genome-wide estimation
is higher than in the more conserved EST sequences. Regions of lower than average SNP density
were often located at the chromosome ends (Figure 10A). The blue catfish and channel catfish MT
genomes have a total of 1,041 fixed differences in the coding region (9.1% coding sequence
divergence; Table 9). Among these substitutions, only 79 (0.069% in the coding region) were non-

synonymous, suggesting strong purifying selection.

3.4.9 Evaluation of the catfish 690 K SNP array on blue catfish genome

The 690K catfish SNP array was designed in 2017 [195], incorporating SNP information
from the channel catfish reference genome [184] and tissue-specific RNA-seq datasets, as well as
blue catfish RNA-seq and GBS data. To validate the probes in the newly assembled blue catfish
genome, the probes were aligned to both channel and blue reference genomes. A total of 99.0% of
690K probes were aligned to the channel catfish genome, and 98.2% had a unique perfect hit
without any indels or mismatches in the flanking probe sequences (Table 10), suggesting excellent
accuracy. When these probes were mapped to the blue catfish genome, 29.3% were mapped, and

only 23.9% of probes had unique perfect hits (Table 10). Among these probes, only 76,399 (11.0%
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of 690K) overlapped with a channel-blue catfish SNP position (Table 10). These interspecific
informative SNP probes were sparsely distributed across the chromosomes (Figure 10B), with <5

SNPs per 100 Kb for 20% of the genome.

A SNP density plot for 15.7 million SNPs between channel catfish and blue cafish
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Figure 10. Density plots of channel-blue catfish (Ictalurus) genome-wide SNPs and
informative SNPs covered by catfish 690K array.
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(A) SNP density plot showing the distribution of polymorphisms per kilobase pairs across 29
chromosomes. The scale for the number of SNPs is shown on the right. (B) Density plot showing
the distribution of informative, perfect-match SNP probes per 100 kilobase pairs across 29
chromosomes. The scale for the number of SNPs is shown on the right.

Table 9. Summary nucleotide substitutions in the mitochondrial genome between blue
catfish and channel catfish.

Gene name Type # of substitutions  Synonymous Non-synonymous
RNA genes
12S rRNA rRNA 12 - -
16S_rRNA rRNA 49 - -
tRNA tRNA 48 - -
Protein-coding genes
ATP6 Coding 58 54 4
ATPS8 Coding 9 8 1
COX1 Coding 131 129 2
COX2 Coding 43 39 4
COX3 Coding 53 50 3
CYTB Coding 98 90 8
ND1 Coding 94 87 7
ND2 Coding 118 113 5
ND3 Coding 35 27 8
ND4 Coding 136 127 9
ND4L Coding 26 24 2
ND5 Coding 197 173 24
ND6 Coding 43 41 2
Total (coding) 1041 962 79
Intergenic regions
D-loop Intergenic 95 - -
Intergenic Intergenic 3 - -
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Table 10. Evaluation of 690K catfish SNP array probes for the channel catfish, Ictalurus
punctatus, genome, blue catfish, I. furcatus, genome, and channel-blue informative SNPs.

Catfish 690K SNP array statistics C(nggii)?ltrziih (tﬁilsiscs::‘rf:;g )
Total number of probes 693,567 693,567
Number (%) of probes mapped to genome 686,675 (99.0%) 203,559 (29.3%)
Number (%) of probes mapped to genome without indels 685,939 (98.9%) 201,580 (29.1%)
Number (%) of probes mapped to multiple regions 4,560 (0.7%) 1,921 (0.9%)
Number (%) of probes with mismatches in SNP flanking sequence 677 (0.1%) 33,731 (16.8%)
Number (%) of probes with unique/perfect hit (valid set) 680,856 (98.2%) 165,928 (23.9%)

Number (%) of probes for channel-blue SNPs (informative set)

Number (%) of probes for blue catfish within-species SNPs

253,292 (36.5%)

76,399 (11.0%)
2,978 (1.80%)

3.4.10 Improvement of transcriptome and DNA methylome alignments to the newly

assembled blue catfish genome

For the blue catfish liver RNA-seq data generated in our previous research, only 65.4% of
RNA-seq reads can be aligned to the channel catfish reference genome [227] due to the reference
bias (Table 6). We constructed a pseudogenome for blue catfish based on the channel reference
genome IpCoco v1.2, by replacing the channel alleles with blue alleles at the 15,685,661 channel-
blue SNP positions we identified. The average RNA-seq alignment rate improved to 71.8%, with
a 9.8% increase in uniquely mapped reads. However, the pseudogenome mapping rate is still
relatively low, which may result in poor coverage for some blue catfish genes (Table 6). When the
newly assembled blue catfish genome was used as the reference, the average percentage of
uniquely mapped reads increased to 85.1% (a 30% increase compared to using the channel
reference), which maximized the read coverage for expressed genes (Table 6). Blue catfish sperm
DNA methylome sequence mapping rate was also significantly improved using the blue catfish

genome assembly, with ~80% of the EM-seq reads uniquely mapped to the blue catfish genome.
69



3.4.11 Repeat annotation

Repetitive sequence annotation identified that 47% (395.5 Mb) of the blue catfish genome
belongs to repetitive regions (Table 11), which was in between the channel catfish (51%) [272]
and tra catfish (40%). Among the known repeats in blue catfish, the DNA transposon superfamily
pogo was the most abundant, accounting for 43% of all known repeats, or 8.2% of the entire
genome (Table 11). Pogo has the bacteria 1S630 transposase, and was repeatedly domesticated in
vertebrates, including fish [273]. Channel catfish genome also had 7.8% of Pogo repeats, but it is
less abundant in Tra catfish (4.7%). The following classes of repeat accounted for more than 1%
of the blue catfish genome: LINEs (3.0%), Gypsy/DIRS1 elements (2.3%), L2/CR1/Rex clade

(1.9%), and simple repeats (3.3%).
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Table 11. Summary repeat element classes in blue catfish (Ictalurus furcatus), channel

catfish (Ictalurus punctatus), and tra catfish (Pangasianodon hypophthalmus) genomes.

Ictalurus furcatus

Ictalurus punctatus

Pangasianodon hypophthalmus

(this assembly) (ASMA400665v3) (GCA_016801045.1)
# of Length (%) # of Length (%) # of Length (%)
elements elements elements
Retroelements
Penelope 1,717 8?(??;3 1,214 ?égg&‘; 1,988 ?3%74%
L2/CR1/Rex 43,100 16%15?53}83 57,766 202%3% 37,713 14?29%18;3
R1/LOA/Jockey 763 ?g%j% 2542 1’0?5’14;3 537 (1075624;3
R2/R4/NeSL 592 %3%;‘(% 691 ?gg;;g 576 (25%32;‘;
LTR elements
BEL/Pao 380 fg(l)?% 207 33(%_90432) 103 (107225%
DNA transposons
hobo-Activator 21,792 5'302%;% 18,044 5?03252(% 10,850 2’1?&’3?(;(";
Tcl-1S630-Pogo 189,344 68'?88_3'67% 213,390 78’?77_ %5’;3 11,2905 34{2%;’%‘;’
Tourist/Harbinger 2,084 ?gg?% 3,613 ?g%g%; 2226 ?gg;‘%
Unclassified 958,235 219(263%81;3; 1,197,919 263(2833;)‘/13 932,206 186(24;‘1111(?/3
Simple repeats 575,417 27'?2%%1) 706,627 34’???3?% 544,794 28’?;97”83;8
Low complexity 43,673 3(103275;)()’ 52,048 3’?5"_ éf;g 42,087 2’(7;2’7“(2;

3.4.12 Phylogenomic analysis with teleost genomes

71



To understand the phylogenetic relationship of I. furcatus with other Actinopterygii species,
we used 4,698 single-copy 1:1 orthologs to construct a phylogenetic tree of eleven species (see
Methods). The phylogenomic analysis provides highly supported internal branches with 100
bootstrap values (Figure 11). The blue catfish fall into the same clade with channel catfish, which

is consistent with the known phylogenetic relationships (Figure 11).
3.4.13 Gene family expansion and contraction in blue catfish genome

To reveal the gene family evolution among blue catfish and other ten fish species,
divergence times and gene family expansion/contraction were determined for each species (see
Methods). Phylogenomic analysis indicated that the divergence of blue catfish (I. furcatus) and
channel catfish (I. punctatus) occurred approximately 9 million years ago, according to 4,698
single-copy ortholog genes in these 11 species (Figure 11). A total of 25,027 gene families were
examined for expansion/contraction analysis. In blue catfish, 331 expanded gene families and
1,963 contracted families were identified (Figure 11 and Table 12). Among them, 50 families
underwent rapid expansion, containing 263 blue catfish genes (Data S7). These expanded gene
families include immunoglobulin domain proteins (9 families and 44 genes) and gene families
involved in immune functions (9 families and 59 genes). Seven families of transposable element
genes (n = 55), such as reverse transcriptases and transposases, are the second-largest category of

rapidly expanded families.
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Figure 11. Phylogenomic and gene family expansion and contraction analysis of blue
catfish Ictalurus furcatus.

A maximum-likelihood phylogenetic tree of Ictalurus furcatus with ten other Actinopterygii
species was constructed based on 4,698 shared 1:1 single-copy proteins using 1Q-TREE. The
bootstrap values are supported at 100/100 for all branching points. Gene family evolution was
analyzed using CAFE The number of gene family expansions and contractions are shown in a
bubble plot for each species. The species divergence time was estimated and labeled at each
branch site (millions of years ago). The calibration nodes for divergence time are labeled in red
from fossil evidence.
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Table 12. Summary of gene family expansion and contraction results.

# of # of # of rapid # of rapid
Species expanded contracted expansion contraction
gene families  gene families families families

Blue catfish 331 1963 50 36
Large yellow croaker 1563 998 79 12
Nile tilapia 994 601 378 5
Zebrafish 2562 2296 175 8
Japanese puffer 331 2789 25 74
Greater amberjack 333 1160 59 22
Northern pike 682 2926 54 3
Channel catfish 408 506 101 6
Guppy 288 1796 23 31
Spotted gar 264 9241 7 0
Atlantic herring 809 3999 77 3

* A pseudo blue catfish genome was constructed based on the channel reference genome IpCoco 1.2, by
replacing the channel alleles with blue alleles at 15,685,661 channel-blue SNP positions.

Table 13. List of gene families underwent rapid expansion in blue catfish.

Gene # of genes in # of genes in

family 1D blue catfish channel catfish Description
GF_346 7 3 Immunoglobulin V-set domain / T cell receptor delta
GF_1067 5 1 Immunoglobulin
GF_1406 3 1 Immunoglobulin
GF_1741 11 0 Immunoglobulin C1set
GF_2055 7 0 Immunoglobulin
GF_15008 2 0 Immunoglobulin
GF_17665 4 0 Immunoglobulin like domain
GF_20405 3 0 Immunoglobulin
GF_21664 2 0 Immunoglobulin
GF_23 34 1 C-type lectin like
GF_4823 7 5 C-type lectin like
GF_20403 3 1 C-type lectin like
GF_913 3 1 Sushi/SCR/CCP domain
GF_16823 3 1 CD225/Dispanin family
GF_19387 2 0 Chemokine interleukin 8 like domain
GF_18525 2 1 Thrombomodulin like
GF_17672 2 0 Glucocorticoid receptor
GF_1024 3 2 Transcobalaminl like
GF_1735 9 1 Reverse transcriptase domain
GF_4827 10 1 Reverse transcriptase domain
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GF_19172 2 1 Reverse transcriptase domain
GF_20531 3 0 Transposase, Tcl like
GF_88 27 2 Harbinger transposase derived nuclease
GF_17747 2 0 Reverse transcriptase, RNase H like domain
GF_19038 2 0 LINE1 type transposase domain containing protein 1
GF_4822 3 1 Essential MCU regulator, mitochondrial
GF_19438 2 0 Short transmembrane mitochondrial protein 1
GF_309 18 0 Kelch repeat type 1
GF_19460 3 0 Zinc finger C2H2 type
GF_20406 3 1 Zinc finger, RING type
GF_20550 3 1 Zinc finger, CCHC type
GF_17348 2 1 EF hand domain
GF_20549 2 0 EF hand, Ca insensitive
GF_12157 3 1 US22 like
GF_16886 2 1 uncharacterized protein LOC106590896
GF_20506 3 1 uncharacterized protein LOC108262470
GF_4829 2 1 uncharacterized protein
GF_482 7 1 uncharacterized protein LOC108274681
GF_721 18 0 uncharacterized protein LOC106511789
GF_1562 3 1 Centrosome and spindle pole associated protein 1
GF_1953 8 4 GPCR family 3, extracellular calcium-sensing receptor
GF_1954 3 1 GPCR family 3, extracellular calcium-sensing receptor
GF_4602 7 3 ATPase, AAA type, core
GF_11841 2 0 HMG domain containing protein 3, CxC4 like cysteine cluster
GF_14797 3 1 Beta thymosin
GF_15174 2 0 UDP glucuronosyl / UDP glucosyltransferase
GF_15670 2 0 parathyroid hormone
GF_16173 2 1 Glutathione S transferase, C terminal
GF_17368 2 0 Death associated protein Kinase 2
GF_17671 2 1 Pleckstrin homology domain

3.5 Discussion

A chromosome-level genome assembly of an aquaculturally important species

In this study, we assembled and reported the first blue catfish genome using a combination
of Pacific Biosciences CCS (circular consensus sequence) and 10> Genomics linked-read
technologies. The final assembly is chromosome-level, telomere-to-telomere for many
chromosomes, with scaffold N50 of 28.2 Mbp and contig N50 of 8.6 Mbp. The BUSCO

completeness score is 98.4% when assessed using Eukaryota BUSCO genes, and 97.0% using
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Actinopterygii BUSCOs. The assembly statistics data indicates that our assembly is excellent in

terms of both genome continuity and completeness.

High-quality blue catfish genome and well-annotated gene catalog provide the necessary

reference genome for genotyping, genome editing, transcriptome, and methylome analyses

Previously, the channel catfish genome was used as the reference for blue catfish sperm
RNA-seq and DNA methylome analyses, which had significantly lower mapping rates, and many
critical blue catfish genes were not covered due to higher divergence. Our novel blue catfish
assembly dramatically improved the sequencing alignment rate for RNA-seq, Methyl-seq, and
genome resequencing data in blue catfish. Using computational prediction and RNA-seq evidence-
based approaches, we identified a total of 33,686 protein-coding genes. Of these, over twenty
thousand genes are with RNA-seq and blue catfish EST support. The number of gene models is
comparable to the channel catfish annotation [184], which is a well-annotated genome. Genetic
enhancement of catfish production has been underway using MAS, and further improvement could
be achieved through targeted gene editing in the hybrid catfish background, which has gained great
momentum in aquaculture. In channel catfish, the CRISPR-Cas system has been successfully
applied to understand genetic regulation and mechanisms of economically important traits and
attributes, including the chemokine C-C motif ligand 33 in babel regeneration [274], myostatin in
body weight regulation [275], an exogenous alligator cathelicidin gene in pathogen defense [276],
and interleukin 1 receptor and lectin genes for improved immune response and disease resistance
[277]. The availability of high-quality channel catfish reference genome provided essential
information for guide RNA design, homologous arms, and non-coding region screening. In hybrid

catfish, many superior alleles came from the blue catfish. Without the blue catfish reference
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genome sequence, it is not possible to design guide RNAs and predict potential off-target effects
for genome editing to improve economically important traits. Furthermore, one of the major
limiting factors in hybrid catfish reproduction is the lack of technical standards for sperm
collection and quality assessment. DNA methylation is the most reliable indicator of sperm quality
and ensuing offspring performance. Research is underway to elucidate the utility of DNA
methylation status for the prediction of hatch rate and inform the industry of best practices. The
availability of this high-quality blue catfish genome is critical to enable the paternal side genetic

and epigenetic enhancement of hybrid catfish genetic types.

Blue catfish genome assembly facilitates the understanding of environment-dependent

heterosis, an intriguing phenomenon in hybrid catfish

The phenomenon of heterosis was first reported by Charles Darwin [278], and has been
under extensive study by evolutionary biologists since then. Hybrids of blue catfish sire and
channel catfish dam are superior in many disease resistance and productive traits. The molecular
mechanism of heterosis is worth investigating. However, without a blue catfish genome and a
genome-wide SNP dataset, it is impossible to accurately profile allele-specific gene expression
and DNA methylation in hybrids. In this study, we identified over 15 million SNPs between the
channel catfish and the blue catfish, and the number of SNPs in the transcripts and regulatory
regions is sufficient for genome-wide profiling of parent-of-origin expression [279]. The
availability of blue catfish reference genome will help elucidate the regulatory and epigenetic

mechanism of environment-dependent heterosis in hybrid catfish.

The blue catfish genome provides new insight into blue-channel divergence and Siluriformes

evolution
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In the present study, we estimated that blue catfish diverged from channel catfish
approximately 9 million years ago, based on 1:1 single-copy orthologs. The estimate is
significantly more recent than a previous prediction (16.6 million years) based on the divergence
of the cytochrome b gene alone [272], which might be an overestimation due to the accelerated
substitution rate in the mitochondrial genome. The comparative genomic analysis confirmed that
the 29 chromosomes are mainly synteny between the channel catfish and blue catfish with a few
local rearrangements. Phylogenomic analysis of reference fish genomes in OrthoDB revealed that
zebrafish was the closest outgroup species to catfish species, which is congruent with the known
phylogeny of ray-finned fishes [280] and is also consistent with previous findings that the most
closely related model fish species is zebrafish [281]. Many genomes are available in Siluriformes,
including the Asian redtail catfish (Hemibagrus wyckioides) [282] and yellow catfish (Tachysurus
fulvidraco) [283] in the family of Bagridae, giant devil catfish (Bagarius yarrelli) in Sisoridae
[284], 12 Pangasiidae species [228-230], three Clariidae species [285-287], as well as channel
catfish (Ictalurus punctatus) and black bullhead catfish (Ameiurus melas, GCA _012411365) in the
family of Ictaluridae. Our blue catfish genome will provide an invaluable resource to investigate

molecular phylogeny and comparative analysis in Siluriformes.

Comparative analysis of channel and blue catfish genomes reveals subchromosomal level

differences and the expansion of immune function-related genes in blue catfish

Although blue catfish and channel catfish have morphologically indistinguishable
chromosomes with essentially identical Giemsa banding patterns [217, 255], in this study, we
identified 15 million SNPs, and demonstrated structural rearrangement events between the two

species, as well as differences in gene and repeat content. These genetic differences may explain
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the myriad of species-specific traits related to growth, disease resistance, body conformation and
coloration, the incidence of albino fish, behavior, seinablity, age, and size of maturity, as well as

responses to hormone-induced spawning.

Interestingly, we identified blue catfish lineage-specific gene family expansions. It is not
surprising that transposases and reverse transcriptases are among the rapidly expanding family
because of the active TE (transposable elements) turnover. Genes with immune-related functions
account for 40% of the known expanded families, including T-cell receptor delta, lectin,
complement control proteins, glucocorticoid receptor, chemokine interleukin 8, CD225/Dispanin,
and others. This is consistent with our previous findings that the blue catfish had the highest
immune activity compared to the channel and hybrid catfish at 10-month of age [163], and the
gene family expansion may contribute to the superior phenotypes of lysozyme and alternative
complement activities in blue catfish. Further understanding of the evolution of immune-related
genes will provide valuable information for the genetic enhancement of hybrid catfish in

pathogenic disease resistance.

A third-generation catfish SNP array is necessary for improved resolution in future GWAS

analysis for disease resistance and growth improvement

Pathogenic infection disease is the number one cause of catfish production loss. Paternal
genetic contributions from blue catfish are essential for improving industry-relevant traits [180],
and F1 hybrid catfish can reduce loss from 40% to 20% by carrying disease-resistant alleles from
the blue catfish genome. Our research team, along with other researchers, have identified the
genetic loci responsible for the resistance of three major catfish diseases, ESC, columnaris, and

Aeromonas diseases [185-188], and in most cases, the blue catfish allele is the resistance allele.
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Based on the knowledge learned from these GWAS and QTL mapping studies, marker-assisted
selection (MAS) using F2 and F1 backcrosses would be an ideal and effective approach to select
superior breeders for traits of interest. Choosing the best representative blue-channel SNPs from
the GWAS peaks requires a high-quality blue catfish genome due to the following reasons. First,
equal PCR amplification efficiency or probe affinity is ideal for the SNP typing assays, and
sequence information is needed from both channel and blue genomes for proper primer design.
Second, the presence of paralogous sequences will result in spurious SNP calls, and the blue catfish
genome is needed to exclude these positions. Last but not least, historical whole-genome
duplications in fish genomes further complicate accurate SNP genotyping [288]. Our report in this

study meets this urgent need for a high-quality blue catfish genome.

Additional genetic enhancement of the hybrid catfish is essential for better profitability and
sustainability. To further improve disease resistance through genomic techniques, we must
understand the blue catfish genome in single-base pair resolution. With the new blue catfish
assembly, we identified 15 million fixed differences between blue and channel catfish, with a
density of 18.7 SNPs per Kb. This is higher than the previous estimation from the blue EST
database (13 to 15 SNPs per Kb) [271], which is exactly expected due to higher conservation in
transcribed genes. Our study provided a correct genome-wide estimation of the blue-channel
divergence, and the necessary information for SNP typing primer/probe design. SNP arrays are the
widely used approach for cost-effective genotyping experiments. The first generation 250K SNP
array was designed based on channel catfish sequences [196], and the second generation 690K
SNP array was designed based on channel catfish reference genome plus blue catfish EST

sequences [195]. Because the 690K array is more comprehensive and replaced the previous
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generation, we evaluated the probes of the 690K array using the new blue catfish genome. Only
24% of the probes had unique perfect matches to the blue catfish genome, and more than half of
them were targeting invariant positions between the channel catfish and blue catfish genome (some
probes were designed to target segregating SNPs within channel catfish [195]). Overall, only 11%
of the 690K SNP array probes are informative for channel-blue SNPs, with fairly uneven
distribution in the genome. Therefore, we think a third-generation catfish genotyping array is
needed to fully leverage the channel-blue SNPs for MAS and GWAS studies with improved
informativeness, genome resolution, and statistical power, which would be versatile for both initial
genome screen and fine mapping purposes. The new SNP array could benefit from a gene region
enriched design based on the blue catfish gene models predicted in this study, which may help

identify the causal SNPs in coding regions for specific traits of interest.

SNP analysis between the D&B and Rio Grande strains provides the genetic toolkit for blue

catfish and hybrid catfish breed enhancement

The D&B blue catfish strain was widely used in commercial aquaculture, which was
obtained originally from the Arkansas and Mississippi River [147]. D&B was selected for PacBio
sequencing because it has been considered the reference strain in farming practices since 2010
[289]. Because the growth and disease resistance advantages of the hybrid catfish are
unidirectional (channel catfish female = blue catfish male), researchers must focus on the blue
catfish for the reproductive enhancement of the male side. In this context, another blue catfish
strain, Rio Grande, which originated from the Rio Grande native to Texas [147], was developed
by Auburn University [175, 290, 291]. Recent breed development discovered that the Rio Grande

strain is superior to D&B in terms of maturation rate, testis size, and the quality/quantity of sperm
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production [29, 289, 292]. Rio Grande males reach sexual maturity at age 3-4, which is
significantly earlier than D&B. Due to these superior traits in reproduction, Rio Grande has been
recently included in the USDA-ARS Catfish Genetic Enhancement Program, and USDA is
releasing them to stakeholders. In addition, blue catfish strains were shown to have significant
variability in disease resistance and mortality [293]. Big differences also exist in growth, body
coloration (Rio Grande is the only catfish strain with spots), and seinability. However, the genetic
diversity between D&B and Rio Grande was not investigated. To understand the genetic
architecture of blue catfish strains, we sequenced the genomes of female and male Rio Grande
broodstock and performed genomic analysis. A total of 1.4 million SNPs were identified in the
nuclear genome (1.7 per Kb), including 600K fixed differences between the two strains and 826K
SNPs segregating within Rio Grande. The level of genetic diversity is sufficient for the genetic
enhancement of male gamete production and potential disease resistance. In contrast, the
mitochondrial genome divergence is fairly low (2.6 SNPs per Kb in the genic region), with only
5/36 non-synonymous substitution between D&B and Rio Grande, suggesting potential purifying
selection. The nuclear and mitochondrial SNPs provide informative genetic markers to genotype
the D&B and the Rio Grande strains. The genetic background differences between D&B and Rio
Grande may explain the variations in sperm quality, male side reproductive traits, growth, body

color, and pathogenic disease resistance.
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Chapter 4 Transcriptome analysis revealed potential mechanisms of channel catfish growth

advantage over blue catfish in tank culture
4.1 Abstract

Channel catfish and blue catfish are two major freshwater aquaculture species in the US.
Interspecific hybridization between these two species produced a superior hybrid catfish (Ictalurus
punctatus @ x Ictalurus furcatus &), which increases the yield in the pond and constitutes more
than 50% of the total US catfish production. Although differences were observed in the economic
trait such as growth rate and disease resistance, the divergence of the transcriptome across multiple
tissues between these two species is still largely unknown. Using high-throughput RNA
sequencing, we generated transcriptomic resources for the heart, liver, intestine, mucus, and
muscle of these two species. The number of expressed genes across tissues ranged from over
20,000 in the mucus to 5036 in the muscle. Gene Ontology analysis demonstrated the functional
specificity of the differentially expressed genes (DEGS) in respective tissue. Overall, three major
biological process categories were enriched, which involved in metabolism pathway, immune
activity and response to stress. Eight interesting tissue-specific genes were identified, including
Irrc10, fabp2, myog, pthla, hspa9, cyp2la2, agt, and ngtb. This transcriptome resource will
facilitate future studies assessing the molecular mechanism of environment-dependent heterosis

and pave the way for genetic breeding in catfish.
4.2 Background

Interspecific hybridization is widely used in both plants and animals to enhance

commercially important features, which is generated by crossing two separate species [294]. This
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success owes to a phenomenon called heterosis that hybrid offspring can display better fitness than
their parental species, such as biomass, yield, and disease resistance [124]. The hybrid technology
has been widely used in agriculture, and hybrid plants were reported to increase about 15~50 % of
yield compared to inbred lines [295]. Hybrids are not only generated by purpose breeding in
domestic animals and livestock, but also created by nature [296]. In animals, hybridization occurs
and is observed more frequently in fish under natural circumstances than in other groups of
vertebrate animals [297, 298]. External fertilization, weakened behavioral isolation, and other
variables have all been put forth as potential causes of the high rate of natural hybridization among
closely related fish species [299]. Artificial fertilization technology makes it possible to produce
hybrid offspring from parental species with behavioral isolation and geographic difference.
Various fish species have historically been practiced with interspecific hybridization to increase
growth trait, disease resistance, environmental tolerance, and other profitable traits, including
Cyprinid fishes [300], Tilapia fishes [301], Salmon [302] and etc. One of the most successful
examples is hybrid catfish. The hybrid of female channel catfish and male blue catfish (Ictalurus
punctatus x Ictalurus furcatus) constitutes more than 50% of the total US catfish production [61],
and the hybrid catfish were reported to increase more than 20% growth rate than commonly
cultured strains of channel catfish. This hybrid catfish is superior in pond culture in many aspects,
including improved feed conversion efficiency [57, 142], more carcass yield [143], better low

oxygen tolerance [58], disease resistance [59], and enhanced harvestability [54].

Channel catfish (Ictalurus punctatus) and blue catfish (Ictalurus furcatus) are two native
North American catfishes. Blue catfish are the largest catfish in the US and are sexually mature at

an older age compared to channel catfish [161]. Blue catfish grow slower than channel catfish
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during the first two years, which are the harvest time in the farming industry. Thus, channel catfish
is traditionally regarded as the most important and popular species for catfish farmers and
producers in the US. However, channel catfish is not resistant as blue catfish to enteric septicemia
of catfish (ESC), which causes economic loss of 50 million dollars per year [165, 303]. Thus, there
is a strategy to take advantage of the economic traits of these two species by interspecific

hybridization.

The hybrid catfish combines many of the best traits of their parental species and is a highly
desirable fish in commercial pond culture. However, heterosis in growth is environment-dependent.
Previous studies showed the growth trait of hybrid catfish is not superior in a tank culture
environment, whereas channel catfish had a growth advantage instead [65]. The molecular

mechanism of growth advantage in channel catfish is still poorly understood.

RNA sequencing is a transcriptome-wide approach to characterize dynamic changes in
gene expression from different genotype catfishes. Several studies have been recently conducted
for the analysis of differentially expressed genes (DEGs) and functional pathways in blue catfish,
channel catfish, and their hybrids. For example, in the liver transcriptome, a set of genes related to
fatty acid metabolism were found to be significantly upregulated in channel catfish relative to blue
catfish and hybrid [163]. In a separate study, a set of DEGs were identified between channel catfish
and other catfishes. The gene pathways were mainly enriched in the Wnt signaling pathway and
hedgehog signaling pathway, which are involved in the formation of swim bladder morphology

[304].

Gene expression research sheds light on the physiology of a set of cells or tissues at a

certain period, including cellular adaptations to novel environments [305]. Although organism
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cells carry out similar processes for biologically key events in their own tissue environment, they
display unigque functions that support the definition of their phenotype [306]. It’s necessary to
characterize the gene expression of two catfish species among various tissues. Thus, six important
tissues were collected from channel catfish and blue catfish at the same development stage in this
study, including heart, liver, muscle, mucus, intestine, and swim bladder. The comparative
transcriptome analyses across various tissues will facilitate understanding the difference in
meaningful gene function between two species and provide insights into the molecular basis of

growth advantage in channel catfish under tank culture environment.

4.3 Materials and Methods

4.3.1 Fish maintenance and tissue sample collection

The experimental animal protocols regarding animal care and tissue collections, were
approved by the Auburn University Institutional Animal Care and Use Committee (AU-IACUC).
Blue catfish (BB) and channel catfish (CC) were cultured at the Auburn University Fish Genetics
Research Unit (Auburn, AL, USA). Both catfish species were maintained in the indoor
recirculatory aquaculture system with separate 60 L rectangular tanks. Dissolved oxygen was
maintained above 5 mg/L, pH between 7.0 and 7.5. At 10.8 months of age, three randomly selected
fish from each species were euthanized with 300 ppm tricaine methanesulfonate (MS-222, Syndel
Inc., Ferndale, WA, USA). Muscle, liver, intestine, mucus, heart, and swim bladder tissues were
dissected immediately after euthanasia. All tissue samples were flash-frozen in liquid nitrogen and

stored in a -80 <C freezer until RNA extraction.

4.3.2 RNA Extraction, Library Preparation, and Sequencing
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Each tissue sample has three replicates. The total RNA was extracted using Quick RNA
Microprep Kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s protocol. RNA
concentrations were measured using a NanoDrop OneC Microvolume Spectrophotometer
(Thermo Scientific, Waltham, MA, USA). The library for each tissue sample was constructed
using NEBNext Poly(A) mRNA Magnetic Isolation Module and NEBNext Ultra Il RNA Library
Prep Kit (New England BioLabs, Ipswich, MA, USA) with 1 g of total RNA input. The library
PCR amplifications were conducted using 18 cycles. The concentration of sequencing libraries
was quantified using a Qubit 3.0 Fluorometer (Thermo Scientific, Waltham, MA, USA), and the
average size of cDNA libraries was evaluated with D1000 ScreenTape using TapeStation 4200
(Agilent Technologies, Santa Clara, CA, USA). The libraries were sequenced on Illumina
NovoSeq6000 sequencer to generate 2150 paired-end reads at Novogene (Novogene Corporation

Inc., Sacramento, CA, USA).

4.3.3 RNA sequencing analysis

The raw reads quality was assessed by FastQC (version 0.11.6) was used to evaluate the
quality of raw sequencing reads [307]. Low-quality bases and adapter sequences were trimmed
using Trimmomatic (version 0.39), and sequencing reads shorter than 36 bp in length were also
removed from the subsequent analysis [308]. RNA-seq reads were aligned to the blue catfish
(Ictalurus furcatus) reference genome [155] using STAR aligner version 2.7.5¢ [309]. The gene

read counts of each sample were quantified and summarized using HTseq version1.0 [310].

4.3.4 Identification of differentially expressed genes (DEGS)

To determine gene expression levels for each sample, read counts were normalized using
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edgeR package in R (version 3.6.4) [311]. The differentially expressed genes (DEGSs) between CC
and BB for each tissue sample were identified using the cutoff of |log2(fold change)| > 1.5 and a
false discovery rate (FDR) < 0.05. Benjamini—Hochberg method was used to determine the

adjusted P-values.
4.3.5 Gene ontology and functional enrichment analysis

For functional enrichment analysis, blue catfish genes were mapped to zebrafish (Danio
rerio) assembly GRCz11 [312] using DIAMOND version 2.0.0 [313] to determine the gene name.
Gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway [314]
analysis were performed using Metascape [315] with default parameters. The DEG gene symbols
were used as input gene list. The optional parameters of “input as species” and “analysis as species”
were selected as “any species” and “zebrafish”, respectively. The GO terms analysis was

performed for biological processes, cellular components, and molecular functions.
4.3.6 Analysis of tissue-specific gene expression

The t index was used to determine the tissue specificity [316] in gene expression, which
ranges from 0 (non-specific, expressed equally in all tissues) to 1 (highly specific, only expressed

) ) . . . sNa-x) .
in one tissue). For each gene, 1 is computed according to the formula 1 index = %,l =1,

where N is the number of tissues and x; is the normalized expression value. An cut-off of T > 0.85

was used to detected tissue-specific genes [316].

4.4 Result

88



4.4.1 Transcriptome-wide expression profiling in 5 tissues revealed substantial expression

changes between channel catfish and blue catfish

To investigate gene expression in important tissues between channel catfish and blue
catfish, heart, liver, intestine, mucus, and muscle were selected to perform RNA-seq analysis
(Figure 12A). Three individuals per species were used as replicates. In a total of 15 samples were
sequenced, which generated 0.697 billion 150-bp reads (209.2 Gbp of sequences). Of these data,
an average of 90.1% RNA-seq reads were mapped to the reference genome of blue catfish
(Ictalurus furcatus). To filter out lowly expressed genes, we choose to retain genes if the gene
counts > 1 in at least three samples. The MDS plot is a visualization of a principal components
analysis, which determines the greatest sources of variation in the data. In this study, the MDS plot
was generated using filtered gene counts and showed each of the tissue clusters together in the first
two dimensions (Figure 12B). The tissues exhibit closer clustering than the species, which means
the similarity among tissues is much higher compared to the similarity between the two species.
Additionally, there is not much difference in heart and muscle tissue between the two species from

the MDS plot.

The expression levels of each gene were determined using the Reads Per Kilobase of
transcript, per Million mapped reads (RPKM). To improve the accuracy of differentially expressed
genes (DEGs), we keep the genes if the logCPM (logarithm of counts per million reads) > 2. To
identify DEGs of each tissue, a pairwise differential gene expression analysis was performed
between channel catfish and blue catfish. Among these five tissues, the mucus exhibited the
highest number of differentially expressed genes (DEGSs), with 2324 DEGs up-regulated and 3509

DEGs down-regulated. On the other hand, the muscle displayed the lowest number of DEGs, with
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only 125 up-regulated DEGs and 228 down-regulated DEGs (Figure 13). Notably, a greater
number of genes were found to be down-regulated compared to those that were up-regulated in all
tissues (Figure 13). Collectively, the transcriptome pattern suggested a global down-regulation of
gene expression compared to channel catfish with blue catfish at 10.8 month-age in tank

environment.
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Figure 12. Tissue dissection of catfish in tank environment and multi-dimensional scaling
(MDS) plot of RNA-seq datasets.

(A) Hlustration of tissue dissection. The mid-intestine was used for sequencing and the mucus were
collected from the surface of skin.

(B) MDS plot of 5 tissues in blue catfish (BB) and channel catfish (CC). The expressed gene counts
were used as input. X-axis and Y-axis represent the first two dimensions.
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Figure 13. Transcriptome-wide differentially expressed genes in five tissues between channel
catfish and blue catfish.

Volcano plots of pairwise comparisons in the heart (A), intestine (B), mucus (C), muscle (D), and
liver (E). Differentially expressed genes (DEGS) are highlighted (FDR < 0.05). The x-axis stands
for log2 fold changes, and the y-axis represents -log10(p-value). The vertical lines indicate
|log2FoldChange| = 1.5.
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4.4.2 Enrichment analyses of DEG across five tissues identified stress response, immune

activity and metabolic pathway

To identify the biological function of DEGs in each tissue, gene ontology (GO) enrichment
analyses were performed between blue catfish and channel catfish. The up-regulated DEGs were
identified based on higher gene expression levels in channel catfish compared to blue catfish and
vice versa. In heart tissue, the up-regulated DEGs were significantly enriched in the lipid metabolic
process (P < 10°), while the down-regulated DEGs clustered in immunity-related terms such as
regulation of neutrophil migration and complement activation (Figure 14A). In intestine tissue, the
most significant function term was cytosolic ribosome in the up-regulated DEGs, with P < 104°
(Figure 14B). In contrast, the down-regulated DEGs were mainly enriched in response to
temperature stimulus (P < 104, which is associated with the stress response process (Figure 14B).
In liver tissue, up-regulated DEGs were mainly enriched in the cellular lipid metabolic process
with p-value < 0.001 (Figure 14C). Interestingly, the down-regulated DEGs were also clustered in
metabolic terms such as carboxylic acid metabolic process, NADP metabolic process and cellular
lipid metabolic process (Figure 14C). In mucus tissue, the enrichment result for upregulated DEGs
was essential for the structural constituent of ribosome (P < 10Y7), creatine kinase activity,
cytokine receptor activity, and response to wounding (Figure 14D). For muscle tissues, the top
three most enriched terms among upregulated DEGs were carbohydrate catabolic process, muscle

contraction and cellular response to stress (Figure 14E).
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Figure 14. Gene Ontology (GO) enrichment analysis of Differentially Expressed Genes
(DEGS) in heart (A), intestine (B), liver (C), mucus (D) and muscle (E) between channel
catfish and blue catfish.

Enrichment scores measured by -log10 (p-value) were shown on the x-axis.

4.4.3 Liver, heart, intestine, and mucus share the majority of expressed genes
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To understand the overall difference among five tissues, the intersection of expressed genes
in each tissue were identified (Figure 15). Among the expressed genes in blue catfish and channel
catfish, the mucus tissue exhibited the largest gene set, comprising over 20,000 genes. In contrast,
the muscle tissue had the lowest number of expressed genes, with only 5,036 genes detected.
Among the analyzed tissues, a total of 4,644 genes were found to be shared among all five tissues.
The liver, heart, intestine, and mucus tissues exhibited the largest intersect gene set, with 7,113
expressed genes being common to these tissues. When considering pairwise tissue comparisons,
the mucus and intestine showed the highest number of shared genes, with over 4,000 genes in
common. In terms of unique genes within individual tissues, the mucus had the largest number of
unique genes, specifically 1,173, while the muscle tissue had the lowest number, with only 24

unique genes identified.
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Figure 15. Upset plot of total expressed genes across five tissues.
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Bottom-left panels: graph of total number of expressed genes in each tissue. Upper-right panels:
Intersection of sets of genes at multiple tissues. Each column corresponds to a point or set of points
(dots connected by lines below the x-axis) containing the same expressed genes. The number of

genes in each set appears above the column.

4.4.4 Tissue-specific genes in channel catfish and blue catfish

To examine the expression pattern diversity among tissues, we applied a tissue specificity

index (t value) to quantify the specificity of the gene profile. The gene with t value > 0.9 was

defined as a tissue-specific gene (TSG) in this study. Thus, the tissue-specific genes (TSG) across
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the five tissues were identified in two species. Among the different tissues in channel catfish, the
number of TSG ranged from 33 in muscle tissue to 1,872 in mucus tissue (Table 14). The
distribution of TSG across tissues in blue catfish followed a similar pattern to that in channel
catfish. Among the tissue-specific genes, three highly expressed genes, irrcl0, fabp2, and agt,
were exclusively detected in channel catfish. On the other hand, three genes, hspa9, cyp21a2, and
myog, were specifically identified only in blue catfish. It is worth noting that some tissue-specific
genes were expressed in both species, and two of them (ngfb and pthla) were selected and

presented in Figure 16.

Table 14. Number of tissue-specific gene (TSG) expressed in channel catfish and blue
catfish.

Num of TSG Heart Intestine Liver Mucus Muscle
Blue catfish 266 635 613 1640 37
Channel catfish 252 928 716 1872 33

The cutoff of T index value is 0.9.

96



Irrc10 fabp2 agt

120 4000 1 600
- 500
O 0 3000 1
2| 2 E S 400
5 g g [ Tissue
o > > >
@ = = s M heart.
» | X 60 X 2000 1 < 300 & intestine
ol o o o = liver
= mucus
% x © & B muscle
8 -
(%] 30 1000 1
=
100
° © a@ 0 ® * 0 < =
- - = -
NPT R R g @ @ E @ T N
hspa9 cyp21a2 myo
50 P 20 yp - yog
m 40
@ 151
=1 3 S
@ $30 g [4] Tissue
2 g g g H heart,
2l < X 107 < & intestine
& o o o = liver
mucus
- x2 © = muscle
8 10
| 5 |
10 _
! 0 = = 0 . = v 0 = =
A & o€ © 3 &
@ (@ T @ @B @ @ @ @
20 ngfb 600 pth1a
i
'g 500
T o 15 2
O B T 400
&) > >
c| 2 = Species
5| g X 300 BB
Q| r cc
8 200
s 5
@ 100
? |
= 0 0
& e NI & T
R \‘\\ee \N‘?} «\\)0 ‘(\\)5 & . &ee \Ne‘ «\\)o G\‘f"

Figure 16. Expression level of candidate tissue-specific genes in channel catfish (CC) and
blue catfish (BB).

Bar plots are made from RNA-seq RPKM values (Reads Per Kilobase of transcript per Million
mapped reads). Upper panels: three tissue-specific genes (Irrcl0, fabp2, and agt) biasedly
expressed in channel catfish. Middle panels: three tissue-specific genes (hspa9, cyp21a2, and myog)
biasedly expressed in channel catfish. Bottom panels: two tissue-specific genes (ngfb and pthla)
expressed in both channel catfish and blue catfish.
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4.5 Discussion

4.5.1 A new dataset of tissue-specific transcriptomes between blue catfish and channel catfish

In this study, the 5 tissue-specific transcriptomes provide a genomic resource publicly for
investigating the difference between two important economic catfish species. Given the variations
observed in growth performance and disease resistance between blue catfish and channel catfish,
there is a strong interest in comprehending local adaptation, genome evolution, and the genetic
basis underlying these traits. Over the past decade, expressed sequence tag (EST) sequencing [317],
single nucleotide polymorphisms (SNPs) information [318] and full-length cDNAs identification
[319] were characterized in blue catfish and channel catfish. Although swimbladder RNA-seq were
reported to study the different chamber formation in blue catfish and channel catfish [320],

transcriptomic divergence study across multiple tissues between these two species is still limited.

Transcriptomes are most commonly used in fish for characterizing molecular physiology
and identifying genes that respond to or ameliorate environmental stresses [321, 322]. Gene
expression regulation shows considerable variation among different tissues, individuals and
species [87]. All tissue-specific transcriptomes used in this study were from peripheral tissues
(heart, intestine, liver, mucus, and muscle). Overall, these peripheral tissue transcriptomes were
separated into different groups from MDS plot analysis, indicating the divergence of gene
expression patterns. The peripheral tissue transcriptomes enable a variety of research questions on
the catfish, such as liver, intestine, and mucus, which are often used in exploring the metabolism
and immune response [323, 324]. Tissues such as the heart and muscle can be informative for
developmental questions, with potential connections to stress among other biological processes in

fish [325-327]. Thus, the tissues we studied enable a broad range of transcriptome analyses,
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allowing for the assessment of shared and tissue-specific processes, along with physiological

studies.

4.5.2 The growth advantage in channel catfish may be associated with metabolic regulation

and tissue development

Cardiac tissue plays a vital role in fish physiology, as it is responsible for pumping
oxygenated blood throughout the fish's body and delivering essential nutrients and hormones to
various organs and tissues. Cardiac transcriptome analyses have been very effective in discovering
candidate genes in studies of cardiac toxicity, response to hypoxia, and cardiac disease in various
fish species [328-330]. Although no treatment was set up in the present study, two heart tissue-
specific genes were identified by comparison of gene profiles among tissues, including Irrc10 and
pthla (Figure 16). Irrc10, a highly conserved gene unique to the heart, is implicated in embryonic
development and tissue differentiation processes. Lrrc10 was reported as a cardiac-specific factor
(Serdinl) in mice, which is essential for heart development [331, 332]. In zebrafish, the Irrc10
morphants exhibited cardiac functional defects, as evidenced by a decrease in ejection fraction and
cardiac output [333]. The pthla gene encodes a protein called parathyroid hormone receptor 1
(PTH1 receptor), which plays a crucial role in the regulation of calcium and phosphate homeostasis.
This is consistent with the down-regulated DEGs enriched in response to peptide hormone (Figure
14A). It was proved the function of bone remodeling, including the continuous breakdown and

formation of bone tissue in zebrafish [334].

Intestinal tissue in fish serves several important functions related to digestion, nutrient
absorption, body fluid balance, and immune defense. A dramatically up-regulated intestine-

specific gene in channel catfish (Figure 16), fabp2 (Fatty Acid-Binding Protein 2), encodes a
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protein called intestinal fatty acid-binding protein (I-FABP). Fatty acid-binding proteins (FABPS)
play a crucial role in the transcriptional regulation of genes associated with lipid metabolism,
which can significantly impact fat deposition in animals [335]. Fabp2 was initially identified in
mammals and expressed exclusively in the intestine [336]. It has also been reported in fish species
with different expression patterns [337, 338]. Numerous studies have provided evidence that the
expression of FABP in fish is regulated by nutritional factors [339, 340]. Starvation stress has an
impact on the expression level of FABP in various fish species, with a tendency for down-
regulation in response to prolonged periods of starvation [341, 342]. Therefore, alterations in
FABP levels and gene expression can serve as indicators of lipid accumulation to some extent.
During the dissection process in the present study, a substantial presence of white adipose tissues
was notably observed in channel catfish, suggesting channel catfish tend to accumulate a greater

amount of energy sources compared to blue catfish.

Skeletal muscle constitutes the major portion of the fish trunk, comprising approximately
40% to 60% of the total body weight [343]. Fish muscle performs various physiological functions
associated with locomotion, movement, and metabolism. The regulation of muscle fiber
development and growth is maintained by myogenic regulatory factor (MRF) genes, including
myod, myf5, myog, and mrf4. Among these genes, myog is a crucial member of the myogenic
regulator family, responsible for governing the differentiation of mesodermal cells into myoblasts,
which subsequently form the muscle fibers. Notably, myog is the sole gene among the MRFs
expressed in all skeletal muscle cell lines [344]. | was also reported the MRF genes were regulated
by the GH-insulin-like growth factor (IGF) axis [345]. Gene silencing and knockout of the

myostatin gene was found to promote somatic growth in many fish species such as zebrafish [346],

100



medaka [347] and channel catfish [348]. In the present study, highly expressed myog gene
compared to channel catfish may contribute to the difference of growth performance between blue

catfish and channel catfish in tank environment (Figure 16).
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Chapter 5 Environment-dependent heterosis and transgressive gene expression in reciprocal
hybrids between the channel catfish Ictalurus punctatus and the blue catfish Ictalurus

furcatus

5.1 Abstract

The hybrid between female channel catfish (Ictalurus punctatus) and male blue catfish
(Ictalurus furcatus) is superior in feed conversion, disease resistance, carcass yield, and
harvestability compared to both parental species. However, heterosis and heterobeltiosis only
occur in pond culture, and channel catfish grow much faster than the other genetic types in small
culture units. This environment-dependent heterosis is intriguing, but the underlying genetic
mechanisms are not well understood. Thus, phenotypic characterization and transcriptomic
analyses were performed for this study in the channel catfish and blue catfish parents and
reciprocal F1s reared in tanks. The results showed that the channel catfish is superior in growth-
related morphometrics, presumably due to significantly lower innate function, as investigated by
reduced lysozyme activity and alternative complement activity. RNA-seq analysis revealed that
genes involved in fatty acid metabolism/transport are significantly upregulated in channel catfish
compared to blue catfish and hybrids, which also contributes to the growth phenotype.
Interestingly, the hybrids have a 40-80% elevation in blood glucose than the parental species,
which  can be explained by a phenomenon called transgressive expression
(overexpression/underexpression in F1s than the parental species). A total of 1,140 transgressive
genes were identified in F1 hybrids, indicating that 8.5% of the transcriptome displayed
transgressive expression. Transgressive genes upregulated in F1s are enriched for glycan

degradation function, directly related to the increase in blood glucose level. This study is the first
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to explore molecular mechanisms of environment-dependent hetero-sis/heterobeltiosis in a
vertebrate species and sheds light on the regulation and evolution of heterosis vs. hybrid

incompatibility.

5.2 Background

Interspecific hybrids are formed by crossing two distinct species. The hybrid offspring are
sometimes superior in yield, size, growth rate, strength, fertility, or longevity traits to their parents.
This phenomenon was first reported by Charles Darwin [278], and it is described by the following
three terms depending on which trait is referring to and how it is calculated: 1) hybrid vigor, when
referring to fitness or reproductive traits leading to increased output of offspring [124]; 2) heterosis,
the superiority of hybrids in production traits over the parental mean, which is measured by the
average of the reciprocal F1s minus the parental mean divided by the parental mean; 3)
heterobeltiosis, a special case of heterosis when the hybrids’ traits exceed the best-performing
parent [125], which is also known as Dunham’s practical heterosis [349, 350]. In agricultural
practices, many plant and animal breeds exhibit heterosis through breeding practices [351]. One
of the most successful applications of selective breeding is the crossbred maize (Zea mays), with
a higher grain yield [352]. In mammals, the benefits of heterosis are significant. For instance, post-
weaning body weight gain in cattle increased by 1.49 kg in the hybrid of Continental (Bos taurus)
xZebu (Bos indicus) and 14.68 kg in the British (Bos taurus) xZebu (Bos indicus) hybrids [353].
For fertility traits, hybrid vigor was around 10%-25% in crossbred dairy cattle [354]. Sheep
survival was improved from 8.8% to 14.6% by crossbreeding among 14 different breeds [355]. In
poultry, bodyweight at different development stages and egg production in F1 crossbred chicken

were increased by 3.76-22.33% and 8.25%, respectively [356].
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From an evolutionary perspective, the formation of new species occurs as populations
diverge. Before speciation, there is a short period (heterosis phase) in which hybrid fitness is higher
than that of the two parental species [357]. Thus, hybrid vigor may facilitate speciation by
increasing adaptation to hostile environments, which has important implications in evolution and
speciation. Variations in adaptive traits are heavily influenced by changes in gene expression [358].
Cumulative genetic variation and stabilizing selection of gene expression lead to coevolution, and
thus molecular functions are preserved [359]. Crosses between species can disturb this coevolution
and result in hybrid incompatibility (also called genetic incompatibility) [360]. In the hybrids, the
expression level of most genes is close to the mid-parent value (additive effect), or near the level
of one parent (dominance or partial dominance). Hybrid incompatibility is the manifestation of
gene expression misregulation, resulting in expression levels higher (positive overdominance) or
lower (negative overdominance) than both parental species [80]. Genetic loci with such expression
patterns are called transgressive genes [361], which directly contribute to the superior phenotypes
in heterosis, or misregulation of gene expression in the hybrid breakdown or outbreeding

depression [82].

The effect of gene expression regulation is often asymmetric in the two reciprocal F1
hybrid crosses. For example, gene regulatory evolution studies on frogs (crosses from Xenopus
laevis and X. muelleri) [362], fish (reciprocal crosses among centrarchid species) [363], and bird
(zebra finch subspecies) [364] showed asymmetric patterns of heterobeltiosis in one but
incompatibility in the other reciprocal hybrids. The reduction in the fitness of hybrids is generally
caused by Dobzhansky-Muller incompatibilities in the evolution field [154]. For example, the

interaction between Lethal hybrid rescue (Lhr) and Hybrid male rescue (Hmr) in F1 hybrid males
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leads to lethality in the interspecific crosses between Drosophila melanogaster and D. simulans
[365]. Interestingly, the genetic diversity between two parental species has a considerable effect
on the performance of hybrid offspring. As the genetic distance increases, stronger heterosis effects
may be observed in some cases [366]. However, when the two parental species are too distantly
related, detrimental effects surpass heterosis, resulting in genetic incompatibility [367]. A further
study shows the advantage of heterobeltiosis is partially countered by the disadvantage of genetic

incompatibility [368].

Although the phenomenon of heterosis has been reported for more than a century, the
underlying genetic mechanisms are still poorly understood. Three theories about heterosis have
been proposed, which were widely discussed and debated: 1) Dominance hypothesis, the dominant
allele suppresses the expression of the recessive allele according to Mendel’s theory [369]. The
deleterious effects from recessive alleles carried by parental gametes were suppressed, and only
the effects of beneficial dominant alleles were maintained; 2) Overdominance hypothesis, the
expression of heterozygotes outperformed the highest parental expression values [370]; 3)
Epistatic hypothesis, gene or allele interactions are existing and result in two conditions of epistasis:
positive epistasis which causes the phenotype to be better than predicted, and negative epistasis in
which performance is lower than expected. Positive epistatic interactions between non-allelic
genes were thought to contribute to heterosis [371, 372]. According to studies on gene transcription,
expression differences between hybrid progeny and the parents, especially nonadditive expression,
contribute to heterosis [71]. However, existing theories of genetics basic do not give a unified

explanation for both heterosis and hybrid incompatibility, which appear to be contradictory [75].
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To understand the underlying genetic mechanisms, additional studies in different hybrid systems

are needed.

Interspecific hybridization can mix genetic materials from two different species, which was
proven to be an effective way to increase phenotypic variability and achieve genetic improvement
in F1s [141]. In the breeding of aquatic species, interspecific hybridization and crossbreeding
within species have been applied as an effective means of genetic enhancement in a few cases. For
example, crossbreeding has successfully improved the genetic stocks of common carp [373]. The
sturgeon aquaculture industry was greatly promoted by the interspecific cross of Beluga (Huso
huso) and sterlet (Acipenser ruthenus) because the hybridization reduced the sexual maturity time
from 20 years to 6-9 years [374, 375]. The growth rate of interspecific hybrids between the black
drum (Pogonias cromis) and red drum (Sciaenops ocellatus) was significantly higher than both
parents [376]. Hybrid progenies of the red abalone (female Haliotis rufescens) and the pink
abalone (male H. corrugate) have significantly elevated growth and survival during conditions of
thermal stress (22 <C) [139]. Hybrid striped bass was found to be superior in survival rate than the
two parent species, white bass (Morone chrysops) and striped bass (Morone saxatilis). The hybrid
bass has an intermediate growth rate (better than white bass) and thermal tolerance (better than
stripe bass), and it is preferred for aquaculture [377]. Thus, aquaculture can greatly benefit from
the cases where controlled hybridization results in heterobeltiosis or a fish with overall greater
performance, allowing producers to use these enhanced attributes to increase production metrics

and yields.

As the largest finfish aquaculture in the US [60], catfish accounts for 70% of total US

freshwater production, and it is one of the most successful examples of the application of heterosis
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in aquaculture. Researchers evaluated 42 different interspecific ictalurid catfish hybrids by
crossing two distinct species. Only the combination of channel catfish (Ictalurus punctatus) female
xblue catfish (Ictalurus furcatus) male (C>B hybrid) has superior feed conversion efficiency [57,
142], higher carcass yield [143], better tolerance to low oxygen [58], improved disease resistance
[59], and enhanced harvestability [144] to market size. Collectively, these characteristics
exhibiting heterobeltiosis enable a commercial production rate of 13,000 kg ha-1, which doubles
the yield of traditional channel catfish farming [142, 178, 179]. Nowadays, the C>B hybrid catfish

constitutes more than 50% of the total catfish harvest in the US [61].

In this study, the characteristics in C>B hybrid were found to be not heterotic in tank culture.
Instead, the channel catfish parent is the superior genetic type in the aquarium environment. These
findings suggest that the C>B heterobeltiosis is only observed in pond culture, which is an instance
of environment-dependent heterobeltiosis/incompatibility. This phenomenon was reported in
Drosophila, in which hybrid heterosis was higher in optimal density than in a crowded environment,
and much higher at a lower than optimal temperature [66]. To understand the molecular basis of
environment-dependent heterosis, growth-related morphometric traits were measured, including
total length, standard length, body depth, body weight, head length, head depth, head width, and
caudal depth, as well as physiological and immune parameters in channel catfish, blue catfish, and
their reciprocal crosses under the tank culture. Liver transcriptome analyses were conducted to
identify differentially expressed and transgressive genes, which provide insights into the molecular

basis of environment-dependent heterosis.

5.3 Materials and Methods

5.3.1 Fish maintenance and RNA-seq sample collection
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All experimental animal protocols, including animal care and tissue sample collections,
were approved by the Auburn University Institutional Animal Care and Use Committee (AU-
IACUC). Blue catfish (PB), channel catfish (PC), B>C hybrid catfish (F1BC), and C>8 hybrid
catfish (F1CB) were reared at the Auburn University Fish Genetics Research Unit (Auburn, AL).
The indoor unit has a recirculatory aquaculture system (RAS) equipped with mechanical and
biological filters to clean and recycle rearing water to the fish culture tanks. Dissolved oxygen was
maintained above 5 mg L-1, pH between 7.0 and 7.3, and water temperatures between 25 and
27 <C. One hundred fish from each group were maintained in separate 60 L rectangular tanks.
After 12 months of growth, two randomly selected fish from each genetic type were euthanized
with buffered tricaine methanesulfonate (MS-222, Syndel Inc.) for RNA-seq experiments. Liver
tissues were immediately dissected, flash-frozen in liquid nitrogen, and stored at -80 <C for total

RNA extraction.

5.3.2 Morphometric measurements

Twenty fish (fingerlings in July 2020) were randomly selected from each genetic type, and
morphometric traits were measured at 10 months of age, including total length, standard length,
body depth, body weight, head length, head depth, head width, and caudal depth (Figure 17).
Statistical significance among PB, PC, F1BC, and F1CB was assessed using the nonparametric
Mann-Whitney U test. The significant P-value was shown by using an asterisk rating system: *, P

<0.05; **, P <0.01; ***, P <0.001.

5.3.3 Biochemical and immunological assays
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At 10 months of age, six fish for each genetic type (PB, PC, F1BC, and F1CB) were
randomly selected. The total length of the fish ranged from 11.9 to 18.4 cm. Catfish were
anesthetized with buffered MS-222 (100 mg L-1), and blood samples were collected from the
caudal vasculature with BD U-100 syringes and transferred to lithium heparin-containing blood
collection tubes (Becton Dickinson and Company; NJ). To obtain plasma, the blood samples were
immediately centrifuged at 1000 x g for 10 min. Plasma glucose concentration was determined
using Liquid Glucose (Oxidase) Reagent Set (Pointe Scientific Inc, MI) using a 450 nm
wavelength, with an input of 10 i plasma per replicate. Lactate level was quantified by the Lactate
(Liquid) Reagent Set (Pointe Scientific Inc, MI) using a 595 nm wavelength and a sample input
volume of 10 i plasma per replicate. Lysozyme activity was determined based on the lysis of
lysozyme-sensitive Gram-positive bacterium, Micrococcus lysodeikticus (Sigma, MO) by
lysozyme present in the plasma according to Sankaran and Gurnani (1972) [378]. A total of 10 uL
plasma was used as input, and 250 pL of bacterial cell suspension was added. The initial and final
(after 30 min incubation at 37 <C) absorbances of the samples were measured at 450 nm. The rate
of reduction in absorbance of samples was converted to lysozyme concentration (ug mL-1) using
a standard curve. Alternative complement hemolytic activity (ACH50) was detected following a
microplate protocol previously described by Welker (2014) [379]. The input of plasma was 25 L

per replicate, and the absorbance of the samples was measured at 405 nm.

5.3.4 Total RNA extraction, RNA-seq library preparation, and sequencing

Two biological replicates were included for each of the four genetic types at 12 months of
age (PB, PC, F1BC, and F1CB). RNA extraction was conducted using All Prep DNA/RNA Mini

Kit (Qiagen, CA, USA) following the manufacturer’s protocol. RNA concentrations were
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quantified using a NanoDrop OneC Microvolume Spectrophotometer (Thermo Scientific, MA).
The RNA integrity was evaluated with the LabChip GX Touch HT (PerkinElmer, MA). The RNA
library preparation was per-formed using NEBNext Poly(A) mRNA Magnetic Isolation Module
and NEBNext Ultra 11 RNA Library Prep Kit for lllumina (New England BioLabs, MA) with 1 ug
of total RNA input. Purified mRNA samples were fragmented for 10 minutes at 94 <C. The first-
strand cDNA synthesis, second-strand cDNA synthesis, end repair, and adaptor ligation were
performed according to the manufacturer’s protocol. The library PCR amplification was performed
with 16 cycle PCR. The average size of the RNA libraries was approximately 350 bp (including
the adapters). The RNA sequencing libraries were checked using the LabChip GX Touch HT
(PerkinElmer, MA) and quantified using a Qubit 3.0 Fluorometer (Invitrogen, CA). The library
samples were sequenced using a 2x150 Paired-End configuration in an Illumina NovoSeq 6000

lane at Novogene Corporation Inc. (Novogene, CA).

5.3.5 RNA-seq data analysis and identification of differentially expressed genes among

channel catfish, blue catfish, and their reciprocal F1 hybrids

The quality of raw sequence data was checked by FastQC (version 0.11.5) [380]. Low-
quality base and adapter sequences were trimmed by Trimmomatic (version 0.36) with default
parameters [209]. Trimmed reads of 30 bp or longer were retained and mapped to the channel
catfish reference genome [381] using TopHat (version 2.1.1) [240]. BedTools (version 2.29.0)
[382] was used to quantify read counts that mapped to gene models. Differentially-expressed genes
(DEGs) among four genetic types were identified using the edgeR package in R (version 3.6.3)
[383]. The expression values of each gene were calculated as RPKM (Reads Per Kilobase of

transcript, per Million mapped reads). Adjusted P-values were computed using the Benjamini &
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Hochberg method [384] with a threshold of 0.05. The thresholds for detecting significant DEGs

are | log2FC (fold change) | > 1.5 and an adjusted P-value < 0.05.

5.3.6 Gene ontology and functional enrichment analysis for DEGs among PC, PB, and

reciprocal hybrids F1BC and F1CB

For the DEGs from each pairwise comparison, Gene Ontology (GO) terms and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways enrichment analysis were performed by
Metascape [385] with default parameters. The gene IDs were determined according to the
homology to zebrafish annotations. GO analyses on biological processes, cellular components, and

molecular functions were performed at an adjusted P-value cutoff of 0.01.

5.3.7 Identification and functional pathway analysis of transgressive genes in reciprocal F1

hybrids

Transgressive genes were identified as genes with F1 hybrid expression levels at least 20%
higher (or lower) than that in both parents (blue catfish and channel catfish). These transgressive
genes were further classified into concordant and discordant transgressive genes based on the
expression pattern in the reciprocal hybrids. Genes with higher (or lower) expression levels than
the channel (PC) and blue catfish parents (PB) in both reciprocal hybrids (F1BC and F1CB) are
defined as concordant transgressive genes, and the remaining genes are discordant. Among the
discordant genes, the Discordant | category includes genes that are only transgressive in one hybrid
cross but not the other. Discordant Il genes show the opposite directions in the expression level in
reciprocal F1 hybrids. These three subtypes of transgressive genes and transgressive genes in

F1BC or F1CB hybrid catfish were subject to GO term and KEGG pathway enrichment analyses
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using Metascape. All analyses are carried out based on the knowledge base associated with the

zebrafish at an adjusted P-value cut-off of 0.01.

5.3.8 Quantitative reverse transcription PCR validation of DEGs and transgressive genes

A 400 ng aliquot of total RNA from each liver sample was reverse-transcribed using the
LunaScript® RT SuperMix Kit (New England BioLabs, MA) with Oligo dT Primer in a 20 pL
reaction, according to the manufacturer’s instructions. Six candidate genes were selected to be
verified from DEGs and transgressive genes. Primer sequences were designed using the Oligo 7.0
software (Molecular Biology Insights, Inc, CO). The primers were synthesized by Eurofins
Genomics LLC (KY, USA), and the amplification performance was checked by agarose gel
electrophoresis. The gRT-PCR was performed in 96-well plates on a Bio-Rad C1000 Touch
Thermal Cycler with CFX96 Real-Time PCR Detection Systems (Bio-Rad Laboratories, CA). The
PCR reaction was performed in 20 pL systems using Luna® Universal gPCR Master Mix (New
England BioLabs, MA). Each well contained 10 L of Luna Universal g°PCR Master Mix, 8 i of
nuclease-free water, 0.5 | of each primer (10 pmol/L), and 1 L of cDNA template. The reaction
conditions were 95 <C for 60 s, followed by 40 cycles at 95 <C for 15 s and 60 <T for 30 s. After
PCR amplification, a melting curve was generated by heating from 65 to 95 <C with 0.5 <C
increments, 3 s dwell time, and a plate read at each temperature. All qRT-PCR assays were carried

out with two technical replicates.

5.3.9 Statistical analysis

For morphometric measurements, one-way analysis of variance (ANOVA) was conducted

to test whether there are significances among four types of catfish. A Tukey post hoc test was
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carried out to compare morphometric measurements and hematological parameters (glucose,
lysozyme, lactate, ACH50) between types of catfish. Mann-Whitney U test was used to compare
morphometric data, hematological parameters level and gene expression level of gRT-PCR for

each two types of catfish. Differences were considered significant at P < 0.05.

5.4 Results

5.4.1 Environment-dependent heterobeltiosis — channel catfish is superior in aquarium

culture

Channel catfish female x blue catfish male cross displayed a series of heterobeltiosis
characteristics in pond culture [54]. To investigate whether the heterosis pattern holds in aquarium
culture, eight morphometric traits (Table 15) of twenty 10-month old fish were measured for each
of the four genetic types (PB, PC, F1BC, and F1CB). The body weight of the channel catfish (41.3
g) is 2~3 fold higher than the other three genotypes (14.4 g, 19.5 g, and 23.3 g in PC, F1BC, and
F1CB), indicating the channel catfish is superior in growth in weight (P < 0.01; Figure 17C). Total
length and standard length were also measured (Figure 17D-E), and channel catfish grew
significantly faster in length than blue catfish and the reciprocal hybrids within 10 months of age
in tank culture (P < 0.001). The head shape metrics (head length, head width, and head depth) and
caudal depth showed the same pattern (P < 0.01; Figure 17D-G) as body weight and length
measures, which were known to be highly correlated. There is also a trend of wider body depth in
channel catfish (2.83 +=0.65 cm) than PC, F1BC, and F1CB, but the results did not achieve

statistical significance (P > 0.05; Figure 17H).
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When the body metrics were standardized by total length (TL), PB was significantly higher

than F1BC (adjusted P-value < 0.05, Mann-Whitney U test; Figure 23) in all six body metrics

(standard length, body depth, head length, head width, head depth). PB also had slightly elevated

standard length/TL than all three other genetic types, and an increased head length/TL than F1CB

(Figure 23). All other pairwise comparisons of normalized body shape parameters were not

significant. As shown in the radar chart, the value of seven body metrics in channel catfish were

higher than the value in all other three genetic types of catfish (Figure 24). The results showed

heterosis in growth was not observed in C>B hybrid as expected in the pond environment, and

channel catfish is the superior genomic configuration in tank culture.
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Figure 17. Morphometric measurements of four genetic cross types: channel catfish (C)
parental cross (PC), blue catfish (B) parental cross (PB), blue catfish female x<channel catfish
male hybrids (F1B < C), and channel catfish female > blue catfish male hybrids (F1C =< B)
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Body weight (A), Total length (B), Standard length (C), Head length (D), Head width (E),
Head depth (F), Caudal depth (G), and Body depth (H).

Statistical significance was assessed by nonparametric Mann-Whitney U test (*, P < 0.05; **, P <
0.01; *** P <0.001).

5.4.2 Low level of innate immunity and complement activities in channel catfish raised in the

aquarium environment

Lysozyme activity is a key index used to evaluate fish innate immune system activity [386].
Channel catfish plasma lysozyme activity was ~24-fold lower than blue catfish (P < 0.001), ~6-
fold lower than the B>C hybrid (P < 0.001), and 2.4-fold lower than the C>B hybrid (P < 0.001;
Figure 18A and Table 16). The complement system is an important component of the innate
immune system, enhancing the ability to clear microbes and foreign cells [387], and the alternative
pathway of this system is commonly evaluated. The blue catfish had the highest ACH50, 11-fold
higher than the channel catfish (P < 0.01; Figure 18B). The reciprocal F1 hybrids were in between

near the mid-parent value (Figure 18B).

5.4.3 Transgressive effects in metabolism — F1 hybrids have significantly higher blood

glucose lactate levels than both channel and blue catfish parents

The reciprocal hybrids had significantly higher blood glucose levels than the channel and
blue parents, which was around 100 mg/dl (Figure 18C). F1BC glucose level (133.6 mg/dl) was
38% higher than the parental species, and F1CB (172.5 mg/dl) was 78% higher (Figure 18C),
indicating a transgressive effect in which the F1s have significant upregulation in blood glucose.
Blood lactate is correlated with hyperactivity, stress level, and mortality in fish species. A similar

transgressive effect was observed in FIBC, whose blood lactate level was significantly higher than
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both parental species (Figure 18D). F1CB was higher than channel catfish, but it did not achieve
statistical significance (P > 0.05). The blue catfish had significantly lower blood lactate than all

three other genetic types (Figure 18D).
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Figure 18. Plasma biochemical and immunological measurements in channel catfish (C),

Ictalurus punctatus, blue catfish (B), I. furcatus, and their reciprocal F1 hybrids raised in the
tank environment.

Plasma lysozyme activity (A), alternative complement pathway hemolytic activity (B), plasma
glucose level (C), and plasma lactate level (D) were measured in channel catfish parental cross
(PC), blue catfish parental cross (PB), blue catfish female ><channel catfish male hybrids (F1BC),
and channel catfish female x blue catfish male hybrids (F1CB). Statistical significance was
assessed by nonparametric Mann-Whitney U test (*, P < 0.05; **, P <0.01; ***, P <0.001).
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Figure 19. Transcriptome-wide gene expression correlation and differentially expressed
genes in the liver among channel catfish (C), Ictalurus punctatus, blue catfish (B), I. furcatus,
and their reciprocal F1 hybrids raised in the tank environment (diagonal panels).

Bottom-left panels: volcano plots of six pairwise comparisons among the four genetic types from
channel catfish parental cross (PC), blue catfish parental cross (PB), blue catfish female ><channel
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catfish male hybrids (F1BC), and channel catfish female x< blue catfish male hybrids (F1CB).
Differentially expressed genes (DEGS) are high-lighted (FDR < 0.05). The x-axis stands for log2
fold changes, and the y-axis represents -loglO(P-value). The wvertical lines indicate
llog2FoldChange| = 1.5. Upper-right panels: scatterplots of the log2(RKPM) values for six
pairwise comparisons among the four genetic types. Spearman’s rank correlation coefficient p and
the corresponding P-values are labeled.

5.4.4 Transcriptome analysis in the channel and blue catfish parents and the reciprocal F1

hybrids revealed >2,000 differentially expressed genes

Liver RNA-seq analyses were performed on channel catfish (PC), blue catfish (PB), C>B
hybrid catfish (FLCB), and B>C hybrid catfish (F1BC) (Table 17). A total of 13,420 ex-pressed
genes were identified with RPKM (Reads Per Kilobase of transcript, per Million mapped reads)
value greater than 1 in at least one genetic type. Pairwise differential gene expression analysis was
conducted to identify the differentially expressed genes (DEGs) between two genetic types (Figure
19 and Table 18). There were more DEGs between the two parental species PC-PB (N = 2,308;
FDR < 0.05 and |log2FoldChange| > 1.5) than the parent-hybrid comparisons (458~810 DEGS),
which is consistent with the fact that PC and PB had the lowest transcriptome-wide gene
expression correlation (spearman correlation co-efficient p = 0.76; Figure 19). The reciprocal
hybrids FICB and F1BC only had 98 DEGs with the highest expression correlation (p = 0.93;
Figure 19). The F1 hybrids have identical nuclear genome configurations, and they are expected
to display similar gene expression profiles. The results confirmed that this was the case. The
evolutionary divergence and genetic distance between the channel and blue catfish resulted in gene
expression changes of >2,000 genes, which account for 17.2% of expressed genes in the liver

transcriptome.
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5.4.5 Fatty acid metabolism and transport genes are significantly upregulated in channel

catfish compared to blue catfish and hybrids

To identify the enriched functional pathways among DEGs, gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analyses were performed.
Among the identified terms, a third of the PC vs. PB GO categories were also significant in PC-
F1 comparisons (Figure 20A-B), including cellular lipid metabolic processes (GO:0044255),
cellular lipid catabolic processes (G0:0044242), secondary alcohol metabolic process
(G0O:1902652), and oxoacid metabolic process (GO:0043436; Figure 20A). Specific non-
overlapping terms only enriched in PC-F1 comparisons include phospho-lipid efflux (GO:
0033700) in the PC vs. F1CB comparison, and phosphatidate phosphatase activity (GO: 0008195)
in PC vs. F1IBC comparison (Figure 20A). These findings suggest that the lipid metabolism
pathway activities were altered in PC. Since channel catfish is superior in aquarium culture growth
than PB and hybrids, we focused our analysis on the significantly upregulated and downregulated
genes in PC compared to PB (P < 0.001; Figure 20C-D). Interestingly, the PC upregulated genes
were enriched for four carboxylic acid pathways (metabolic, catabolic, transport, and binding;
Figure 20C) and three lipid metabolism pathways (cellular lipid metabolic process,
glycerophospholipid metabolism, and glycerolipid catabolic process; Figure 20C). The network
analyses revealed that the fatty acids and lipid metabolism genes were interconnected (Figure 20E),
which was separated from the transporter-related terms (Figure 20E), suggesting these two broader
functional categories were significantly overrepresented in PC upregulated genes. With regard to

the genes that were significantly highly expressed in PB, the top three enriched functional terms
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are small-molecule biosynthesis, organic acid metabolic process, and carbon metabolism (Figure

20D), which are in sharp contrast to PC upregulated genes.
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Figure 20. Pathway enrichment analysis of liver Differentially Expressed Genes (DEGS)
between channel catfish Ictalurus punctatus parental cross (PC) and three other genetic types
(PB: blue catfish I. furcatus parental cross, blue catfish female xchannel catfish male hybrids
(F1BC), and channel catfish female xblue catfish male hybrids (F1CB).

(A) Hierarchical clustering of significant gene ontology terms shared in at least two of the three
comparisons (PC vs. PB, PC vs. F1BC, and PC vs. F1CB). (B) A circular plot of shared DEGs in
the three comparisons. (C-D) Enriched functional categories for upregulated genes in PC compared
to PB (C) and downregulated genes in PC compared to PB (D). Enrichment scores measured by -
log10(P-value) were shown on the x-axis. (E) A plot of enriched term network for upregulated
genes in PC. GO terms were represented by the same color dots as in (C), and the interconnectivity
was represented by the edges.

5.4.6 One thousand genes display transgressive expression patterns in the liver in F1 hybrid

catfish

To elucidate the molecular basis of heterobeltiosis vs. hybrid incompatibility, transgressive
genes were investigated, which are defined as genes that show higher or lower expression levels
in both parents (see Methods). According to the transgressive pattern in reciprocal hybrids, we
further classified transgressive genes as 1) concordant: transgressive genes in both F1 hybrids with
the same direction, which are higher than both parents (upregulated concordant genes) or lower
than both parents (downregulated concordant genes); 2) discordant I: genes that are transgressive
in only one reciprocal F1, but not the other (Figure 21A); 3) discordant Il: genes that are
transgressive in both F1s, but the expression directions are opposite (Figure 21A). A total of 1,140
transgressive genes were identified in F1 hybrids, which count for 8.5% of all expressed genes in
the liver transcriptome (Figure 21B). Over 90% of the transgressive genes were shared in F1CB
and F1BC (Figure 21C), suggesting that the cross direction-dependent transgressive effect
(discordant I genes) only occurs in less than 10% of transgressive genes (Figure 21A-B). Even

fewer genes displayed the opposite pattern in gene expression changes compared to the parental
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species, and these discordant Il genes (N = 49) account for 4.3% of all transgressive genes (Figure
21B). To validate the transgressive genes detected in RNA-seq experiments, qRT-PCR
experiments for gene expression quantifications for six genes were performed, and all of them
were confirmed, including two non-transgressive genes Cyp2k19 and Fgflb (Figure 22A-B), two
concordant genes Hmox and Irf7 (Figure 22 C-D), as well as two discordance genes Tm4sf4 and

Cregl (Figure 22E-F).

5.4.7 Concordant transgressive genes in hybrid catfish are enriched for cytoskeleton

functions, stress, and immune-related pathways

Six cytoskeleton and extracellular matrix-related terms were enriched in concordant
transgressive genes, including microtubule cytoskeleton (GO: 0015630), cytoskeletal protein
binding (GO: 0008092), polymeric cytoskeletal fiber (GO: 0099513), focal adhesion (dre04510),
gamma-tubulin complex (GO: 0000930), and lamellipodium (GO: 0030027). Oxidative stress and
immune functions were also significantly overrepresented in concordant genes. The most
significantly enriched term is AGE-RAGE signaling (dre04933; P < 0.0001; Figure 21D), which
plays an important role in inflammation in diabetes. The Nod-like receptor (dre04521; P < 0.001;
Figure 21D) are master regulators of inflammation and defense, which activate innate and adaptive
immunity by recognizing pathogen patterns. CARD domain binding genes (GO: 0050700; P <
0.001; Figure 21D) are often associated with inflammation and apoptosis. NAD+ binding (GO:
0070403; P < 0.001; Figure 21D) function is involved in cellular energy metabolism. Discordant
| transgressive genes were enriched for ribosome function (P < 0.001; Figure 21D), the term
regulation of cell cycle process (GO: 0010564) is overrepresented in discordance Il genes (P <

0.01; Figure 21D).
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Figure 21. Identification and functional enrichment analysis of liver transgressive genes in
the reciprocal hybrids of channel catfish, Ictalurus punctatus, and blue catfish, 1. furcatus.

(A) Definition of different classes of transgressive genes based on the gene expression levels in
channel catfish parental cross (PC), blue catfish parental cross (PB), blue catfish female ><channel
catfish male hybrids (F1BC), and channel catfish female xblue catfish male hybrids (F1CB). The
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gene counts were labeled for each class. (B) Piechart of transgressive gene distributions in hybrid
catfish. (C) Venn diagram of transgressive genes in F1IBC and F1CB hybrids. (D) Enriched
functional categories for concordant and discordant transgressive genes. (E) Enriched functional
categories for upregulated transgressive genes in FIBC and F1CB hybrids. Enrichment scores
measured by -log10(P-value) were shown on the x-axis.
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Figure 22. Quantitative reverse transcription PCR validation of differentially expressed
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PC: channel catfish Ictalurus punctatus parental cross; PB: blue catfish I. furcatus parental cross;
F1BC: blue catfish female > channel catfish male hybrids; F1CB: channel catfish female x<blue
catfish male hybrids. Barplots of gRT-PCR relative quantification and RNA-seq RPKM values
(Reads Per Kilobase of transcript per Million mapped reads) for non-transgressive genes Cyp2k1
(A) and Fgfl (B), concordant transgressive genes Hmox (C) and Irf7 (D), and discordant
transgressive genes Tm4sf4 (E) and Cregl (F). Mann-Whitney U test was used to assess the
statistical significance (*, P < 0.05; **, P <0.01; ***, P <0.001).

5.4.8 Overrepresentation of glycan degradation function among upregulated transgressive

genes provides a potential mechanism of blood glucose elevation in F1 hybrids

For the concordant transgressive genes (N = 985), the majority of them (94%) were
downregulated in both F1 hybrids, whereas only 60 concordant genes were upregulated in gene
expression compared to the channel catfish and blue catfish parents (Figure 21A). These
overexpressed genes may explain the transgressive phenotypes observed in F1 hybrids (Figure 18).
GO and KEGG analysis of upregulated transgressive genes in F1BC and F1CB were performed.
Interestingly, the top enriched term was the same, which is glycan degradation (dre00511; P <
0.0001; Figure 21E). Glycan breakdown in the liver will result in an elevation in blood glucose
levels in both hybrids F1BC and F1CB compared to the channel catfish and blue catfish parents,

which is what we observed (Figure 18C).
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Figure 23. Morphometric measurements of channel catfish (C), Ictalurus punctatus, blue
catfish (B), 1. furcatus, and their reciprocal F1 hybrids raise in the tank environment,
standardized by total length.

Morphometric traits normalized by total length for the four genetic cross types: channel catfish
(C) parental cross (PC), blue catfish (B) parental cross (PB), blue catfish female x channel
catfish male hybrids (F1BC), and channel catfish female x blue catfish male hybrids (F1CB). (A),
body length; (B), body depth; (C), head length; (D), head width; (E), head depth; (F), caudal
depth. Statistical significance was assessed by nonparametric Mann-Whitney U test. (*, adjusted
P-value <0.05).
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Figure 24. Radar plot of seven body metrics in channel catfish (C), Ictalurus punctatus, blue
catfish (B), 1. furcatus, and their reciprocal F1 hybrids raise in the tank environment.

Radar chart for seven body measuremements (total length, body length, head length, head width,
head depth, caudal depth) in channel catfish (C) parental cross (PC), blue catfish (B) parental cross
(PB), blue catfish female % channel catfish male hybrids (F1BC), and channel catfish female x
blue catfish male hybrids (F1CB). The channel measurement area is shaded in orange.
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Table 15. Comparison of morphometric measurements for blue catfish, channel catfish, and their reciprocal hybrids in the

tank environment.

bC oB BC hybrid C@ hybrid Evalue Heterosis Heterobeltiosis

B>C C>B B>C C>B
TOt"("c'r'Tf)“gth 17.2541.03  12.0620.25° 14.150.66" 14.0340.92°  40.88** -3.45 -4.26 -17.97 -18.67
Bocgr:f)“gth 14.4040.96°  10.660.21° 11.5840.71¢ 11.5840.87:  25.78** 758 -7.58 -19.58 -19.58
Hea(ir'ne)“gth 3274039  2.4430.09: 2.4040.15¢ 25140.14:  18.77** -15.94 -12.08 -26.61 -23.24
He"’(‘grx‘;idth 21540200  1.7040.12: 1.6740.09¢ 1684015+  14.77%* -13.25 -12.73 -22.33 -21.86
He?grg)epth 22740200  1.7040.12: 1.7740.10¢ 1.8940.17:  15.02%* -10.83 -4.79 -22.03 -16.74
Bo‘gé’nf)epth 2.8310.65 2.380.08 2.4320.10 2.4340.33 1.79 6.72 -6.72 -14.13 -14.13
Ca“‘(jc""r'n‘;epth 1.2620.10°  0.9240.04° 0.9420.05¢ 1.0240.08°  25.50%* -13.76 -6.42 -25.4 -19.05
Weight (g) 41.3328.31°  14.401.52: 19.50:43.62% 233344.37°  29.01%* -30.02 -16.27 -52.82 -43.55

Significance of one-way ANOVA: *: P<0.05; **: P<0.01. Values in the same row having the same superscripts are not significantly

different (Tukey's test, P>0.05). PC: channel catfish; PB: blue catfish; B>C hybrid: female blue catfish < male channel catfish; C>xB
hybrid: female channel catfish <male blue catfish.

) F1-MPV
Heterosis=

Heterobeltiosis=

F1-BPV

x 100

x 100

Where: F average of F1 hybrid; BPV: Better Parent Value; MPV: Mid Parent Value (P1+P2)/2.
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Table 16. Biochemical and immunological assays in blue catfish, channel catfish, and their
reciprocal hybrids cultured in the tank environment.

Blue catfish Channel catfish CxB hybrid BxC hybrid
Lactate (mmol/L) 3.599 +£0.8112 6.263 +1.173° 7.168 £ 1.375° 8.104 = 1.444°
Glucose (mg/dl) 98.385 £ 18.741? 96.788 +£25.282? 172.462 + 35.578° 133.615 £ 19.666*
Lysozyme (pg/mL) 3.872+0.7* 0.160 + 0.086° 0.378 £ 0.102° 0.935 +0.427°
ACHS50 (units/mL) 76.179 +22.325*  6.820+ 1.496° 43.979 £ 13.584° 46.596 +9.410°

Note: Values in the same row having the same superscripts are not significantly different (Tukey's
test, P>0.05). B>C hybrid: female blue catfish <xmale channel catfish; C>B hybrid: female channel
catfish xmale blue catfish.

Table 17. Liver sample RNA sequencing yield, quality control, and alignment statistics.

Sample Raw reads Filtered reads =~ Mapping percentages Mapping percentages
to channel genome to blue genome
PC liver individual 1 74,645,394 72,939,430 79.6% 37.4%
PC liver individual 2 79,057,946 76,881,484 79.3% 29.7%
PB liver individual 1 89,934,258 87,650,476 37.3% 84.1%
PB liver individual 2 67,639,738 66,215,758 42.0% 81.9%
FiBxC liver individual 1 92,917,484 90,536,414 57.6% 68.1%
FiBxC liver individual 2 91,926,868 90,204,272 65.2% 71.2%
FiCxB_liver individual 1 100,242,864 97,806,146 66.9% 55.6%
FiCxB liver individual 2 93,576,928 90,995,214 50.6% 60.4%

Note: PC: channel catfish; PB: blue catfish; F1B>C: female blue catfish xmale channel catfish; F,C>B:
female channel catfish xmale blue catfish.

Table 18. Numbers of significantly differentially expressed genes (DEGS) in pairwise
comparisons among four genetic backgrounds (PB, PC, F1B>C, and F1C>B).

Number of DEGs Upregulated Downregulated

PC vs. PB 2,307 1,346 961
PB vs. FiBxC 665 326 339
PB vs. F1CxB 598 266 332
PC vs. FiBxC 458 289 169
PC vs. FiCxB 810 484 326
FiBxC vs. F1CxB 98 50 48

Note: PC: channel catfish; PB: blue catfish; F1B>C: female blue catfish xmale channel catfish; F.C>B:
female channel catfish xmale blue catfish.
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5.5 Discussion

All experimental animal protocols, The degree of heterosis is known to be affected by the
environment and genotype-environment interactions [62]. Environment-influenced heterosis has
been reported in cattle, in which the advantage of milk and protein yields was suppressed in a high
HLI (summer heat load index) environment [150]. Examples of environment-influenced heterosis
also can be found in aquatic species. Crossbred offspring from two silver perch (Bidyanus bidyanus)
strains from Murray River and Cataract Dam had the best performance in growth under pond
environment, whereas heterosis decreased when reared in cages and tanks [388]. In these situations,
the degree of heterosis was affected by the rearing environment, but heterosis did not disappear

entirely. We define this phenomenon as environment-influenced heterosis.

Environment-dependent heterosis was first discovered in Drosophila in 1987. Crosses
among five geographically diverse D. melanogaster inbred lines identified significant heterosis in
fecundity [66]. When the flies were maintained at a higher than optimal density, heterosis was still
observed for all hybrid crosses with a slightly lesser degree, indicating that crowdedness can affect
hybrid vigor, but it does not abolish heterosis [66]. However, when the flies were reared in the
lower temperature (17 <C rather than 24 <C), heterosis was only present in two hybrid crosses, and
all other hybrid line pairs had lower fecundity than the inbred crosses [66], suggesting heterosis
disappeared for most hybrid crosses under low-temperature environment. The hybridization of the
channel catfish and blue catfish is a vertebrate example of environment-dependent heterosis. The
hybrid cross grew 30-121% faster than the channels in pond environments with different densities,
whereas the channel catfish’s mean body weight was 49.8% higher than hybrid fish when they

were grown in cages [65]. Both environment-influenced and environment-dependent heterosis had
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been observed in hybrid catfish [65]. In this study, the channel catfish is superior in body weight
(Figure 17A) and all other morphometric traits than blue catfish and the reciprocal hybrids at 10
months of age in tank culture, although channel catfish did not differ from the reciprocal hybrids
in standardized shape parameters (Figure 24). The reciprocal hybrids between the channel and blue
catfish may serve as an excellent system to investigate environment-dependent heterosis and their

molecular mechanisms.

Interspecific hybrids can display heterosis, but they could also suffer from hybrid necrosis
[389] or hybrid incompatibility [390]. If the two parental genomes were too distantly related, DNA
sequence and gene expression divergence would result in misregulation of protein-coding gene
expression. Uneven chromosome numbers can also cause hybrid breakdown. As a classic example
of heterosis in mammals, a mule is an offspring of a female horse (2N = 64) and a male donkey
(2N = 62). Although mules outperform both parents in many aspects, including strength, stamina,
temper, and longevity, mules are infertile because the odd number of chromosomes will affect
proper segregation during meiosis. Hybridization can also lead to the aberrant activation of
transposable elements (TEs), which was known as “genome shock”, and was discovered in maize
by Barbara McClintock [391]. Genes with transgressive expression patterns may explain the
heterosis vs. hybrid incompatibility. After merging the two parental genomes, the F1 gene
expression level is expected to be near the mid-parental value (additive effect), or close to either
parent (dominant or incomplete dominant effects), or within the parental range (both effects). In
contrast, transgressive genes have higher (or lower) expression levels compared to both parents,
which can explain the superior phenotypes or hybrid misregulation in F1s. In our study, over 90%

of expressed genes were non-transgressive genes, and transgressive genes only accounted for 8%,
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which is consistent with the level of divergence between the channel catfish and blue catfish (13-
15 SNP per Kb) estimated from EST data [271]. The channel-blue hybrids are fully viable with
strain-dependent variable fertility [392], suggesting major biological functions and
metabolic/developmental pathways may tolerate transgressive genes in some crosses, exhibiting

robustness at the organism level.

In pond culture, heterobeltiosis in growth, disease resistance, and harvestability was only
observed in C>B hybrids [54]. In the tank environment, channel catfish is the fast-growing genetic
type compared to all other three genomic configurations. Based on previous literature involving
density-related influences on heterosis in pond vs. cage culture environment in other fish species,
the degree of crowding and/or accompanying stress levels was believed to play important roles in
the variation in heterosis. However, rearing density-dependent stress alone cannot explain the fact
that hybrid catfish did show heterobeltiosis in tanks of larger sizes (>1 cubic meter), even if the
density was extremely high. Therefore, our current results likely only apply to the smaller

aquarium environment and cannot be generalized to larger tanks.

As important defense mechanisms in the fish innate immune system [393], lysozyme and
complement activity (including the alternative pathway) are widely used to evaluate the immunity
and ability of the fish to clear pathogens [394, 395]. In channel catfish, lysozyme activity was
reported to correlate with blood bacteria concentrations after exposure to pathogenic Edwardsiella
ictaluri [396]. Additionally, it has been previously reported that alternative complement activity
can vary across fish species, and as a whole, catfish were found to have relatively low ACH50
values in comparison to barramundi (Lates calcarifer) and rabbitfish (Siganus rivulatus) [397].

Thus, innate immune parameters need to be compared within closely related fish species or strains.
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In this research, lysozyme and alternative complement levels in channel catfish were more
than 10-fold lower than blue catfish and also significantly lower than the hybrids (Figure 18A-B).
This is consistent with previous findings using in vivo pathogen challenge experiments, in which
channel catfish were found to be least resistant to bacterial pathogens overall compared to the blue
catfish and F1CB (F1BC not tested). For the three major infectious diseases in catfish production,
blue catfish was almost completely resistant to Edwardsiella ictaluri, the pathogen for Enteric
Septicemia of Catfish (ESC), with 0.7%-10.5% mortality [165, 189]. F1CB had a 26% mortality
under ESC [189], whereas the mortality for channel catfish was up to 72.3% [165] (resistance to
ESC: PB >> F1CB > PC). For Aeromonas disease, blue catfish (32% mortality) [190] were
reported to be more resistant than F1CB [191], with channel catfish (90% mortality in [192] and
78% mortality in [193]) as the least resistant genetic type (resistance to Aeromonas disease: PB >
F1CB >> PC). For Columnaris disease, the hybrid F1CB was observed to be much more resistant
(32% mortality) to Flavobacterium columnare than channel catfish (74% mortality) and blue
catfish (87% mortality) [59] (resistance to Columnaris disease: FLCB >> PC > PB). Further, Zhang
et al. (2020) also found that hybrid yellow catfish (female yellow catfish Pelteobagrus
fulvidraco xmale darkbarbel catfish P. vachelli) also demonstrated increased lysozyme levels in
comparison to all-male yellow catfish [398]. Since maintaining a highly activated immune system
is both energetically and nutritionally expensive, which will inhibit growth and development, the
lowered innate immunity activity discovered in the channel catfish may explain the superior

phenotype in weight gain under aquarium culture in small tanks.

The elevated plasma glucose and lactate levels were observed in hybrid catfish. Increased

glucose levels in rainbow trout were reported to be attributed to environmental changes, such as
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season [399], density stocking [400], as well as nutritional changes or stressors [401]. Interestingly,
a recent study in channel catfish evaluated the role of gastric peptides on glucose levels, thus, the

regulation of glucose levels is complex in nature [402].

Plasma lactate is also an important stress-related parameter, and has been shown to increase
in channel catfish when confined or deprived of oxygen [403]. With respect to stress management,
stressed fish typically have higher plasma lactate levels, which could be the result of hyperactivity
[150, 404]. Metabolic activities, such as lipolysis and glycolysis, provide the energy required to
meet the demands of the stress response, potentially resulting in a negative impact on growth. In
summary, the lower plasma glucose and lactate levels may also contribute to the fast-growing

phenotype of channel catfish in tank culture.

Among the upregulated genes in channel catfish compared to blue catfish, the top four
significant gene ontology terms are all related to carboxylic acid (P < 0.001; Figure 20C). Three
lipid metabolism terms were also significant (P < 0.001; Figure 20C). Hydroxy-carboxylic acids
(HCASs) are intermediates in animal energy metabolism, and HCA receptors play an important role
in homeostasis by regulating energy metabolism, lipolysis, inflammation, and immunity [405].
HCAs were understudied in fish species, but HCA metabolic process was the most significant GO
term between non-alcoholic fatty liver patients and controls [406], and research has shown that
activated HCAs (hydroxy-carboxylic acids) inhibit adipocyte lipolysis [407, 408], suggesting its
relevance to lipid metabolism and storage. For many fish species, fatty acid oxidation is the
primary source of energy. The enriched HCA and lipid metabolism-related terms in channel catfish

upregulated genes may mediate the difference in immune function and growth phenotypes.
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The liver is a crucial organ for maintaining glucose homeostasis. The blood glucose levels
were found to be significantly higher in both F1s than the channel catfish and blue catfish parental
species (Figure 21C), and they also exceeded the normal range. Observed hyperglycemia is
common in teleost species [409], but this transgressive effect can result in increased glucose
utilization and reduced weight gain in F1s. To explore the molecular basis, transgressive genes
that were upregulated in F1BC and F1CB were investigated. Interestingly, glycan degradation was
identified as the top enriched pathway for both hybrids (Figure 21E). The glycolysis pathway was
also overrepresented in the upregulated transgressive genes. These findings suggested that rapid
glycan degradation and glucose utilization may explain the higher blood glucose level and reduced

weight gain in the F1 hybrids in the small tank/aquarium environment.

The environment-dependent heterobeltiosis is an intriguing phenomenon. It is the first
reported case in any vertebrate species, and it is of great interest in both evolutionary biology of
heterosis and agriculture practice to enhance the catfish genetic stock. However, this is a
complicated problem. First of all, environmental variations can affect the status of heterosis. It has
been shown in small tanks, channel catfish is the superior genetic type for growth and development.
However, this may not be the case under pathogenic infections, under which blue catfish and the
CxB hybrids have better survival rates overall. Second, a “tank size” effect exists. In tanks larger
than 1 cubic meter, heterobeltiosis was observed just as in pond culture, independent of the fish
density. Third, there might be an age-dependent/size-dependent effect as well, since in low density
ponds channel catfish grow the fastest during year 1, but hybrids grow faster than channel catfish
in year 1 in high density pond conditions. In contrast and to further complicate the situation, this

density-related relationship between channel catfish and hybrid catfish does not occur for year 1

135



growth in aquaria. These factors interact with the genetic and epigenetic backgrounds of the four
types, as well as neurological differences in complex social behavior, level of stress, physical
activities, hormonal changes, innate immune attributes, feed intake and frequency, and flighting
or tank hierarchy among individuals. Further studies are needed to disentangle these complex

factors to elucidate the underlying mechanisms of this fascinating phenomenon.
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