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Abstract

Repetitive elements make up significant proportions of genomes. However, their roles in

evolution remain largely unknown. To provide insights into the roles of repetitive elements in

fish genomes, this dissertation work focused on comparative analysis of repetitive elements

presented in three chapters: general overview and literature review (Chapter 1), analysis and

annotation of the repetitive elements in the channel catfish genome (Chapter 2), and comparative

analysis of repetitive elements from a large number (52) of the fish genomes (Chapter 3)

Channel catfish (Ictalurus punctatus) is a highly adaptive species and has been used as a

research model for comparative immunology, physiology, and toxicology among ectothermic

vertebrates. It is also economically important for the industry. As such, its reference genome was

generated and annotated with protein coding genes. However, the repetitive elements in the catfish

genome are less well understood. In this study, over 417.8 Megabase (MB) of repetitive elements

were identified and characterized in the channel catfish genome. Among them, the DNA/TcMar-

Tcl transposable elements are the most abundant type, making up ~20% of the total repetitive



elements, followed by the microsatellites (14%). The prevalent of repetitive elements, especially

the mobile elements, may have provided a driving force for the evolution of the catfish genome. A

number of catfish-specific repetitive elements were identified including the previously reported

Xba elements whose divergence rate was relatively low, slower than that in untranslated regions

of genes but faster than the protein coding sequences, suggesting its evolutionary restrictions.

The content of the repetitive elements varies significantly among the fish genomes. To provide

insights into the roles of repetitive elements in fish genomes, a comparative analysis of repetitive

elements from all sequenced teleost fish genomes of 52 species in 22 orders was conducted. The

proportions of repetitive elements in various genomes were found to be positively correlated with

genome sizes, with a few exceptions. More importantly, specific enrichment appeared between

some repetitive element categories with species habitats. Specifically, class Il transposons appear

to be more abundant in freshwater bony fishes than in marine bony fishes when the phylogeny is

not considered. In contrast, marine bony fishes harbor more tandem repeats than freshwater species.



In addition, class I transposable elements appear to be more abundant in primitive species, such as

cartilaginous fish and lamprey than in bony fishes. The enriched association of specific categories

of repetitive elements with fish habitats suggests the importance of repetitive elements in genome

evolution and their potential roles in fish adaptation to their living environments.
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Chapter 1. Introduction and Literature Review

1.1 Overview

1.1.1 The study of repetitive elements in aquatic species

Eukaryotic genomes contain significant amount of repetitive DNA sequences, and the
collective of the repeated sequences in an organism is known as the repeatome of the organism
(Maumus and Quesneville, 2014). The non-protein coding repetitive sequences were once
thought to be junk DNA (Ohno, 1972), but recent studies have indicated that they play important
roles in propelling genome evolution and adaptation to environments, and those repetitive
elements are of vital importance for the organism to adapt to the changing environment. (De
Boer et al., 2007; Lynch and Conery, 2003; Meagher and Vassiliadis 2005; Schmidt and
Anderson 2006; Schrader et al., 2014; Sun et al., 2015; Thomas 1971; Thornburg et al., 2006;
Tucker et al., 2011; Wang et al., 2014; Wang et al., 2015; Yi et al., 2005; Yu et al.,2016). Besides
facilitating the genome evolution, the insertion of repetitive elements can also support genome

structure and provide alternative promoters, exons, terminators and splice junctions to protein-



coding loci (Babushok et al, 2007; Chung et al., 2011; Day et al. 2010; Hésler et al, 2007; Jurka,

2004; Kazazian, 2004; Peaston et al, 2004; Rosenfeld et al., 2009; Speek, 2001). For instance,

retrotransposon insertions can disrupt gene expression (Han et al, 2004; Ustyugova et al, 2006)

and cause numerous diseases (Batzer and Deininger, 2002; Yang and Kazazian, 2006). DNA and

RNA transposable elements are also transcribed and accumulate in various conditions such as

cancer (Criscione et al., 2014; Lamprecht et al., 2010; Lee et al., 2012; Sciamanna et al., 2013;

Sciamanna et al., 2014; Shukla et al., 2013; Tubio et al., 2014), eurodegenerative diseases

(Bundo et al., 2014; Reilly et al., 2013), embryogenesis (Fadloun et al., 2013; Macia et al.,

2011), neural development (Bodega et al, 2011; Coufal et al., 2009; Coufal et al., 2011; Faulkner

et al., 2009; Muotri et al., 2005; Perrat et al., 2013; Thomas et al., 2012) as well as aging (De

Cecco et al., 2013; Li et al., 2013; Sedivy et al., 2013). However, to date, most of the studies of

the repeatomes are focused in the plants and higher vertebrates, especially those of mammals, the

studies of repetitive elements are still limited for aquatic species especially in fish.

First appeared 530 million years ago, the fish had colonized on the earth and had undergone

huge evolution selections. As many phylogenetic classifications suggest, the three main existing



clades of the fish are: Osteichthyes (bony fish), Chondrichthyes (cartilious fish) and

Petromyzontiformes (lamprey) (Nelson, 2006). The fish consist the largest and the most diverse

vertebrate group on earth, compromising over half of all vertebrates (Hurley et al., 2007; Nelson

2006), and possess both the smallest and largest genomes in vertebrates (Hardie & Hebert, 2004),

the sequenced genomes of the fish varies dramatically from the smallest 7etraodon nigroviridis

of 342.4 Mb (Jaillon et al, 2004) to the largest Salmon salar of 2,966.89 MB, the research

indicated that the whole genome duplications are known to be a major force of variations in

genome sizes (Allendorf et al., 1984; Meyer and Peer, 2005; Xu et al., 2014). Besides propelling

the whole genome duplications, the previous researches also indicated that, like in other species,

the expansion of repetitive elements can also act as a significant propelling factor to the

variations of genome sizes in different genomes (Bengtén et al., 2006; Boulesteix et al., 2005;

Holland et al., 2001; Ingle et al., 1975; Liu et al., 2003; Organ et al., 2007; Rubin and Levy

1997; Sen et al., 2006; Ungerer et al., 2006). Thus the characterization and analysis of repetitive

elements landscape in fish can not only help to understand the “dark matter” in the fish genome,

but also provide information for the study of the genome evolution of life from a broad aspect. In



addition, the study of how the repetitive elements are evolved in the fish are of vital importance

to the understanding of the evolution dynamics and the environmental influences on the

Eukaryotes genome structures.

Catfish (order Siluriformes) is one of the largest orders of teleost containing ~4,100 species,

representing ~12% of all teleost and ~6.3% of all vertebrates (Eschmeyer and Fong, 2014). The

catfish is a benthic feeding species discovered in all continents (Bruton, 1996, Grande and

Eastman, 1986, Lundberg and Friel, 2003), making it important not only for evolution but also

for the biogeographical studies (Sullivan et al., 2006). The channel catfish (Ictalurus punctatus)

is a freshwater benthic species distributed from lower Canada to southern North America. Its

high tolerance and adaptability to harsh environments such as tolerance to low oxygen, resistance

to disease (eg. Columnaris disease or Enteric Septicemia of Catfish), as well as high feed

conversion ration up to 2.4, (Robinson et al., 1998) making it one of the most popular

aquaculture species in the world especially in the south-east United States (FAO, 2015). The

channel catfish along with its F1 hybrid with blue catfish (Ictalurus furcatus) is the primary

aquaculture species, accounting for over 60% of all U.S. aquaculture production (Liu, 2011;



USDA-NASS, 2006; United States Department of Agriculture, 2014). Its world-wide importance

is constantly rising as its market share is constantly increasing in some Asian countries such as

China and Vietnam (Liu, 2008).

The research on the channel catfish genome was initiated in early 1990s, (Liu et al., 1992;

Liu et al., 1999; Liu 2003), aiming to dissect the entire genome of channel catfish, after almost

30 years of research, great efforts have been done to the exploration of the basic facts of channel

catfish genome such as the development of genome markers, analyzing the genome structure as

well as sequencing its whole genome sequences. Like most other teleost, the channel catfish had

also undergone the teleost-specific genome duplication (TSGD) in its evolutionary histories

(Kasahara et al, 2007; Meyer and Van de Peer, 2005). Channel catfish genome contains 29 pairs

of chromosome, rich in A/T and its sizes is approximately 1.0 GB (LeGrande et al, 1984; Tiersch

and Goudie, 1993; Xu et al., 2006). The channel catfish reference genome sequence with

annotation of protein coding genes was published in 2016, as a milestone for the channel catfish

genome project (Liu et al., 2016). Previous works reported the presence of an A/T-rich tandem

repeats named Xba on the centromere regions (Liu et al., 1998; Quiniou et al., 2005), and the



presence of dispersed short interspersed nuclear elements (Kim et al., 2000) or DNA

transposable elements (Liu et al., 1999). But the repetitive elements which make up more than

40% of the channel catfish genome was not fully characterized. Genomic sequencing surveys can

provide additional information about other repetitive sequences such as microsatellites and

transposable elements (Chen et al., 2016; Liu et al., 2009; Nandi et al., 2007; Serapion et al.,

2004; Xu et al., 2006, Xu et al., 2007), making the comprehensive annotation and

characterization of the repeatome in channel catfish genome possible. The repetitive sequences in

channel catfish can be generally divided into three major categories: the dispersed repeats such

as transposable elements or transposons, tandem repeats, and high copy number genes (Maumus

and Quesneville, 2014; Nagarajan et al., 2008).

Transposable elements were first discovered in 1940s to 1950s, the concept was applied to

explain the genes that are responsible for controlling the physical characteristics in maize (Zea

mays). The discoverer of the transposable elements, Barbara McClintock (1902-1992) regarded

the transposable elements as “normal components of the chromosome responsible for

controlling, differentially, the time and type of activity of individual genes” (McClintock, 1956).



In spite there are skepticism at the moment, the important role of the transposable elements in the

genome was understood and reevaluated in 1960s and 1970s, bringing insights into the

understanding of the complexity of the repetitive elements in the genomes. (Chuong et al, 2017).

Transposable elements are commonly found in the eukaryotes genomes (Dombroski et al, 1991),

and they are capable of moving along the genome, and therefore, they are believed to be a major

driving force for genomic evolutions and genome expansions (Hurst and Schilthuizen 1998;

Hurst and Werren 2001; Kazazian 1999; Kazazian 2004). Transposable elements are dispersed

across genomes and their proportion are highly variable among genomes, ranging from 3% to

85% in terms of the sequence length (SanMiguel et al., 1996; Wicker et al., 2007). For instance,

the genome of Utricularia gibba contains only 3% of repetitive sequences (Ibarra-Laclette et al.,

2013; Lee et al., 2014), while 85% of the maize genome are composed of transposable elements

(Schnable et al., 2009; Vicient, 2010).

Based on the proliferation mechanism of the transposable elements, in 1989, Finnegan

proposed the first classification system for the transposable elements, which distinguished two

classes of transposable elements by their transposition intermediate: RNA transposable elements



(Class I) or DNA transposable elements (Class II). The transposition mechanism of Class I

transposable element is commonly called “copy-and-paste”, and that of Class II transposable

element is known as “cut-and-paste” (Finnegan,1989). Class I transposable elements contain

three main subclasses: transposable elements with long terminal repeats (LTRs); long

interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINEs). The

detailed descriptions of the respective transposable elements categories are followed.

1.1.2 The Class I transposable elements and its potential role

1.1.2.1 Long terminal repeats (LTRs)

Long terminal repeats (LTRs) are functional DNA sequences found at each end of open

reading frames (ORFs) in the integrated retrovirus. The long terminal repeats flanking the ORF

regions of the retrovirus is enabled with the promoter capabilities. The flanked ORFs codes for

the essential viral proteins such as capsid protein (GAQG), aspartic proteinase (AP), reverse

transcriptase (RT), and RNase H (RH). First discovered in 1977 (Schwartz et al, 1977), it was

characterized that the LTR regions can recognize host cell DNA sequences, and facilitate the

integration of the retrovirus genome into the host cell chromosomes. Previous analysis had



indicated that at least 20,000-40,000 copies of solitary LTRs in human genome are considered to

be relics of ancient proviruses insertions (Schon et al., 2001; Wilkinson et al., 1994). Thus the

study of LTR sequences can help the understanding the origination of external DNAs in

Eukaryote genomes.

The insertion of LTRs into the chromosome had greatly influenced the human evolution

(Katoh and Kurata, 2013). The human gene and the external LTR sequences had co-evolved and

it was estimated that in human genome, over 400,000 copies of LTR transposable elements had

provided enhancer-promoter sequences and initiation sites for neighboring human genes

(Griffiths, 2001). LTRs are being suppressed in normal biological conditions, however, the

incorrect LTR activation can trigger diseases, such as rheumatoid arthritis (Seidl et al., 1999;

Pascual et al., 2001), type I diabetes (Pascual et al., 2001), and schizophrenia (Hegyi, 2013).

1.1.2.2 Long interspersed nuclear elements (LINEs)

Long interspersed nuclear elements (LINEs) are a group of ancient non-LTR

retrotransposons which are widespread in the genome of many Eukaryotes (Fanning and Singer,

1987; Hutchison et al, 1989; Malik et al., 1999) and are propagated by a unique mechanism:



target-DNA primed reverse transcription (TPRT) (Luan et al., 1993). The structure of the LINEs

contains two ORFs. The function of ORF1 is not clear, the ORF2 contains endonuclease (EN),

reverse transcriptase (RVT) domain as well as a cysteine-rich domain (C-rich). The ORF2 is

responsible for integration of the LTR retrotransposons into the genomic DNA.

The LINEs are important in the evolution of the primate genome, in human genome, the

LINEs compromise about 21% of the genome, being one of the most abundant and active

repetitive elements in human genome. Besides being important in the expansion of the human

genome (Smit., 1996), some full-length LINEs elements retain the ability to retrotranpose in the

genome and cause human disease and genetic disorders such as systemic autoimmune disease

(Burwinkel and Kilimann., 1998; Crow, 2010; Mavragani et al., 2016; Segal et al., 1999).

Besides, since the some of the activated LINEs elements may skip their polyadenylation signals

and use a second downstream polyadenylation site, thus those LINEs are equipped with the

ability to transduce the DNA flanking their 3’ ends to new genomic locations, called the

3’tranduction. (Goodier et al., 2000), this kind of transduction was mainly observed in human

genome (Holmes et al., 1994; McNaughton et al., 1997; Miki et al., 1992; Rozmahel et al.,

10



1997).

1.1.2.3 Short interspersed nuclear elements (SINEs)

The 100bp - 400bp long SINEs are characterized by an internal polymerase III promoter and

a left and a right dimer. The promoter is presented in a tRNA-derived region in all SINEs on the

left dimer region (Kachroo et al., 1995; Okada, 1991; Yoshioka et al., 1993). The left dimer also

contains functional, but weak A and B boxes of the RNA polymerase III promoter. The left dimer

is complementary to the right dimer, which can sometimes form a helix with the left dimer.

(Hésler and Strub, 2006).

The SINEs elements are also abundant in human as well as other primate linkages,

covering a large number of copies (300,000 to 500,000 copies in human) (Bailey et al., 2003;

Pace and Feschotte, 2007; Rogers, 1985). Researches indicated that the SINE elements are

actively involved in a number of biological activities, for example, the study of SINE/B2 element

had indicated that the transcribed RNAs from SINE elements can regulated the mRNA

productions (Endoh et al., 1990; Ponicsan et al., 2010). In addition, the SINEs elements are also

involved in regulation of the gene expressions (Li et al., 1999), the researches in mouse also

11



suggests that the SINEs elements can increase the integration efficiency of the external genes

into the genome (Kang et al., 1999).

1.1.3. The Class II DNA transposable elements and its potential role

The Class II DNA transposable elements are also called the RNA-independent Class II DNA

transposable elements. DNA transposable elements are generally moved by a “cut-and-paste”

mechanism in which the transposable element is excised from one location and reintegrated

elsewhere on the genome. Most DNA transposable elements are moved and duplicated through a

non-replicative mechanism. A typical structure of DNA transposable elements is consisted of a

transposase gene that is flanked by two terminal inverted repeats (TIRs). The transposase is

capable of recognizing the TIRs sites and excise the main transposable element DNA body, then

subsequently insert it into a new genomic location. Once inserted, target site DNA is duplicated,

resulting the target site duplications (TSDs), which is a unique hallmark for each DNA

transposable element (Mufioz-Lopez and Garcia-Pérez, 2010).

DNA transposable elements significantly contributed to the genome evolution, in terms of

size as well as functions (Gao et al., 2016; Petrov, 2001; Piegu et al., 2006). Besides, since DNA

12



transposable elements possess the mighty force in changing the genome, the modified DNA

transposable elements can be applied as effective transgenic tools (Ivics et al., 1997; Matés et al.,

2009). For example, in normal biological conditions, the repetitive Tcl/mariner-type elements

were inactive and silent (Izsvak et al., 1995). But in certain conditions, they can be re-activated

by artificial intervention. Researchers had resurrected the inactive Tc1l/mariner-like transposons

in salmonids and reformed it into a trans-genetic tool named Sleeping Beauty system (Ivics et al.,

1996; Ivics et al., 1997). The Sleeping Beauty system replace the transpose gene in the

transposable element with an expression cassette. By inserting the expression cassette into the

target site on the genome, the system can transfer the external DNA sequence into the target

genome (Geurts et al., 2003). After first invented in 1997, the sleeping beauty system had been

widely applied as a gene-transfer tool for transgenic studies and has huge potential in the field of

human gene therapies and mutagenesis screens. (Aronovich et al., 2011; Eisenstein, 2005;

Geurts, 2003; Mufioz-Lopez and Garcia-Pérez, 2010).

In general, transposable elements constitute the largest component of mammalian genomes

and because their unique ability to transpose and are frequently amplified, the accumulated

13



transposable elements have become a major determinants of genome size (Petrov, 2001; Piegu et

al., 2006), and with huge impacts on shaping the structure and evolution of eukaryotic nulear

genomes.

1.1.4 The tandem repeats and its potential role

Tandem repeats are individual repeats of DNA located adjacent to one another in the genome

(Benson, 1999; Kubis et al., 1998; Téth et al., 2000; Ugarkovi¢ and Plohl 2002). Tandem repeats

are mostly presented in the centromeric, telomeric, and subtelomeric regions of chromosomes. In

some cases, the tandem repeats can also make up large fractions of the genome (Hacch and

Mazrimas 1974; Petitpierre et al., 1995). The amplification and/or mutations of tandem repeats

may also affect the genome by changing the genome structures or genome sizes (Charlesworth et

al., 1994; Lindahl 1994; Strand et al., 1993), thereby affecting recombination of genomes, gene

expressions, gene conversions, and chromosomal organizations (Balaresque et al., 2014; Martin

et al., 2005; Moxon et al., 1994; Pardue et al., 1987; Richard et al., 2000).

There are different classifications systems of the tandem repeats (Beckmann and Weber,

1992; Gordenin et al., 1997; Litt and Luty, 1989; Nakamura,1987; Tautz,1993; Weber and

14



May,1989), causing confusions. One of the recommended nomenclature for the tandem repeats

are shown in table 1-1 (Chambers and MacAvoy, 2000).

Tablel-1. A classification of microsatellites, minisatellites and satellite sequences.

Unit Location Examples
Microsatellites 2-6 Euchromatic Genomic markers
Minisatellites 10-100 Euchromatic DNA fingerprints
Satellites >100 heterochromatic Telomere DNA

Tandem repeats, especially the microsatellites are widely applied as the second generation

genomic markers, although there is a trend to be replaced by third generation Single Nucleotide

Polymorphism (SNP) markers and whole genome sequencing technology. The function of the

tandem repeats is hardly seen and are still under studies. However, the accumulation of the

simple nucleotide units in the genome can imply an increased risk of homologous recombination

between chromosomes and resulting in chromosomal deletions, translocations as well as

inversions (Flavell, 1985). From a evolutionary point, the accumulation or loss of microsatellites

sequences on the chromosome may lead to the chances of chromosome rearrangements (Huang

15



et al., 2015), and subsequently reduce the fertility of heterozygous hybrids and cause speciations

(Rieseberg., 2001; White et al., 1978).

1.2 Goals and specific objectives
1.2.1 Long-term goal

The long-term goal of this study was to characterize, annotate and analyze the repetitive
elements and their evolutionary dynamics in the channel catfish. In addition, through the
comparative analysis of the repetitive elements across the fish phylogeny, it is hoped to
contribute to the understanding the evolution dynamics of the repetitive elements and how the
changing environment shaped the genome architecture. To reach these long-term goals, the
dissertation project will accomplish the following specific objectives.
1.2.2 Specific objectives:

1. Characterization of repetitive elements in channel catfish genome;

2. Analyze and compare the evolutionary dynamics of different categories of repetitive elements

in channel catfish and blue catfish;

3. Comparison of repetitive elements covering the existing fish clades: Osteichthyes (bony fish),

16



Chondrichthyes (cartilaginous fish) and Petromyzontiformes (lamprey)
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Chapter 2. The Annotation of Repetitive Elements in Channel

Catfish

2.1 Abstract

Channel catfish (Ictalurus punctatus) is a highly adaptive species and has been used as a
research model for comparative immunology, physiology, and toxicology among ectothermic
vertebrates. It is also economically important for aquaculture. As such, its reference genome was
generated and annotated with protein coding genes. However, the repetitive elements in the
catfish genome are less well understood. In this study, over 417.8 Megabase (MB) of repetitive
elements were identified and characterized in the channel catfish genome. Among them, the
DNA/TcMar-Tcl transposable elements are the most abundant type, making up ~20% of the total
repetitive elements, followed by the microsatellites (14%). The prevalence of repetitive elements,
especially the mobile elements, may have provided a driving force for the evolution of the catfish
genome. A number of catfish-specific repetitive elements were identified including the
previously reported Xba elements whose divergence rate was relatively low, slower than that in

untranslated regions of genes but faster than the protein coding sequences, suggesting its
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evolutionary restrictions.

2.2. Background

Eukaryotic genomes contain significant amounts of repetitive DNA sequences, and the
collective of the repeated sequences in an organism is known as the repeatome of the organism
(Maumus and Quesneville, 2014). Such non-protein coding repetitive sequences were once
thought to be junk DNA (Ohno 1972), but recent studies have indicated that they play important
roles in propelling genome evolution and adaptation to environments (Thomas 1971; Meagher
and Vassiliadis 2005; Schmidt and Anderson 2006; Thornburg et al., 2006; Sun et al., 2015;
Wang et al., 2014; Yu et al., 2016). The repeatomes of higher vertebrates, especially those of
mammals, have been well studied, but their studies are limited for aquatic species.

Repetitive sequences can be generally divided into three major categories: the dispersed
repeats, such as transposable elements or transposons, tandem repeats, and high copy number
genes (Maumus and Quesneville, 2014). Transposable elements are dispersed across genomes
and their proportion are highly variable among genomes, ranging from 3% to 85% in terms of

physical size (SanMiguel et al., 1996; Wicker et al., 2007). For instance, the genome of
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Utricularia gibba contains only 3% of repetitive sequences (Ibarra-Laclette et al., 2013; Lee et

al., 2014), while the genome of maize contains over 85% transposable elements (Schnable et al.,

2009; Vicient, 2010). Based on their mechanisms of proliferation, transposable elements can be

further classified into RNA-mediated Class I transposable elements and RNA-independent Class

I DNA transposable elements. Class I transposable elements contain three main subclasses:

short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs), and

transposable elements with long terminal repeats (LTRs). Transposable elements are capable of

moving in the genome, and, therefore, they are believed to be a major driving force for genome

evolution (Hurst and Schilthuizen 1998; Hurst and Werren 2001; Kazazian 1999; Kazazian

2004).

Tandem repeats are individual repeats of DNA located adjacent to one another comprising

variable numbers of nucleotides within each repeat sequence and variable numbers of repeats

(Kubis et al., 1998; Téth et al., 2000; Ugarkovi¢ and Plohl 2002). Tandem repeats are mostly

presented in the centromeric, telomeric, and subtelomeric regions of chromosomes. In some

cases, the tandem repeats can also make up large fractions of the genome (Hacch and Mazrimas
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1974; Petitpierre et al., 1995). The amplification and/or mutations of tandem repeats may also

affect the genome by changing the genome structures or genome sizes (Charlesworth et al., 1994;

Lindahl 1994; Strand et al., 1993), thereby affecting recombination of genomes, gene expression,

gene conversion, and chromosomal organization (Balaresque et al., 2014; Martin et al., 2005;

Moxon et al., 1994; Pardue et al., 1987; Richard et al., 2000).

High copy number genes, such as ribosomal RNA (rRNA) genes or immunoglobulins, also

make up significant fractions of the repeatome. For instance, the copy numbers of rRNA genes

can be as high as 4,000 copies, such as in the genome of pea (Pisum sativum) (Ingle et al., 1975).

In Saccharomyces cerevisiae, a single cluster of rRNA can cover about 60% of the chromosome

XII (Kobayashi et al., 1998). It has been considered as the “king of the housekeeping genes” in

terms of function and quantity (Kobayashi, 2011). Similarly, immunoglobulin genes have been

found to be highly repetitive. For instance, the catfish IgH locus contains at least 200 variable

(V) region genes, three diversity (D) and 11 joining (JH) genes for recombination (Bengtén et al.,

2006; Maumus and Quesneville, 2014; Nagarajan et al., 2008).

Channel catfish (Ictalurus punctatus) is a freshwater fish species distributed in lower Canada
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and the eastern and northern United States, as well as parts of northern Mexico. Its high tolerance

and adaptability to harsh environments made it one of the most popular aquaculture species. In

the United States, it is the primary aquaculture species, accounting for over 60% of all U.S.

aquaculture production (USDA-NASS, 2006, United States Department of Agriculture, 2014). Its

reference genome sequence with annotation of protein coding genes was published (Liu et al.,

2016), but its repeatome was not fully characterized. Previous works reported the presence of an

A/T-rich tandem Xba elements on the centromere regions (Liu et al., 1998, Quiniou, 2005), the

presence of dispersed SINE elements (Kim et al., 2000) and DNA transposable elements (Liu et

al., 1999). Genomic sequencing surveys provided additional information for the discovery of

other repetitive sequences types such as microsatellites and transposable elements (Chen et al.,

2016; Liu et al., 2009; Nandi et al., 2007; Serapion et al., 2004; Xu et al., 2006; Xu et al., 2007).

Here, the repeatome of the channel catfish genome has been annotated and characterized from

the sequences generated for whole genome sequencing
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2.3. Materials and Methods

2.3.1 Annotation of repetitive elements in channel catfish genome

The identification and annotation of the repetitive elements in the channel catfish genome

were conducted using the RepeatModeler 1.0.8 package

(http://www.repeatmasker.org/RepeatModeler.html) containing RECON (Bao and Eddy 2002)

and RepeatScout (Price et al., 2005). The identified channel catfish repetitive sequences were

searched against curated libraries and repetitive DNA sequence database such as Repbase (Bao et

al., 2015) and Dfam (Wheeler et al., 2013) derived from RepeatMasker package

(http://www.repeatmasker.org/). To further determine characters of the repetitive elements

classified as “Unknown” by the RepeatModeler, they were first clustered by self-alignments via

BLASTCLUST and CD-HIT (Huang et al, 2010; Li and Godzik, 2006). Then, all the

“Unknown” sequences were searched against the NCBI Nucleotide collection database (nt) using

blastn: 2.2.28+ with a relatively relaxed E-value (<10™).
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2.3.2 The distribution and density of repetitive elements

The distribution frequency of the repetitive elements of DNA/TcMar-Tcl as well as

microsatellites and satellites sequences on the chromosomes were subtotaled and calculated by

the location information and abundance information reported by the RepeatMasker. Their density

on the chromosomes was presented as bp/MB. The heat map was plotted using the Heml1.0

(Deng et al., 2014).

2.3.3 Divergence time of channel catfish and blue catfish

The divergence time and their 95% credibility intervals of channel catfish and blue catfish

(Ictalurus furcatus) were calculated based on the divergence of cytochrome b genes with the

calibration of fossil records. The substitution rate of cytochrome b was determined as normal

distribution with mean of 1.05% and a standard deviation of 0.0105% (Yang et al., 2012). In

addition to channel catfish and blue catfish, the sequences of blind cave fish (4styanax

mexicanus), common carp (Cyprinus carpio), and zebrafish (Danio rerio) were also used for

phylogenetic analysis. The analysis was performed using the BEAST v.1.8.0 package
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(Drummond et al., 2012). Two independent runs were performed with 1,000 generations sampled

from every 10 million generations for each dataset using MCMC chains (Drummond et al.,

2002). The input files were constructed in BEAUTI, and the best substitution model was selected

by Prottest 3.2.1 according to the alignments (Darriba et al., 2011). Model parameters consisted

of a GTR+I+G model with a log normal relaxed clock (Drummond et al., 2006; Drummond and

Suchard, 2010), the speciation birth-death process, and random starting tree that was also applied

in the phylogenetic analysis.

For the files of the resulting trees, the TreeAnnotator v1.8.0 was used to discard 10% of

samples as burn-in and the information of the remaining samples of trees summarized onto a

maximum clade credibility chronogram. The results were viewed in Figtree with mean

divergence times and 95% age credibility intervals.

To calibrate the divergence time of major clades for a better phylogenetic analysis, three

teleost fossil records were selected for calibration, and the following node ages were set using

lognormal priors:

1. Time of most recent common ancestor of Ictalurus (channel catfish and blue catfish), 19

55



MYR, (lognormal mean of 19 and standard deviation of 1.9), following Blanton and Hardman

(Blanton et al., 2013; Hardman and Hardman, 2008).

2. Time of most recent common ancestor of Characiformes (blind cave fish), 94 MYR,

(lognormal mean of 94 and standard deviation of 9.4), with the fossil record discovered in

Cenomanian (Wang et al., 2014; Werner et al., 1994).

3. Time of most recent common ancestor of Cypriniformes (common carp and zebrafish), 50

MYR, (lognormal mean of 50 and standard deviation of 5.0) with fossil discovered in Ypresian

(Benton, 1993).

2.3.4 Substitution rate of the Xba elements

The overall evolutionary dynamics can be referred from the average number of substitutions

per site (K). The K was estimated from the divergence levels reported by Repeatmasker, using

the one-parameter Jukes-Cantor Formula K=-300/4xLn(1-Dx4/300) as described in previous

studies (Chinwalla et al., 2002), where D represents the proportion of sites that differ between

the fragmented repeats and the consensus sequence. For channel catfish and blue catfish Xba

elements, the nucleotide substitution rate (r) was calculated using the formula r=K/(2T) (Li and
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Graur; 1991), where T is the divergence time of channel catfish and blue catfish. To calculate the

average K of the different types of repetitive elements, K of each element was multiplied by the

length of the element, and the sum of all elements was divided by the sum of the total length of

the elements.

2.4. Results

2.4.1 Annotation of repetitive elements in the channel catfish genome

The major categories of the repetitive elements in the channel catfish genome are shown in

Figure 2-1 and detailed in Table 2-1. The channel catfish genome harbored a total of 417.8 Mb of

repetitive elements, accounting for 44% of the catfish genome. Of all the repetitive elements,

84.1% were annotated as known repetitive elements, while 15.9% were previously unclassified

repetitive elements in the channel catfish genome. The known repetitive elements fell into 70

major categories, with the category of Tcl/mariner transposable elements accounting for the

largest percentage (19.9%), followed by microsatellites (14.1%), repetitive proteins (7.2%),

LINE/L2 (4.3%), Xba elements (3.6%), LTR/Nagro (3.1%), hAT/Ac (3.0%), unclassified DNA
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transposable elements (2.9%), LTR/Gypsy (2.3%), LTR/DIRS (2.2%), CMC-EnSpm (2.1%),

Ginger (1.8%), satellite (1.7%), hAT (1.3%), SINE/MIR (1.3%), low complexity elements

(1.1%), DNA/hAT-Charlie (1.1%), RC/Helitron (1.1%), and LINE/Rex-Babar (1.0%). All the

remaining categories represented less than 1% each of the repetitive elements (Table 2-1).

Table 2-1. A list of the major categories of repetitive elements in channel catfish and their

percentage in the total repeatome.

Categories Length Percentage
DNA/CMC-EnSpm 8,588,035 2.06%
DNA/Crypton 242,175 0.06%
DNA/Crypton-V 78,594 0.02%
DNA/Ginger 7,637,015 1.83%
DNA/hAT 5,487,708 1.31%
DNA/hAT-Ac 12,360,979 2.96%
DNA/hAT-Blackjack 897,878 0.21%
DNA/hAT-Charlie 4,668,464 1.12%
DNA/hAT-hATS 312,477 0.07%
DNA/hAT-hobo 171,935 0.04%
DNA/hAT-Tip100 872,668 0.21%
DNA/hAT-Tol2 1,158,482 0.28%
DNA/IS3EU 827,786 0.20%
DNA/Kolobok 245,734 0.06%
DNA/Kolobok-T2 825,932 0.20%
DNA/Maverick 2,710,651 0.65%
DNA/MULE-MuDR 346,485 0.08%
DNA/MuLE-NOF 71,642 0.02%
DNA/Novosib 133,898 0.03%
DNA/P 267,664 0.06%
DNA/PIF-Harbinger 3,848,539 0.92%
DNA/PIF-ISL2EU 358,050 0.09%
DNA/PiggyBac 639,874 0.15%
DNA/Sola 91,729 0.02%
DNA/TcMar 535,998 0.13%

DNA/TcMar-ISRm11 85,918 0.02%
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DNA/TcMar-Mariner
DNA/TcMar-Tcl
DNA/TcMar-Tc2
DNA/TcMar-Tigger
DNA/Zisupton
UnclassifiedDNA
LINE/I
LINE/I-Nimb
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/R1
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE-BovB
LINE/RTE-X
UnclassifiedLINE
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Ngaro
LTR/Pao
LTR/Viper
UnclassifiedLTR
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/Alu
SINE/MIR
SINE/tRNA
SINE/tRNA-L2
SINE/tRNA-V
SINE/tRNA-V-CR1
SINE/U

SINE?

snRNA

XBA
Repetitivegenes
Unknown

90,702
83,037,626
149,381
950,714
238,823
12,145,751
281,092
355,326
1,937,508
2,595,401
17,933,406
422,511
1,362,877
131,887
4,283,938
785,854
127,422
111,578
4,746,556
1,425,541
9,233,420
224,039
3,025,892
65,915
9,627,395
12,888,999
51,682
125,356
508,483
4,491,267
230,172
1,469,993
6,945,285
58,745,860
1,193,623
1,004,623
495,527
5,245,061
125,260
194,202
1,944,266
431,196
133,552
1,427,942
81,984
14,700,253
30,274,984
66,328,071

0.02%
19.88%
0.04%
0.23%
0.06%
2.91%
0.07%
0.09%
0.46%
0.62%
4.29%
0.10%
0.33%
0.03%
1.03%
0.19%
0.03%
0.03%
1.14%
0.34%
2.21%
0.05%
0.72%
0.02%
2.30%
3.09%
0.01%
0.03%
0.12%
1.07%
0.06%
0.35%
1.66%
14.06%
0.29%
0.24%
0.12%
1.26%
0.03%
0.05%
0.47%
0.10%
0.03%
0.34%
0.02%
3.52%
7.25%
15.88%

59



Figure 2-1. The proportion of major categories (>1% of the total repeatome) of repetitive

elements in the channel catfish genome.

= DNA/CMC-EnSpm = DNA/Ginger
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" Microsatellites = RC/Helitron

" Repetitive proteins Satellite
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= XBA ® Other
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2.4.2 The distribution of repeats cross genome

The Tcl/Mariner transposable elements are distributed cross the whole genome, with no

major differences among chromosomes or among chromosomal regions within chromosomes

(Figure 2-2). Among the annotated microsatellites, the dinucleotide microsatellites are the most

abundant type, making up nearly 46% of the total annotated microsatellite sequences followed by

tetra- and tri-nucleotide microsatellites, making up 18.6% and 13.6% of the total annotated

microsatellites in length, respectively. As shown in (Figure 2-3.), the microsatellites and satellites

are abundant on both ends of the chromosomes and some of them are distributed on the middle
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of the chromosomes. This is in consistent with previous results that telomere regions and
centromere regions contain large part of tandem repeats (Kamnert et al., 1997, Melters et al.,

2013; Witzany, G., 2008; Wicky et al., 1996).

Figure 2-2. The distribution of Tc1/Mariner transposable elements cross channel catfish
genome. Color key is indicated at the lower right of the figure, with blue color to indicate low
and red color to indicate high levels of the transposable elements in the chromosomal regions.

Each color bar represented a physical distance of 1 Mb DNA.
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Figure 2-3. The distribution of microsatellites and satellites along the chromosomes of the
channel catfish genome. Color key is indicated at the lower right of the figure, with blue color
to indicate low and red color to indicate high levels of the transposable elements in the

chromosomal regions. Each color bar represented a physical distance of 1 Mb DNA.
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2.4.3 Substitution rates

The analysis of evolutionary rate of the unique Xba elements within catfish and the most

abundant DNA/TcMar-Tc1 transposable elements is useful to assess their limitations of

evolution, providing assessment of their potential functions. The divergence analysis indicated

that the Xba elements have a low average number of substitutions per site of 3.53, lower than the

average number of substitutions per site of 13.34 of the channel catfish reaptome. Meanwhile,

compared with Xba elements, the substitution distribution of the catfish DNA/TcMar-Tcl

transposable elements, most prevalent in the catfish genome, are characterized not only by a

broader distribution of divergence up to more than 50%, but also a larger average divergence rate

of approximately 12% (Figure 2-4). This indicated a long history of evolution as well as a more
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active evolutionary dynamics during the evolution of DNA/TcMar-Tcl transposable elements in

the catfish genomes, and recent acquisition of the Xba elements specific to the Ictalurus

catfishes.

The inference of divergence time of channel catfish and blue catfish are important for the

calculation of the rate of nucleotide substitutions of their unique Xba elements. The maximum

clade credibility chronogram analysis indicated that the channel catfish and blue catfish

separated approximate 16.6 million years (Myr) ago, with a 95% age credibility intervals of

13.3-19.9 Myr (Figure 2-5). This is consistent with the earliest fossil record of the channel

catfish discovered in Nebraska in the middle Miocene, and agreed with previous analysis of

approximate 21 Myr of separation of channel catfish and blue catfish (Blanton et al., 2013).

Based on the average number of substitution per site and the divergence time, the rate of

nucleotide substitutions of the Xba elements was calculated as 8.9x10™ to 1.3x107 substitutions

per site per year. Meanwhile, based on the results of the previous research on differences of full

length cDNA sequences between channel catfish and blue catfish (Chen et al., 2010), the rate of

nucleotide substitution of Xba elements are higher than the sequences in the open reading frame
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regions (2.5%x10°® to 7.6x10™), but lower than those in untranslated regions (1.3x107 to 1.9x10°

7,

Figure 2-4. The divergence distribution of channel catfish Xba elements (blue) and
DNA/TcMar-Tel transposable elements (pink). The X-axis represents the average number of
substitutions per site (%), and the Y-axis represents the percentage sequences that comprise the

whole genome (%).
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Figure 2-5. The divergence time of the channel catfish and blue catfish with fossil

calibrations (orange nodes) based on the mitochondrial cytochrome b sequences.
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2.4.4. Novel repetitive elements in the catfish genome

Among the repetitive elements in channel catfish, there are still about ~16% of the

repetitive sequences which cannot be annotated from neither the repetitive element databases nor

the known non-redundant nucleotide database. Those sequences are rich in A/T (58%), the

grouping of those sequences with more than 50% in similarity by CD-hit had grouped them into

215 categories (Table 2-2). The top categories with over 500 Kb in length and their

representative sequences on the genome are listed in Table 2-3. Those categories contain more

than 15 Mb of the novel repetitive elements in length and most of them are also A/T enriched.

Although there were no previous annotations of those repetitive elements, they may still have
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potential functions in the genome evolutions or biological processes regulations. This work

provides a brief classification of those repetitive elements. However, whether those sequences

are generated internally or are “molecular parasites” from external environments, as well as the

more detailed identifications and annotations of the functions of those novel repetitive elements

still deserve further studies especially experiment demonstrations.

Table 2-2. A list of the clustering of novel repetitive elements in channel catfish, ranked by

the number of contained sequences

Number of Representative Sequence

Sequences scaffold scf start scf end
15,687 IpCoco_scf00610 3,078 6,525
10,668 IpCoco_scf00474 141,399 143,674
9,962 IpCoco_scf00517 9,296,133 9,298,172
9,372 IpCoco_scf00172 16,372,640 16,373,425
9,256 IpCoco_scf00369 2,537,431 2,538,007
7,789 IpCoco_scf00203 3,637,116 3,638,889
7,711 IpCoco_scf00563 1077 652 655 1,427,889 1,431,117
7,314 IpCoco_scf00540 509 4,548
6,816 IpCoco_scf00419 7,439,807 7,440,803
6,593 IpCoco_scf00021 1,307,023 1,308,497
6,040 IpCoco_scf00789 5,607 11,243
5,982 IpCoco_scf00570 502 500 2,136,706 2,137,523
5,665 IpCoco_scf05654 567 71,525 74,021
5,432 IpCoco_scf00563 1077 652 655 1,372,133 1,373,248
5,414 IpCoco_scf00077 78 260,739 262,006
5,385 IpCoco_scf00396 143,979 146,295
5,263 IpCoco_scf00077 78 1,199,900 1,201,056
5,180 IpCoco_scf00799 9,869 11,749
4,997 IpCoco_scf00354 353 643,250 644,319
4,764 IpCoco_scf00504 608,431 609,640
4,736 IpCoco_scf00002 4 6 2,140,474 2,141,692
4,735 IpCoco_scf00161 160 5,433,996 5,434,743
4,538 IpCoco scf00136 7095 137 139 9,991,070 9,991,859
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4,535
4,510
4,477
4,446
4,355
4,279
4,138
4,102
4,079
4,054
3,968
3,927
3,895
3,885
3,881
3,825
3,771
3,759
3,709
3,667
3,614
3,606
3,562
3,554
3,482
3,474
3,472
3,446
3,435
3,435
3,414
3,413
3,391
3,389
3,370
3,370
3,369
3,332
3,322
3,319
3,289
3,266
3,262
3,259
3,219
3,213
3,197
3,170
3,157
3,133

IpCoco_scf00141 142 968 5056 143

IpCoco_scf00204
IpCoco_scf00096
IpCoco_scf00172
IpCoco_scf00249

IpCoco_scf00340 341 342

IpCoco_scf00172
IpCoco_scf05231

IpCoco_scf00496 498 497

IpCoco_scf02085
IpCoco_scf00369
IpCoco_scf00077 78
IpCoco_scf00019 718
IpCoco_scf00366

IpCoco_scf00340 341 342

IpCoco_scf00040

IpCoco_scf00489 490 491

IpCoco_scf00198 201
IpCoco_scf00161 160
IpCoco_scf00391 390
IpCoco_scf00010
IpCoco_scf00010
IpCoco_scf00274 275
IpCoco_scf00448

IpCoco_scf00141 142 968 5056 143

IpCoco_scf00096

IpCoco_scf00136_7095 137 139

IpCoco_scf00635 446
IpCoco_scf00327 328

IpCoco_scf00340 341 342

IpCoco_scf00334
IpCoco_scf00204
IpCoco_scf00099 100

IpCoco_scf00489 490 491

IpCoco_scf00198 201
IpCoco_scf00458 460
IpCoco_scf00008
IpCoco_scf00021
IpCoco_scf00086
IpCoco_scf00562 252
IpCoco_scf00317
IpCoco_scf00393 392
IpCoco_scf00633
IpCoco_scf00274 275
IpCoco_scf00503
IpCoco_scf00071
IpCoco_scf00389
IpCoco_scf00278
IpCoco_scf04438
IpCoco scf00516

1,351,661
1,383,666
575,684
2,251,598
2,654,914
19,062,478
8,598,037
1
7,933,106
433
2,792,428
1,077,726
6,408,693
478,563
10,530,823
8,026,450
4,089,377
2,500,027
2,491,966
3,109,908
4,363,749
2,599,200
7,889,580
89,120
11,727,384
309,930
3,075,579
238,998
13,320,235
15,848,812
1,635,586
185,132
346,026
7,584,469
3,312,261
9,455,461
446,573
4,198,429
143,561
1,374,434
360,705
3,100,399
18,326
2,867,477
210,495
1,633,412
3,414,455
422,055

40
1,491,132

1,352,594
1,384,283
576,725
2,252,801
2,655,810
19,063,434
8,598,997
1,093
7,934,163
1,678
2,793,279
1,078,788
6,409,508
479,717
10,531,924
8,027,394
4,090,058
2,501,092
2,492,910
3,110,627
4,364,706
2,600,332
7,890,361
90,036
11,728,311
310,766
3,076,208
239,646
13,321,149
15,849,806
1,636,149
185,729
346,988
7,585,338
3,313,178
9,456,157
447,360
4,199,326
144,604
1,375,410
361,648
3,101,253
18,860
2,868,704
211,229
1,634,325
3,415,293
422,964
822
1,491,961
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3,099
3,032
3,022
3,022
3,010
3,008
2,951
2,950
2,919
2,917
2,868
2,859
2,856
2,849
2,795
2,760
2,751
2,733
2,699
2,677
2,673
2,670
2,641
2,603
2,596
2,585
2,583
2,574
2,568
2,561
2,554
2,547
2,546
2,538
2,517
2,500
2,491
2,482
2,468
2,462
2,410
2,406
2,387
2,344
2,293
2,280
2,255
2,249
2,247
2,239

IpCoco_scf00036
IpCoco_scf00148

IpCoco_scf00496 498 497

IpCoco_scf00041

IpCoco_scf00136_7095 137 139

IpCoco_scf00525
IpCoco_scf00525

IpCoco_scf00327 328

IpCoco_scf00042

IpCoco_scf00286 7269
IpCoco_scf00327 328

IpCoco_scf00389
IpCoco_scf00437
IpCoco_scf04837
IpCoco_scf00009

IpCoco_scf00114 115
IpCoco_scf00550 548

IpCoco_scf00036
IpCoco_scf00011
IpCoco_scf00389
IpCoco_scf00036
IpCoco_scf00585
IpCoco_scf00396

IpCoco_scf00489 490 491
IpCoco_scf00108 980

IpCoco_scf00399
IpCoco_scf05905
IpCoco_scf00517

IpCoco_scf00300 298 299

IpCoco_scf00437
IpCoco_scf00389
IpCoco_scf00249
IpCoco_scf00574
IpCoco_scf00246
IpCoco_scf00534
IpCoco_scf00220

IpCoco_scf00581 386
IpCoco_scf00068 10963 69

IpCoco_scf00232
IpCoco_scf00936
IpCoco_scf00092
IpCoco_scf00021
IpCoco_scf03832

IpCoco_scf00550 548
IpCoco_scf00496 498 497

IpCoco_scf00136_7095 137 139

IpCoco_scf00040
IpCoco_scf00246
IpCoco_scf00375
IpCoco scf00369

2,572
1,685,841
2,415,958
1,528,807
7,830,924
3,198,193
6,200,193
2,324,626
1,116,339
2,926,236
11,461,354
8,469,223
978,114

1
4,749,269
11,405,239
1,101,252
568,560
9,958,281
6,727,127
6,166
161,644
630,241
186,285
109,118
1,527,144
1
7,105,932
9,453,069
4,041,640
8,199,498
9,209,951
143,785
477,926
1,361,886
75,142
4,887,047
2,015,920
8,205,457
9,673
2,673,153
5,350,196
621
1,159,155
10,977,345
3,486,353
5,274,383
2,486,986
469,803
1,440,700

3,537
1,686,671
2,416,937
1,530,113
7,831,811
3,199,630
6,200,986
2,325,657
1,117,093
2,927,230
11,462,034
8,469,861
978,867
755
4,749,978
11,405,911
1,102,226
569,426
9,959,135
6,727,877
7,059
162,548
631,059
186,949
110,342
1,528,051
699
7,106,758
9,453,877
4,042,395
8,200,369
9,210,757
144,426
478,409
1,363,113
76,079
4,887,716
2,016,548
8,206,098
10,464
2,674,146
5,351,010
1,104
1,159,846
10,977,986
3,487,182
5,275,071
2,487,786
470,567
1,441,442
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2,217
2,205
2,187
2,179
2,137
2,034
2,017
2,010
2,006
1,998
1,989
1,970
1,963
1,962
1,956
1,955
1,949
1,922
1,909
1,889
1,884
1,861
1,852
1,814
1,811
1,791
1,790
1,787
1,780
1,762
1,751
1,720
1,678
1,670
1,662
1,649
1,645
1,640
1,634
1,626
1,561
1,556
1,526
1,526
1,467
1,467
1,454
1,452
1,451
1,440

IpCoco_scf00200
IpCoco_scf00136_7095 137 139
IpCoco_scf00428
IpCoco_scf00609
IpCoco_scf00389
IpCoco_scf00391 390
IpCoco_scf00366
IpCoco_scf00200
IpCoco_scf00369
IpCoco_scf00315
IpCoco_scf00171

IpCoco_scf00141 142 968 5056 143

IpCoco_scf00313 314
IpCoco_scf00161 160
IpCoco_scf00001
IpCoco_scf00449
IpCoco_scf00322
IpCoco_scf04734
IpCoco_scf00311 312
IpCoco_scf00327 328
IpCoco_scf00181 186
IpCoco_scf00530 1311
IpCoco_scf00437
IpCoco_scf00327 328
IpCoco_scf00550 548
IpCoco_scf00340 341 342
IpCoco_scf00525
IpCoco_scf00171
IpCoco_scf00771
IpCoco_scf00200
IpCoco_scf00096
IpCoco_scf00136_7095 137 139
IpCoco_scf00246
IpCoco_scf00256
IpCoco_scf00172
IpCoco_scf00300 298 299
IpCoco_scf00517
IpCoco_scf00019 718
IpCoco_scf00525
IpCoco_scf00300 298 299
IpCoco_scf00562 252
IpCoco_scf00019 718
IpCoco_scf00428
IpCoco_scf00041
IpCoco_scf00300 298 299
IpCoco_scf00286 7269
IpCoco_scf00352
IpCoco_scf00274 275
IpCoco_scf00419

IpCoco scf00420

6,979,352
5,679,024
7,162
147,467
3,057,922
3,173,448
1,994,548
11,537,699
9,305,743
1,172,781
1,308,407
9,809,096
714,174
9,603,209
2,158,589
83,930
3,909,356
463
2,885,636
8,102,843
40,421
162,525
6,867,161
13,947,769
2,870,570
15,931,004
11,756,306
1,219,854
25,166
14,190,348
814,481
1,965,895
1,935,174
62,349
14,988,719
5,560,993
10,128,725
2,159,479
8,578,223
8,566,043
400,566
1,917,470
437,421
1,051,141
2,631,644
2,067,689
1,929,317
12,438,671
5,751,012
12,159

6,980,065
5,680,155
7,938
148,139
3,058,552
3,173,715
1,995,380
11,538,622
9,306,545
1,173,466
1,309,107
9,809,691
714,810
9,603,910
2,159,301
84,750
3,910,382
1,128
2,886,341
8,103,477
41,176
163,199
6,867,864
13,948,538
2,871,331
15,931,648
11,756,809
1,220,499
25,765
14,191,003
814,993
1,966,445
1,935,902
62,902
14,989,469
5,561,596
10,129,417
2,160,116
8,578,983
8,566,671
401,138
1,918,033
438,095
1,051,745
2,632,265
2,068,092
1,929,879
12,439,359
5,751,689
12,798
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1,405
1,389
1,387
1,384
1,372
1,368
1,364
1,344
1,335
1,335
1,326
1,302
1,248
1,239
1,219
1,219
1,216
1,200
1,192
1,182
1,181
1,172
1,130
1,104
1,097
1,067
1,053
1,031
997
981
918
914
885
875
848
812
779
767
747
684
645
574
136

IpCoco_scf00581 386
IpCoco_scf00496 498 497
IpCoco_scf00114 115

IpCoco_scf00455
IpCoco_scf00011

IpCoco_scf00393 392

IpCoco_scf00151 2157 666_736

IpCoco_scf00385
IpCoco_scf00053
IpCoco_scf00249
IpCoco_scf00055
IpCoco_scf00279
IpCoco_scf00558

IpCoco_scf00327 328
IpCoco_scf00489 490 491
IpCoco_scf00340 341 342

IpCoco_scf04073
IpCoco_scf00169
IpCoco_scf00076
IpCoco_scf00396
IpCoco_scf00159

IpCoco_scf00340 341 342

IpCoco_scf00249

IpCoco_scf00136_7095 137 139

IpCoco_scf00385
IpCoco_scf00169
IpCoco_scf00517

IpCoco_scf00114 115

IpCoco_scf00008
IpCoco_scf00826
IpCoco_scf00203
IpCoco_scf00369
IpCoco_scf00279
IpCoco_scf01014

IpCoco_scf00114 115

IpCoco_scf00011
IpCoco_scf00102

IpCoco_scf00233 234 235

IpCoco_scf00389
IpCoco_scf00204
IpCoco_scf00370
IpCoco_scf00711
IpCoco scf00009

211,372
6,569,791
11,583,522
3,789,094
28,281
2,768,677
243,129
4,986,958
190,276
15,180,700
1,653,385
274,418
1,555,028
8,413,457
15,768,967
20,303,697
744

21,562
613,682
1,112,297
3,809,170
16,633,255
15,626,023
695,027
3,752,059
44,619
4,189,110
8,376,101
315,955
15,287
2,217,944
7,486,442
699,557

1
8,292,985
7,410,043
20,267
293,553
1,861,045
317,790
3,751,623
8,014
3,058,070

212,113
6,570,391
11,584,112
3,789,670
28,982
2,769,258
243,558
4,987,744
191,076
15,181,426
1,653,957
274,926
1,555,659
8,414,076
15,769,447
20,304,321
1,236
22,023
614,296
1,112,962
3,809,865
16,633,750
15,626,577
697,319
3,752,742
45,147
4,189,611
8,376,678
316,492
15,773
2,218,386
7,486,954
700,099
479
8,293,540
7,410,515
20,625
293,962
1,861,731
318,339
3,752,048
8,428
3,058,197

Table 2-3. The major novel repetitive elements and their characteristics in the channel catfish

repeatome.
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Representative Sequence

Size AT content scaffold scf start scf end
1,417K 64.1% IpCoco_scf00172 16,372,640 16,373,425
1,316K 45.2% leljlIpCoco_scf00610 3.078 6.525
1,081K 46.5% IpCoco_scf00517 9,296,133 9,298,172
977K 46.0% IpCoco_scf00474 141,399 143,674
963K 64.8% IpCoco_scf00563 1077 652 655 1,427,889 1,431,117
924K 60.8% IpCoco_scf00369 2,537,431 2,538,007
899K 50.1% IpCoco_scf00203 3,637,116 3,638,889
881K 64.7% IpCoco_scf00789 5,607 11,243
870K 64.9% IpCoco_scf00540 509 4,548
842K 59.5% IpCoco_scf00570 502 500 2,136,706 2,137,523
793K 44.5% IpCoco_scf00419 7,439,807 7,440,803
690K 49.2% IpCoco_scf00021 1,307,023 1,308,497
682K 47.2% IpCoco_scf00077 78 260,739 262,006
630K 65.4% IpCoco_scf00799 9,869 11,749
589K 53.3% IpCoco_scf00354 353 643,250 644,319
546K 60.0% IpCoco_scf00563 1077 652 655 1,372,133 1,373,248
522K 43.9% IpCoco_scf00077 78 1,199,900 1,201,056
518K 66.6% IpCoco scf00172 2,251,598 2,252,801

2.5. Discussion

2.5.1 Repetitive elements in channel catfish

Using repetitive element libraries combined with the nucleotide (nt) database, I identified,

annotated, and characterized the repetitive elements in the channel catfish genome. Channel

catfish harbors a large variety of repetitive elements in its genome, accounting for about 44% of

its genome. The DNA transposable elements are the most abundant group of repetitive elements

in the channel catfish genome, accounting for 15.9% of the catfish genome. These numbers are
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in line with the previous observations through genome sequence surveys (Liu et al., 2009; Xu et

al., 2006), but the data were analyzed from the whole genome and therefore is more complete.

The DNA/TcMar-Tcl transposable element sequences make up the highest percentage

among Class II transposable elements in channel catfish genome, accounting for about ~20% of

the total repetitive elements and interspersed on the genome. The DNA-TcMAr/Tcl is a typical

“cut-paste” transposable element (Finnegan 1985), which is prevalent in nature and can be

transferred not only vertically but also horizontally cross species during evolution (Aziz et al.,

2010). It is this character that allows DNA-TcMAr/Tcl transposable elements to escape from the

vertical extinction and being so abundant in nature (Lawrence and Hartl 1992; Lohe et al., 1995;

Maruyama and Hartl 1991). Channel catfish is a freshwater benthopelagic species that inhabits in

rapid fluctuating environments such as muddy ponds and rivers exposing to various biologic

agents such as bacteria and viruses. Large amount of DNA/TcMar-Tcl transposable element

footprints in channel catfish genome may indicate an external origin of DNA/TcMar-Tcl

invasion to the genome during evolution. As “parasitic” mobile elements, DNA transposable

elements are known to be potent sources of mutation, and the long-time shrinking of effective
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population sizes can contribute to the evolution of more complex genomes such as more mobile

elements or larger genome sizes (Lynch and Conery, 2003, Yi and Streelman, 2005). It is

believed that the large amount of mobile transposable elements such as the DNA/TcMar-Tcl can

in turn contribute to the generation of novel genes and consequently facilitate considerably to

species adaptations to novel environments (Gonzalez et al., 2008; Gonzalez et al., 2009).

Previous studies indicated that the transposition by a member of the Tc1/mariner family of

transposable elements appears to have integrated in the duplicated Cp region of the

immunoglobulin (Ventura-Holman and Lobb, 2002). Channel catfish is a quite hardy fish species

that can survive in a wide range of environmental conditions (Wellborn 1988). It is also possible

that the prevalent of DNA/TcMar-Tcl sequences, as well as other transposable elements in

channel catfish genomes, play important roles in their adaptation to environments. There are no

significant differences on the density of DNA/TcMar-Tcl on each individual chromosome, with

no hot-spot of transposition.

Considerable amount of tandem repeats, especially microsatellite sequences, were found in

the channel catfish genome. As short tandem DNA repeats of 2-8 nt long and ubiquitous in
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nearly all eukaryotic genomes (Tautz and Renz 1984; Tautz et al., 1985; Weber 1990), the

expansion of microsatellites is disputable but it is generally considered to be expanded through

DNA polymerase slippage (Levinson and Gutman 1987a; Levinson and Gutman 1987b;

Schlotterer and Tautz 1992). High content of microsatellites in catfish genomes indicates a high

level of DNA polymerase slippage, probably related to the high magnesium concentration

(meq/L) in the channel catfish tissue (Chen et al., 2003; Wedemeyer, 1996). It was speculated

that the magnesium concentration can contribute to DNA polymerase slippage by stabilizing the

hairpin structure (Castillo-Lizardo et al., 2014). However, DNA polymerase slippage is a very

complicated process that can be affected by various conditions including the genome structures

(such as GC content), DNA repair mechanisms, flanking DNA sequences (such as SINEs and

LINESs), the centromere sequences and a number of proteins involved in various DNA replication

processes (Bachtrog et al., 1999; Castoe et al., 2011; Cordaux and Batzer. 2009; Glenn et al.,

1996; Grady et al., 1992; Janes et al., 2010; Mellon et al., 1996; Melters et al., 2013; Primmer et

al., 1997). Whatever the mechanism is, high levels of microsatellites may help modulate the

evolutionary mutation rate, thereby serving as a strategy to increase the species’ versatility under
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stressful conditions (Chang et al., 2001; Rocha et al., 2002). This analysis of the distribution of

the microsatellites indicates that they are were mostly present on the telomere and the centromere

regions of the chromosome, consistent with the previous analysis (Areshchenkova and Ganal.,

1999; Vidaurreta et al., 2007).

The catfish genome also contains a large fraction of repetitive proteins in the reaptome. The

main types of repetitive proteins are related to the adaptive immunology and metabolism as

previous analysis indicated (Bengtén et al., 2006). This may indicate that the abundance of

repetitive genes in the genome is an adaptation that meets the large demand of immune defenses.

Remarkably, there are at least 3.8MB of protein coding repetitive domains that are identified to

be related to immunoglobulin in the channel catfish genome (Table 2-4). This may suggest that

the expansion of the immunoglobulin family in the channel catfish genome can be one of the

mechanisms of its defense system against various pathogens.

Table 2-4. The major repetitive protein domains characterized from the channel catfish

repeatome.
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Rank Length Gene Ontology

1 2,990K Adaptive immunity, Immunity

2 1,046K Adaptive immunity, Immunity

3 375K Cellular morphogenesis.

4 353K Nucleus, cell junction, nucleoplasm

5 255K Integral component of membrane

6 232K Unknown

7 214K Kinase, Transferase

8 204K DNA replication, mismatch repair

9 203K Kinase, Transferase

10 174K Transferase, Ubl conjugation, pathway, zinc binding

11 145K GTP-binding, Nucleotide-binding

12 132K Structural molecule activity

13 131K Osteogenesis, Transcription regulation

14 129K Cell adhesion

15 124K Adaptive immunity, Immunity

16 118K Adaptive immunity, Immunity

17 114K Guanine-nucleotide releasing factor

18 109K Integral component of membrane
Hydrolase, Ligase, Oxidoreductase, Amino-acid biosynthesis, Histidine

19 109K biosynthesis, Methionine biosynthesis, One-carbon metabolism, Purine
biosynthesis, ATP-binding, NADP, Nucleotide-binding

20 108K Hormone

21 108K Zinc binding, Cytosol, Plasma membrane

22 107K Nucleotide-binding, DNA integration

23 107K Endopeptidase inhibitor, liver development

24 106K ATP binding, protein serine/threonine kinase activity

2.5.2 The divergence of Xba elements sequence in channel catfish

The Xba elements are a group of A/T-rich repetitive sequences that were found in channel

catfish and blue catfish centromeres but not in closely related species such as white catfish

(Ameiurus catus) and flathead catfish (Pylodictus olivaris) (Liu et al., 1999; Quiniou et al.,

2005). It is conserved among strains with minor changes in sequence identity and length, making
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it not only potentially important for genetic expression vectors but also of vital importance for

the exploration of the channel catfish genome evolutions (Liu et al., 1998; Quiniou et al., 2005).

As the centromeres contain large amounts of DNA and are often packaged into heterochromatin,

where the large-scale DNA sequences recombination and rearrangements varies greatly among

phylogenetic related species (Mehta et al., 2010; Wang et al., 2009). The large amount of

conservative Xba elements on centromere suggests those sequences may be involved in

centromere functions, such as kinetochore assembly and chromosome segregation during mitosis

or meiosis (Pidoux and Allshire., 2005; Westhorpe and Straight., 2013), or even some epigenetic

regulations (Karpen and Allshire., 1997).

Based on the number of substitutions per site and the divergence time, the rate of nucleotide

substitutions of the Xba elements is calculated as 8.9x10™ to 1.3x107 substitutions per site per

year. Compared with the rate of nucleotide substitutions of full length cDNA calculated from the

divergence level between the channel catfish and blue catfish, the rate of nucleotide substitutions

of Xba elements is higher than that for the sequences in the open reading frames, but lower than

that of those in untranslated regions. Slower rates of evolution suggest functional constraints
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(Grauer & Li, 2000). The relatively slow evolutionary rate of Xba elements may indicate their

potential functions, although unknown at present.

2.6. Conclusion

In this study, I identified 417.8 Mb of repetitive sequences in the channel catfish genome,

among which 84% were annotated. Among the annotated repetitive element, the most prevalent

was the DNA/TcMar-Tc1 transposable elements, making up ~20% of the repeatome, followed by

microsatellite (14%). A number of catfish-specific repetitive elements were identified including

the previously known Xba elements. This work represents the most comprehensive analysis of

the repeatome of the channel catfish genome, and it should facilitate the annotation of various

teleost genomes.
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Chapter 3. The Comparative Analysis of Repetitive Elements

Through the Phylogentic Clades

3.1 Abstract:

Repetitive elements make up significant proportions of genomes. However, their roles in
evolution remain largely unknown. To provide insights into the roles of repetitive elements in
fish genomes, I conducted a comparative analysis of repetitive elements of 52 fish species in 22
orders. The proportions of repetitive elements in various genomes are found to be positively
correlated with genome sizes, with a few exceptions. More importantly, there appears to be
specific enrichment between some repetitive element categories with species habitats.
Specifically, class II transposons appears to be more abundant in freshwater bony fish than in
marine bony fish when the phylogeny is not considered. In contrast, marine bony fish harbor
more tandem repeats than freshwater species. In addition, class I transposable elements appear to
be more abundant in primitive species such as cartilaginous fish and lamprey than in bony fish.
The enriched association of specific categories of repetitive elements with fish habitats suggests

the importance of repetitive elements in genome evolution and their potential roles in fish
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adaptation to their living environments. However, due to the restriction of the limited sequenced

species, further analysis need to be done to alleviate the phylogeny biases.

3.2 Background

The majority of eukaryotic genomes contain a large proportion of repetitive elements. Based
on their arrangements in the genome, repetitive elements can be divided into two major
categories: the transposable elements (transposable elements) and the tandem repeats.
Transposable elements can be divided into RNA-mediated class I transposable elements, which
include transposable elements with long terminal repeats (LTRs), long interspersed nuclear
elements (LINEs), and short interspersed nuclear elements (SINEs); and RNA-independent class
IT DNA transposable elements. Tandem repeats are copies of DNA repeats located adjacent to
one other (Kubis et al., 1998; Toth et al., 2000; Ugarkovi¢ and Ploh, 2002). Tandem repeats
themselves can be dispersed across the whole genome such as the case of microsatellites, and
they can be clustered in the highly repetitive genome regions such as centromeric, telomeric and
subtelomeric regions (Hacch et al., 1974; Petitpierre et al., 1995).

Although repetitive elements were considered to be junk DNA (Ohno, 1972), recent studies
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suggested that they are functional in regulating gene expressions and contribute to genome

evolution (Meagher and Vassiliadis , 2005; Schmidt and Anderson, 2006;

Sun et al., 2015; Thornburg et al., 2006; Wang et al., 2014). Transposable elements are

considered to be drivers of genetic diversification because of their ability to co-opt into genetic

processes such as restructuring the chromosomes or providing genetic material on which natural

selection can act on (Hurst and Werren, 2001; Kazazian, 1999; Kazazian, 2004), and thus can be

the major reason for species difference in genome size (Lee and Kim, 2014; SanMiguel et al.,

1996; Wicker et al., 2007). Similarly, expansion or contraction of tandem repeats can also affect

genome size (Charlesworth et al., 1994; Lindahl, 1994; Strand et al., 1993), and consequently

affect recombination, gene expressions, conversions and chromosomal organizations (Balaresque

et al., 2014; Hancock, 1996; Martin et al., 2005; Moxon et al., 1994; Pardue et al., 1987; Richard

and Paques et al., 2000)

Fish comprise a large and highly diverse group of vertebrates inhabiting a range of different

aquatic environments (Volff et al., 2005). Sequenced fish genomes vary in size from 342 Mb of

Tetraodon nigroviridis to 2,967 Mb of Salmo salar. Some studies have been conducted on the
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diversity of repetitive elements in fish (Chalopin et al., 2015; Chalopin et al., 2015; Gao et al.,

2016), but a systematic comparative analysis has been hindered by the lack of whole genome

sequences from a large number of species. Recent availability of a large number of fish genome

sequences made it possible to determine the repetitive element profiles of fish species from a

broad taxonomic spectrum. In this study, I annotated the repetitive elements of 52 fish genomes

from 22 orders, and determined their distribution in relationship with environmental adaptations.

Based on the phylogeny tree, the effects of phylogeny on the differences between freshwater or

marine bony fish were evaluated with the phylogenetically independent contrasts. Here, I

observed a correlation between high numbers of DNA transposable elements, especially the Tcl

transposable elements, with freshwater bony fish, high level of microsatellites with marine bony

fish, and high numbers of class I transposable elements with cartilaginous fish and lamprey.

3.3 Materials and Methods

3.3.1 Annotation of repetitive elements in fish genome assemblies

The channel catfish genome was assembled by our group (Liu et al., 2016), the genome
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sequences of other 51 species were retrieved from NCBI or Ensembl databases (AlMomin et al.,

2015; Amemiya et al., 2013; Aparicio et al., 2002; Barrio et al., 2016; Braasch et al., 2016;

Brawand et al., 2014; Burns et al., 2016; Chen et al., 2014; Conte and Kocher, 2015; Fraser et al.,

2015; Gao et al., 2014; Jones et al., 2012; Kasahara et al., 2007; Lien et al., 2016; McGaugh et

al., 2014; Nakamura et al., 2013; Read et al., 2015; Rondeau et al., 2014; Schartl et al., 2013;

Shin et al., 2014; Smith et al., 2013; Smolka et al., 2015; Star et al., 2011; Tine et al., 2014;

Venkatesh et al., 2014; Watson et al., 2009; Wu et al., 2014; Xu et al., 2014; Xu et al., 2016;

Yang et al., 2016) (Table 3-1). The repetitive elements were identified using RepeatModeler

1.0.8 containing RECON (Bao and Eddy, 2002) and RepeatScout with default parameters (Price

et al., 2005). The derived repetitive sequences were searched against Dfam (Wheeler et al., 2013)

and Repbase (Bao et al., 2015). If the sequence is classified as “Unknown”, they were further

searched against the NCBI-nt database using blastn 2.2.28+.

Table 3-1. Fish genomes used for analysis, with their habitats indicated by color, the pink
indicates freshwater habitats, the blue indicates marine habitats and the yellow indicates the

diadromous habitats.
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Order Species Habitats Reference OR Accession
Cyprinodontiformes Poecilia Formosa Freshwater GCA_000485575.1
Cyprinodontiformes Poecilia Mexicana Freshwater GCA_001443325.1
Cyprinodontiformes Poecilia latipinna Freshwater GCA_001443285.1
Cyprinodontiformes Poecilia reticulata Freshwater GCA_000633615.2 (Fraser et al., 2015)
Cyprinodontiformes Xiphophorus couchianus Freshwater GCA_001444195.1 (Schartl et al., 2013)
Cyprinodontiformes Xiphophorus hellerii Freshwater GCA_001443345.1 (Schartl et al., 2013)
Cyprinodontiformes Xiphophorus maculatus Freshwater GCA_000241075.1 (Schartl et al., 2013)
Cyprinodontiformes Fundulus heteroclitus Freshwater GCA_000826765.1
Cyprinodontiformes Cyprinodon variegatus Freshwater GCA_000732505.1
Cyprinodontiformes Cyprinodon nevadensis Freshwater GCA_000776015.1
Beloniformes Oryzias latipes Freshwater MEDAKAT1 (Ugarkovi¢ and Plohl., 2002)
Perciformes Amphilophus citrinellus Freshwater GCA_000751415.1
Perciformes Neolamprologus brichardi Freshwater GCA_000239395.1 (Brawand et al., 2014)
Perciformes Pundamilia nyererei Freshwater GCA_000239375.1 (Brawand et al., 2014)
Perciformes Haplochromis burtoni Freshwater GCA_000239415.1 (Brawand et al., 2014)
Perciformes Oreochromis niloticus Freshwater GCA_000188235.1 (Brawand et al., 2014)
Perciformes Maylandia zebra Freshwater GCA_000238955.3 (Conte and Kocher, 2015)
Siluriformes Ictalurus punctatus Freshwater (Liu et al., 2016)

Characiformes Astyanax mexicanus Freshwater GCA_000372685.1 (McGaugh et al., 2014)
Clupeiformes Clupea harengus Marine GCA_000966335.1 (Barrio et al., 2016)
Perciformes Notothenia coriiceps Marine GCA_000735185.1 (Shin et al., 2014)
Perciformes Dicentrarchus labrax Marine GCA_000689215.1 (Tine et al., 2014)

Gasterosteiformes Gasterosteus aculeatus Marine BROAD S1 (Jones et al., 2012)
Scorpaeniformes Cottus rhenanus Freshwater GCA_001455555.1 (Smolka et al., 2015)
Scorpaeniformes Sebastes nigrocinctus Marine GCA_000475235.1
Scorpaeniformes Sebastes rubrivinctus Marine GCA_000475215.1
Perciformes Pampus argenteus Marine GCA_000697985.1 (AlMomin et al., 2015)
Perciformes Thunnus orientalis Marine GCA_000418415.1 (Nakamura et al., 2013)
Perciformes Larimichthys crocea Marine GCA_000742935.1 (Wu et al., 2014)
Perciformes Miichthys miiuy Marine GCA_001593715.1 (Xu et al., 2016)
Pleuronectiformes Cynoglossus semilaevis Marine GCA_000523025.1 (Chen et al., 2014)
Tetraodontiformes Tetraodon nigroviridis Freshwater TETRAODON 8.0 (Jaillon et al., 2004)
Tetraodontiformes Takifugu rubripes Marine FUGU 4.0 (Aparicio et al., 2002)
Tetraodontiformes Takifugu flavidus Marine GCA_000400755.1 (Gao et al., 2014)
Salmoniformes Salmo salar Diadromous ~ GCA_000233375.4 (Lien et al., 2016)
Esociformes Esox lucius Freshwater GCA_000721915.2 (Rondeau et al., 2014)
Cypriniformes Pimephales promelas Freshwater GCA_000700825.1 (Burns et al., 2016)
Cypriniformes Sinocyclocheilus rhinocerous Freshwater GCA_001515625.1 (Yang et al., 2016)
Cypriniformes Sinocyclocheilus grahami Freshwater GCA_001515645.1 (Yang et al., 2016)
Cypriniformes Sinocyclocheilus anshuiensis Freshwater GCA_001515605.1 (Yang et al., 2016)
Cypriniformes Cyprinus carpio Freshwater GCA_000951615.1 (Xu et al., 2014)
Cypriniformes Danio rerio Freshwater GRCz10
Gadiformes Gadus morhua Marine GCA_000231765.1 (Star et al., 2011)
Anguilliformes Anguilla anguilla Diadromous ~ GCA_000695075.1
Anguilliformes Anguilla rostrata Diadromous ~ GCA_001606085.1
Lepisosteiformes Lepisosteus oculatus Freshwater GCA_000242695.1 (Braasch et al., 2016)
Coelacanthiformes Latimeria chalumnae Marine GCA_000225785.1 (Amemiya et al., 2013)
Rajiformes Leucoraja erinacea Marine GCA_000238235.1
Orectolobiformes Rhincodon typus Marine GCA_001642345.1 (Read et al., 2015)
Chimaeriformes Callorhinchus milii Marine GCA_000165045.2 (Venkatesh et al., 2014)
Petromyzontiforme Lethenteron camtschaticum Freshwater GCA_000466285.1
Petromyzontiformes Petromyzon marinus Freshwater Pmarinus 7.0 (Smith et al., 2013)

3.3.2 Phylogenetic analysis

The phylogenetic analysis was based on the divergence of cytochrome b (Castresana, 2001).

Multiple alignments were conducted by MAFFT (Katoh and Standley, 2013). The best
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substitution model was selected by Prottest 3.2.1 (Darriba et al., 2011). The phylogenetic tree

was constructed using MEGA7 with the maximum likelihood method (Kumar et al., 2016), using

JTT with Fregs. (+ F) model, and gaps were removed by partial deletion. The topological

stability was evaluated with 1,000 bootstraps.

3.3.3 Divergence distribution of DNA/TcMar-Tcl

The average number of substitutions per sites (K) for each DNA/TcMar-Tcl fragment was

subtotaled. The K was calculated based on the Jukes-Cantor formula: K=-300/4xLn(1-Dx4/300),

the D represents the proportion of each DNA/TcMar-Tcl fragment differ from the consensus

sequences (Chinwalla et al., 2002).

3.3.4 Statistics and plotting

The statistical analyses for the significance of differences between different groups and the

habitats were performed by Wilcoxon rank test function in R language package because the data

are not normally distributed (R Core Team, 2003). The Pearson correlation analysis in Excel was

applied for the correlation between genome size and the content of repetitive elements. The heat
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map was plotted using the Heml1.0 (Deng et al., 2014).

3.4 Results

3.4.1 Contents of repetitive elements in various fish genomes

A total of 128 categories of repetitive elements are identified from the 52 fish species
(Appendices and Supplementary tables). The contents of repetitive elements in fish are correlated
with their genome sizes, independent of the phylogeny (Figure 3-1, Pearson correlation r=0.6, P-
value=1.45e-06, Table 3-2), ranging from less than 10% in pufferfish to over 58% in zebrafish.
However, several exceptions existed. For instance, the whale shark genome is 2.57 Gb, but
contains only 26.2% of repetitive elements; in contrast, the mid-sized zebrafish genome is ~1.5 Gb

in size, but contains over 58% of repetitive elements.

Figure 3-1. Correlation between genome sizes and contents of repetitive elements. Genome
sizes against the percentages of repetitive elements to the whole genome are plotted for 52 species
of species for which genome sequences are available. The major orders are plotted in different
colors and shapes: Yellow circle: Tetraodontiformes; Orange circle: Perciformes circle; Green
circle: Scorpaeniformes; Brown circle: Cypriniformes; Red circle: Cyclostomata; Purple circle:

Cyprinodontiformes; Blue triangle: Chondrichthyes; Blue circle: Other species.
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Table 3-2. The relationship between fish genome sizes and the content of repeatomes.

Common Names Latin names Genome Size (MB) Repeatome content (%)
Amazon molly Poecilia formosa 748.9 23.0
Shortfin molly Poecilia mexicana 801.7 19.9
Sailfin molly Poecilia latipinna 815.1 19.5
Guppy Poecilia reticulata 731.6 22.9
Monterrey platyfish Xiphophorus couchianus 708.4 18.4
Green swordtail Xiphophorus hellerii 733.8 17.7
Southern platyfish Xiphophorus maculatus 729.7 20.7
Mummichog Fundulus heteroclitus 1021.9 339
Sheepshead minnow Cyprinodon variegatus 1035.2 29.2
Amargosa pupfish Cyprinodon nevadensis 1011.9 25.8
Japanese rice fish Oryzias latipes 869.8 28.8
Midas cichlid Amphilophus citrinellus 844.9 27.8
Princess cichlid Neolamprologus brichardi 847.9 18.0
Flame back cichlid Pundamilia nyererei 830.1 19.8
Burton's mouthbrooder Haplochromis burtoni 831.4 19.2
Nile tilapia Oreochromis niloticus 927.7 243
Zebra mbuna Maylandia zebra 859.8 27.8
channel catfish Ictalurus punctatus 942.2 44.2
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Mexican tetra Astyanax mexicanus 1191.2 352
Atlantic herring Clupea harengus 807.7 23.7
Black rockcod Notothenia coriiceps 636.6 26.1
European seabass Dicentrarchus labrax 675.9 21.5
Three-spined stickleback Gasterosteus aculeatus 446.6 15.3
Chabot de Rhénanie Cottus rhenanus 563.6 11.7
Tiger rockfish Sebastes nigrocinctus 687.6 37.4
Flag rockfish Sebastes rubrivinctus 756.3 36.8
Silver pomfret Pampus argenteus 350.4 11.9
Pacific bluefin tuna Thunnus orientalis 684.5 25.4
Large yellow croaker Larimichthys crocea 648.4 15.9
Mi-iuy croaker Miichthys miiuy 619.3 16.9
Tongue sole Cynoglossus semilaevis 470.2 12.8
Spotted green pufferfish Tetraodon nigroviridis 342.4 9.0
Japanese pufferfish Takifugu rubripes 391.5 9.9

Yellowbelly pufferfish Takifugu flavidus 378.0 9.1

Atlantic salmon Salmo salar 2966.9 47.0
Northern pike Esox lucius 904.5 37.5
Fathead minnow Pimephales promelas 1219.3 25.5
horned Golden-line barbell Sinocyclocheilus rhinocerous 1655.8 36.3
golden-line barbel Sinocyclocheilus grahami 1750.3 38.4
Golden-line barbell (Anshui)  Sinocyclocheilus anshuiensis 1632.7 38.0
Common carp Cyprinus carpio 1713.6 37.6
zebrafish Danio rerio 1371.7 58.5
Atlantic cod Gadus morhua 824.3 21.0
European eel Anguilla anguilla 1018.7 16.4
American eel Anguilla rostrata 1413.1 16.8
Spotted gar Lepisosteus oculatus 945.9 19.8
Coelacanth Latimeria chalumnae 2860.6 46.2
Little skate Leucoraja erinacea 1555.5 50.1
Whale shark Rhincodon typus 2567.6 26.2
Ghost shark Callorhinchus milii 974.5 46.8
Arctic lamprey Lethenteron camtschaticum 1030.7 45.0
Sea lamprey Petromyzon marinus 885.5 40.9

In addition to the proportion, the number of repetitive element categories is also correlated

with genome sizes. For example, the largest 26 genomes harbor more categories of repetitive

elements than the smallest 26 genomes (Wilcoxon rank test, P-value=1.79¢-02). Of all these

species, DNA transposable elements are the predominant type of repetitive elements, followed by

microsatellites.
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3.4.2 Differential associations of repetitive elements across species

I investigated the possible correlation between repeat elements and aquatic environment.

Comparison of diversity and abundance of repetitive elements across the 52 fish genomes

revealed significant differences among species (Figure 3-2 and Table 3-3). Class I transposable

elements are more prevalent in cartilaginous fish and lampreys than bony fish species (Wilcoxon

rank test, P-value=1.41e-04). For example, class I transposable elements represent 76.6% of

repetitive elements in elephant shark, but the bony fish genomes are more abundant with class II

transposable elements and tandem repeats.

Figure 3-2. Classification and distribution of 128 repetitive elements in 52 species. The total
number of each category of repeats to the all repeats are displayed in columns while different
species are displayed in rows. The pink shade represents the freshwater living bony fish, the blue

represents the marine living bony fish and yellow represents the diadromous species.
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Table 3-3. Proportion of DNA/TcMar-Tcl, microsatellites contents out of all repeats in

freshwater, marine and diadromous teleost species.

Species Order DNA/TcMar-Tcl  Microsatellites
Esox lucius Esociformes 35.9% 4.8%
Fundulus heteroclitus Cyprinodontiformes 22.6% 4.6%
Xiphophorus hellerii Cyprinodontiformes 22.7% 5.1%
Xiphophorus couchianus Cyprinodontiformes 22.3% 5.1%
Amphilophus citrinellus Perciformes 23.0% 6.2%
Xiphophorus maculatus Cyprinodontiformes 22.0% 6.2%
Lepisosteus oculatus Lepisosteiformes 10.5% 3.0%
Pundamilia nyererei Perciformes 18.7% 5.8%
Haplochromis burtoni Perciformes 19.6% 6.1%
Maylandia zebra Perciformes 16.8% 5.3%
Neolamprologus brichardi Perciformes 20.9% 6.7%
Cyprinodon nevadensis Cyprinodontiformes 7.6% 2.5%
Poecilia formosa Cyprinodontiformes 19.3% 6.5%
Oreochromis niloticus Perciformes 15.9% 5.4%
Fres,hwater Poecilia reticulata Cyprinodontiformes 17.8% 6.1%
species Poecilia mexicana Cyprinodontiformes 18.9% 6.7%
Astyanax mexicanus Characiformes 21.8% 8.0%
Poecilia latipinna Cyprinodontiformes 19.5% 7.4%
Cyprinodon variegatus Cyprinodontiformes 8.2% 3.4%
Oryzias latipes Beloniformes 5.0% 2.6%
Ictalurus punctatus Siluriformes 19.9% 14.1%
Danio rerio Cypriniformes 6.1% 5.9%
Cyprinus carpio Cypriniformes 6.4% 7.1%
Sinocyclocheilus grahami Cypriniformes 4.7% 5.7%
Sinocyclocheilus rhinocerous Cypriniformes 3.4% 6.0%
Sinocyclocheilus anshuiensis Cypriniformes 3.2% 6.2%
Pimephales promelas Cypriniformes 3.1% 6.7%
Cottus rhenanus Scorpaeniformes 0.9% 17.8%
Tetraodon nigroviridis Tetraodontiformes 1.3% 31.1%
. Salmo salar Salmoniformes 23.6% 7.5%
DIGIRDRS ) e e Anguilliformes 11.9% 11.4%
species Anguilla rostrata Anguilliformes 11.8% 13.9%
Thunnus orientalis Perciformes 3.6% 9.3%
Pampus argenteus Perciformes 5.6% 15.2%
Gasterosteus aculeatus Gasterosteiformes 4.1% 12.8%
Miichthys miiuy Perciformes 4.0% 14.7%
Notothenia coriiceps Perciformes 2.3% 9.5%
Dicentrarchus labrax Perciformes 2.4% 11.9%
Marine Larl"michthys crocea Perciforme§ 3.4% 17.7%
. Takifugu rubripes Tetraodontiformes 3.3% 19.9%
< S Sebastes nigrocinctus Scorpaeniformes 1.1% 8.9%
Cynoglossus semilaevis Pleuronectiformes 2.7% 23.1%
Takifugu flavidus Tetraodontiformes 2.4% 21.8%
Sebastes rubrivinctus Scorpaeniformes 1.0% 9.1%
Clupea harengus Clupeiformes 3.0% 29.8%
Latimeria chalumnae Coelacanthiformes 0.0% 1.7%
Gadus morhua Gadiformes 0.4% 31.4%

Of the bony fish genomes, the most striking discovery is that freshwater bony fish contained
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a greater proportion of Tcl/mariner transposable elements than marine species (Figure 3-2, PIC

p- value: 0.117, Wilcoxon rank test, P-value= 8.23e-06). However, the results were not

significant when the phylogeny was taken into consideration. In contrast, the marine bony fish

contain a greater proportion of microsatellites (PIC p-value: 3.12e-02, Wilcoxon rank test, P-

value=3.72¢-05) than the freshwater species, independent of the phylogeny. Interestingly, the

diadromous species such as Anguilla rostrata, Anguilla anguilla, and S. salar contain high

proportions of both the Tcl/mariner transposable elements and microsatellites (Table 3-3).

Analysis of the sequence divergence rates suggest that Tc1 transposable elements have been

present in the genomes of freshwater species for much a longer period of time or are more active

than in marine species (Figure 3-3). The Tc1 transposable elements in freshwater species are not

only more abundant, but also exhibited a higher average K (average number of substitutions per

site) (PIC p-value: 2.10e-02, Wilcoxon rank test, P-value=5.39¢-03) than those in marine species.

This is particularly notable in Cyprinodontiformes and Labroidei in Perciformes, where Tcl

transposable elements appeared to have the strongest activity over a long history, as reflected by

the broad distribution and sharp peaks with higher substitution rates per site (Figure 3-3). The
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long history and high transposition activities in freshwater fish accounted, at least in part, for the

high proportion of Tc1 transposable elements in the genomes of freshwater species.

Figure 3-3. Divergence distribution analysis of DNA/TcMar-Tcl transposable elements in the
representative fish genomes. The Cyprinodontiformes, Labroidei species (red) and marine bony
fish (blue) are displayed. The y-axis represents the percentage of the genome comprised of repeat
classes (%) and the x-axis represents the substitution rate from consensus sequences (%). Please
note that not all y-axis scales are the same, particularly in marine species which are 10 times

smaller.

113



Poecilia formosa
Poecilia mexicana
Poecilia latipinna
Poecilia reticulata
Xiphophorus couchianus
Xiphophorus hellerii
Xiphophorus maculatus
Fundulus heteroclitus
Cyprinodon variegatus
Cyprinodon nevadensis
Amphilophus citrinellus
Neolamprologus brichardi
Pundamilia nyererei
Haplochromis burtoni
Oreochromis niloticus

Maylandia zebra

Clupea harengus
Notothenia coriiceps
Dicentrarchus labrax

Sebastes nigrocinctus
Sebastes rubrivinctus
Pampus argenteus
Thunnus orientalis
Larimichthys crocea
Miichthys miiuy
Cynoglossus semilaevis
Takifugu rubripes
Takifugu flavidus
Gadus morhua

Latimeria chalumnae

1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%
1.0%

0.0%

0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%
0.1%

0.0%

T T T T T T T SO S

10 20 30 40 50 60
Substitutions per site (%)
]
|
]
|
]
]
]
|
|
]
]
]
|
]
" Subszzii:ution;0 per si:; (%) * *

114



3.5 Discussion

3.5.1. Accumulation of repetitive elements in fish genomes

In this work, I determined the correlation between the categories, proportions of repetitive

elements and the living environments of various fish species. Based on the results, it is observed

that class II transposons appeared to be more abundantly associated with freshwater bony fish

than with marine bony fish, when phylogeny was not considered. In contrast, microsatellites are

more abundantly associated with marine bony fish than with freshwater bony fish, independent

of phylogeny. In addition, class I transposable elements are more abundant in primitive species

such as cartilaginous fish and lamprey than in bony fish. Such findings suggest that the repetitive

elements could potentially be related to the adaptability of fish to their living environment,

although it is unknown at present if the differential categories and proportions of repetitive

elements led to the adaptation to their living environments (the cause) or the living environments

led to the accumulation of different repetitive elements (the consequences).
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With teleost fish, the genome sizes are greatly affected by the teleost-specific round of

whole genome duplication (Allendorf and Thorgaard, 1984; Meyer et al., 2005; Xu et al., 2014).

However, whole genome duplication did not dramatically change the proportion of the repetitive

elements in the genomes. In contrast, the expansion of repetitive elements may have contributed

to the expansion of fish genome sizes because in this analysis, the fish genome sizes, with

exceptions, are well correlated with their contents of repetitive elements. High contents of

repetitive elements in the genome can accelerate the generation of novel genes for adaptations,

but their overburden can also cause abnormal recombination and splicing, resulting in unstable

genomes (Jiang et al., 1997). Therefore, the content of the repetitive elements cannot grow

unlimited with the genome size; it must be limited to certain levels and shaped under specific

natural selection by the environment.

It is worthwhile noting that the quality of the genome assembly varied greatly. As one would

expect, many of the repetitive elements may have not been assembled into the reference genome

sequences, especially with those of lower assembly qualities. This may have affected the

assessment of the proportions of the repetitive elements in the genomes. However, most of the
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genomes sequencing methods are overall similar via next generation sequencing especially

[llumina sequencing, thus the systematic biases related to repeat resolution can be disregarded.

Besides, if the unassembled repetitive elements are more or less random, the quality of the

genome assemblies should not have systematically affected the enrichment of specific categories

of repetitive elements with habitats. In addition, as the total number of genomes used in the study

is relatively large (52), the impact of sequence assembly quality should have been minimized.

3.5.2 Comparison of the repetitive elements among species

The distributions of repetitive elements are significantly associated with various clades

during evolution. For example, class I transposable elements are more prevalent in cartilaginous

fish and lampreys than in bony fish species. However, the cartilaginous fish and lamprey lack the

class II transposable elements. Although there were no unifying explanations for this difference,

it is speculated from the fact that active transposable elements types in mammals are also RNA

transposable elements, that this is probably because internal fertilization of cartilaginous fish,

which may have minimized the exposure of gametes and embryos from horizontal transfer of

Class II transposable elements (Compagno, 1990; Gao et al., 2016; Huang et al., 2012). For
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lamprey, since it is still unclear how it fertilizes and develops in the wild (Clemens et al., 2010;

Siwicke and Seitz, 2015), its accumulation of class I transposable elements deserve further

investigation. As class I transposable elements are involved in various biological processes such

as regulation of gene expression (Brosius, 1999; Brosius, 2000), the ancient accumulation of

class I transposable elements in cartilaginous fish and lamprey are probably related with their

evolutionary adaptations (Gess et al, 2006). The contents of class I transposable elements are low

in bony fish; the exact reasons are unknown, but could involve putative mechanisms that

counteract the invasiveness of RNAs on their genomes. Although there is a much larger number

of bony fish genomes are used in this study than those from cartilaginous fish and lampreys, but

this is dictated by the availability of genome sequences. However, if the repetitive elements are

more conserved in their categories and proportions of the genome among most closely related

species, such bias in the number of genomes used in the analysis should not significantly change

the results.

Most freshwater bony fish are dominated by DNA transposable elements except C. rhenanus

and 7. Nigroviridis which contain high levels of microsatellites. Although 7. Nigroviridis is a
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freshwater species, vast majority (497 out of 509) of species in Tetraodontidae family are marine

species (Jaillon et al., 2004; Nelson , 2006; Watson et al., 2009). Thus it is likely that 7.

Nigroviridis had a marine origin. Similarly, C. rhenanus is a freshwater species, but most species

of the Cottidae family are marine species (Nelson, 2006). In addition, the biology of C. rhenanus

is largely unknown (Ovidio et al., 2009; Xiang-Yi et al., 2012), the origin of C. rhenanus as a

freshwater species remains unexplained.

Uncovering the route of class II transposable elements expansion is difficult, because they

can be transferred both vertically and horizontally (Abrusan and Krambeck, 2006; Huang et al.,

2012; Zhang et al., 2014). However, when phylogenic relationships were not considered, the

observed the prevalent class II transposable element in freshwater species may indicate that the

freshwater environments are more favorable for proliferation and spreading of DNA transposable

elements. Besides, like in other species, the frequent stress such as droughts and floods in the

freshwater ecosystem can accelerate transpositions, which facilitate the host adaptions to the

environment by generating new genetic variants (Schrader et al., 2014). Previous studies showed

that freshwater ray-finned fish have smaller effective population sizes and larger genome sizes
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than marine species (Yi et al., 2005). These results lend additional support to the idea that

shrinking effective population sizes may have underlined the evolution of more complex

genomes (Howe et al., 2013; Lynch and Conery, 2003). Although the significance for the more

prevalence of Tc1 transposon in freshwater species was reduced when the phylogenetic

independent analysis was counted, which indicates the taxa in our data set for the analysis are not

statistically independent because of shared evolutionary history. However, due to the dictation of

the limited and uneven sequenced species available so far, it is inevitably to introduce the

phylogenetic bias into the analysis. For example, a large number of the sequenced fish species

are concentrated in the family of Cichlidae (6) or Cyprinidae (6). However, there is only one

genome available (Ictalurus punctatus) from the order of Siluriformes, which comprise 12% of

all fish species (Liu et al., 2016; Sullivan et al., 2006). Analyses of independent contrasts are

robust to random species sampling (Ackerly and Reich, 1999), thus, further analysis should be

conducted with a broader scope with more sequenced fish species, to complement the broader

comparative studies.

Although the Gasterosteus aculeatus is collected from freshwater, studies indicated that
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limnetic G. aculeatus are formed as a result of marine populations trapped in freshwater recently

(McPhail, 1993; McPhail, 1994; Jones et al., 2012). Thus the G. aculeatus is still classified as

marine species. The population of marine species tend to be more stable than those in freshwater.

Besides, the marine teleost species tend to have a higher osmotic pressure of body fluid (Parry,

1966; Yancey et al., 1982), thus, the high salinity environment may be prone to DNA polymerase

slippage while not favorable for proliferation and spreading of transposable elements, since

previous studies indicated that the higher salt concentration might stabilize the hairpin structure

during the DNA polymerase slippage (Canceill and Ehrlich, 1996). Future research covering a

broader scope of sequenced fish linages will address whether passive increases in genome size

have in fact been co-opted for the adaptive evolution of complexity in fish as well as other

lineages.

3.6 Conclusions

In this study, I investigated the diversity, abundance, and distribution of repetitive elements

among 52 fish species in 22 orders, with the correction of the phylogenetic independent contrasts

analysis. Differential associations of repetitive elements are found correlated with various clades
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as well as with their living environments. Class I transposable elements are abundant in lamprey

and cartilaginous fish, but less so in bony fish. Tc1/mariner transposable elements are more

abundant in freshwater bony fish than in marine fish when phylogeny was not taken into

consideration, while microsatellites are more abundant in marine species than those in freshwater

species independent of phylogeny. The average number of substitutions per sites of Tcl among

bony fish species suggested their longer and more active of expansion in freshwater species than

in marine species, suggesting that freshwater environment is more favorable for the

proliferations of Tc1 transposable elements. The analysis of the number of repeats within each

microsatellite locus suggested that DNA polymerases are more prone to slippage during

replication in marine environments than in freshwater environments. These observations support

the notion that repetitive elements have roles for environmental adaptations during evolution.

However, whether that is the cause or the consequences requires future studies with more

comprehensive sequenced genomes.
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Appendices and Supplementary Tables

Table S-1 The content of repetitive elements in the order Anguilliformes including Anguilla

Anguilla; Anguilla rostrate.

Types Anguilla anguilla Anguilla rostrata
DNA/Academ 0.1% 0.1%
DNA/CMC-Chapaev-3 0.0% /
DNA/CMC-EnSpm 3.0% 2.1%
DNA/Crypton 0.2% 0.1%
DNA/Crypton-V 0.1% /
DNA/Dada / 0.0%
DNA/Ginger 1.0% 0.9%
DNA/hAT 1.1% 1.4%
DNA/hAT-Ac 1.2% 1.0%
DNA/hAT-Blackjack 0.0% 0.6%
DNA/hAT-Charlie 2.3% 3.0%
DNA/hAT-hATS5 0.0% /
DNA/hAT-hAT6 / 0.0%
DNA/hAT-hATx 0.0% /
DNA/hAT-hobo 0.2% 0.2%
DNA/hAT-Tagl 0.0% /
DNA/hAT-Tip100 0.3% 0.4%
DNA/hAT-Tol2 0.0% /
DNA/Kolobok-T2 0.1% 0.2%
DNA/Maverick 0.0% /
DNA/MuLE-MuDR 0.1% 0.1%
DNA/Novosib 0.5% 0.6%
DNA/P 0.0% 0.1%
DNA/PIF-Harbinger 1.1% 1.3%
DNA/PIF-ISL2EU 0.1% 0.3%
DNA/PiggyBac 0.1% 0.3%
DNA/Sola 0.1% 0.1%
DNA/TcMar 0.3% 0.3%
DNA/TcMar-Fotl 0.2% /
DNA/TcMar-ISRm11 0.0% 0.1%
DNA/TcMar-Tcl 11.9% 11.8%
DNA/TcMar-Tc4 0.1% /
DNA/Unclassified 7.5% 8.8%
LINE/CR1 1.0% 1.1%
LINE/I 0.2% 0.4%

LINE/I-Nimb 0.0% /
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LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/R1
LINE/R2-Hero
LINE/R2-NeSL
LINE/Rex-Babar
LINE/RTE-BovB
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Satellite
Microsatellites
SINE/5S-Deu-L2
SINE/L2
SINE/MIR
SINE/tRNA
SINE/tRNA-Core-L2
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

0.1%
0.0%
4.7%
0.0%
0.1%
0.1%

0.2%
0.2%
0.5%
0.0%
2.2%
0.0%
0.2%
0.2%

0.8%

1.4%

0.0%
1.0%
0.3%
11.4%
0.8%
0.0%
3.8%
0.1%

0.2%
0.1%

0.2%
38.3%

0.0%
0.2%
0.1%
5.3%
0.0%
0.1%
0.0%
0.0%
0.2%
0.2%
0.4%
0.0%
2.2%
0.1%
0.1%
1.6%
0.0%
0.7%
0.0%
0.4%
0.1%
0.1%
0.8%
0.3%
13.9%
1.0%

4.0%
0.1%
0.5%
0.1%
0.1%
0.0%
0.1%
32.1%
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Table S-2 The content of repetitive elements in the order Perciformes including: Amphilophus

citrinellus; Neolamprologus brichardi; Pundamilia nyererei; Haplochromis burtoni.

Types Amphilophus Neolamprolo Pundamili Haplochromis

citrinellus  gus brichardi a nyererei burtoni
DNA/Academ 0.1% 0.0% / 0.0%
ONA/EME- 0.1% 0.0% 0.0% /
apaev-3

DNA/CMC-EnSpm 0.6% 0.5% 0.4% 0.5%
DNA/Dada 0.1% / / /
DNA/hAT 1.3% 2.1% 1.9% 1.9%
DNA/hAT-Ac 2.7% 5.0% 5.2% 5.3%
DNA/hAT-Blackjack 0.2% 0.1% 0.0% 0.0%
DNA/hAT-Charlie 2.0% 3.6% 3.3% 3.0%
DNA/hAT-hATS 0.1% 0.1% 0.1% 0.1%
DNA/hAT-hATx / 0.3% / 0.0%
DNA/hAT-hobo 0.1% 0.0% / /
DNA/hAT-Tip100 0.6% 0.7% 1.1% 0.4%
DNA/hAT-Tol2 1.1% 0.6% 0.7% 0.8%
DNA/IS3EU 0.4% 0.1% 0.2% 0.2%
DNA/Kolobok-T2 / 0.0% 0.0% /
DNA/Maverick / 0.1% / /
DNA/Merlin 0.1% 0.1% / 0.2%
DNA/MuLE-MuDR 0.0% 0.1% 0.1% 0.0%
DNA/Novosib / 0.1% / /
DNA/P 0.1% 0.1% 0.1% 0.2%
DNA/PIF-Harbinger 1.7% 1.0% 1.8% 0.8%
DNA/PIF-ISL2EU 0.1% / 0.1% /
DNA/PiggyBac 0.2% 1.1% 1.1% 1.5%
DNA/Sola 0.0% 0.1% 0.0% 0.1%
DNA/TcMar 0.0% / 0.1% 0.0%
DNA/TcMar-Fotl / 0.1% 0.0% 0.0%
Dy ToMar 0.1% 0.1% 0.0% /
phATeMar 0.1% 0.1% 0.1% 0.2%
DNA/TcMar-Tel 23.0% 20.9% 18.7% 19.6%
DNA/TcMar-Tc2 0.4% 1.0% 1.5% 1.4%
DNA/TcMar-Tigger 0.1% 0.4% 0.2% 0.1%
DNA/Zisupton 0.0% / / /
DNA/Unclassified 4.7% 3.1% 5.7% 4.9%
LINE/CR1 0.0% / / /
LINE/Dong-R4 1.7% 1.2% 1.1% 1.2%
LINE/I 0.1% 0.1% 0.0% /
LINE/I-Nimb / / 0.1% 0.1%
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LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/LOA
LINE/Penelope
LINE/Proto2
LINE/R1
LINE/R2
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/ERV4
LTR/ERVK
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/Alu
SINE/ID
SINE/MIR
SINE/Ron
SINE/Ronl
SINE/tRNA
SINE/tRNA-Core
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

1.1%
1.0%
9.2%

/
0.8%
0.0%

/

/
0.1%
2.1%

/
6.2%

/
0.1%
0.8%
0.1%
0.1%
0.4%
0.4%
0.0%
1.1%

/
1.7%
0.3%
0.1%
1.2%
0.6%
0.1%
0.3%
6.2%

/
0.0%
0.0%
0.0%
0.1%

/
0.0%
0.2%
1.4%
0.1%
0.0%
0.1%

22.0%

1.2%

8.1%
0.0%
2.2%

0.1%

0.2%
2.4%
0.1%
3.9%

1.2%
0.1%
0.1%
0.0%

1.1%

1.1%
0.0%

0.1%
0.5%
0.0%
0.3%
6.7%
0.0%

/

/

/
1.5%
/

/
0.1%
0.8%
1.0%
0.3%
0.1%
24.0%

1.3%
0.0%
7.7%

/
2.2%

/

/
0.1%
0.1%
3.2%
0.9%
3.3%
0.0%

/
1.0%

/
0.1%
0.2%

/

/
1.2%
0.0%
1.8%
0.0%

/
0.1%
0.5%
0.0%
0.5%
5.8%

/
0.0%

/

/
1.5%
/

/
0.1%
1.1%
0.3%
0.0%
0.2%
22.9%

1.5%
0.0%
/
0.1%
1.1%
0.2%
0.1%
0.2%
23.4%
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Table S-3 The content of repetitive elements in the order Perciformes including: Oreochromis

niloticus; Maylandia zebra; Notothenia coriiceps; Dicentrarchus labrax.

Oreochromis Maylandia Notothenia Dicentrarchus

Types

niloticus zebra coriiceps labrax
DNA/Academ / / 0.1% /
DNA/CMC-Chapaev-3 / 0.0% / /
DNA/CMC-EnSpm 0.8% 0.4% 1.5% 1.5%
DNA/Crypton / / 0.6% 0.4%
DNA/Crypton-V / 0.1% 0.1% 0.1%
DNA/Dada / 0.0% / 0.1%
DNA/Ginger / / / 0.0%
DNA/hAT 2.5% 2.1% 1.6% 1.6%
DNA/hAT-Ac 4.9% 8.1% 6.4% 7.2%
DNA/hAT-Blackjack 0.1% 0.0% 0.3% 0.2%
DNA/hAT-Charlie 3.1% 3.2% 5.2% 2.8%
DNA/hAT-hATS5 0.1% 0.1% 0.7% 0.6%
DNA/hAT-hAT6 / / 0.3% /
DNA/hAT-hATx 0.0% / 0.0% /
DNA/hAT-hobo 0.1% 0.0% 0.6% 0.1%
DNA/hAT-Tagl 0.0% / 0.1% /
DNA/hAT-Tip100 1.2% 0.7% 1.7% 0.7%
DNA/hAT-Tol2 0.8% 0.5% 3.1% 1.3%
DNA/IS3EU 0.1% 0.1% 0.4% 0.2%
DNA/Kolobok-T2 / / / 0.2%
DNA/Kolobok-Hydra / / 0.1% /
DNA/Kolobok-T2 / / 3.6% /
DNA/Maverick 0.2% 0.1% 0.0% 0.0%
DNA/Merlin 0.3% 0.1% / /
DNA/MuLE-MuDR 0.0% / / /
DNA/MuLE-NOF 0.0% / / /
DNA/Novosib 0.2% 0.1% / /
DNA/P 0.3% 0.2% 0.1% 0.3%
DNA/PIF-Harbinger 1.1% 1.7% 2.1% 0.9%
DNA/PIF-ISL2EU 0.0% 0.0% 0.0% 0.1%
DNA/PiggyBac 0.9% 0.8% 0.7% 0.1%
DNA/TcMar 0.0% / / /
DNA/TcMar-Fotl 0.1% 0.1% 0.1% 0.0%
DNA/TcMar-ISRm11 0.1% 0.3% 0.2% 0.1%
DNA/TcMar-Mariner 0.1% 0.1% / /
DNA/TcMar-Stowaway / / 0.1% /
DNA/TcMar-Tel 15.9% 16.8% 2.3% 2.4%
DNA/TcMar-Tc2 0.9% 1.7% 0.4% 0.0%
DNA/TcMar-Tigger 0.4% 0.2% / /
DNA/Unclassified 4.7% 3.9% 5.1% 3.5%
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LINE/CR1
LINE/Dong-R4
LINE/DRE
LINE/
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R2
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-RTEX
LINE/RTE-X
LINE/Tad1
LINE?/Penelope
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/Alu
SINE/MIR
SINE/Ron
SINE/Ronl
SINE/tRNA
SINE/tRNA-Core
SINE/tRNA-Core-L2
SINE/tRNA-L2
SINE/tRNA-V

1.4%

0.0%

0.1%
1.5%
0.1%
8.1%
1.6%
0.0%

0.2%
3.9%
0.0%
3.4%

0.0%

0.1%
0.9%

0.3%
0.8%
1.8%
0.1%
1.0%
0.2%

0.6%
0.4%
0.0%

5.4%
0.0%

0.1%
0.7%
0.0%

0.1%
0.9%
0.1%
0.0%
0.7%

1.6%

0.1%

3.0%
0.0%
8.4%
2.1%
0.0%

0.1%
5.8%
0.6%
3.0%

0.0%
0.5%
0.8%

0.1%
0.1%
1.6%

1.3%
0.3%
0.0%
0.2%
0.5%
0.0%
0.2%
5.3%

0.0%

1.3%
0.0%

0.0%
0.7%

0.3%

0.1%

0.8%

0.1%
0.0%
6.8%
0.1%

0.0%
2.9%

0.4%

0.4%

0.1%
1.4%

0.0%

0.4%

0.3%

0.2%
2.7%
0.0%
1.1%
0.3%
11.9%
0.1%

0.0%

1.0%
0.5%
0.2%
0.0%
0.1%

145



SINE? 0.1% 0.0% 0.0% 0.0%

SINE/Unclassified 0.1% 0.2% 0.5% 0.8%
snRNA / / / 0.0%
Unknown 26.5% 20.5% 30.3% 42.7%
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Table S-4 The content of repetitive elements in the order Perciformes including: Pampus

argenteus; Thunnus orientalis; Larimichthys crocea; Miichthys miiuy.

Types Pampus Thunnus Larimichthys  Miichthys

argenteus _ orientalis crocea miiuy
DNA/CMC-Chapaev-3 0.1% 0.0% 0.2% 0.1%
DNA/CMC-EnSpm 0.8% 1.3% 0.8% 0.8%
DNA/Crypton 0.3% 0.1% 0.2% 0.4%
DNA/Crypton-V 0.0% 0.0% 0.0% 0.0%
DNA/Dada 0.6% / / /
DNA/Ginger / 0.1% 0.1% 0.2%
DNA/hAT 0.1% 1.9% 1.3% 1.1%
DNA/hAT-Ac 5.7% 5.8% 3.8% 5.2%
DNA/hAT-Blackjack / 0.1% / /
DNA/hAT-Charlie 1.2% 1.0% 2.1% 2.0%
DNA/hAT-hATS5 0.2% 0.1% 0.2% 0.1%
DNA/hAT-hAT6 / 0.0% 0.0% /
DNA/hAT-hobo 0.1% 0.3% / 0.0%
DNA/hAT-Tip100 0.2% 0.7% 0.4% 0.4%
DNA/hAT-Tol2 2.6% 2.0% 0.6% 1.3%
DNA/IS3EU / 0.0% 0.0% /
DNA/Kolobok-T2 0.2% 0.3% 0.0% 0.1%
DNA/Maverick 0.0% 0.0% /
DNA/MuLE-MuDR 0.1% 0.0% / 0.0%
DNA/Novosib 0.2% / / /
DNA/P 0.6% 0.2% 0.1% 0.1%
DNA/PIF-Harbinger 1.2% 2.0% 0.6% 0.4%
DNA/PIF-ISL2EU / 0.0% / /
DNA/PiggyBac / 0.1% 0.0% 0.1%
DNA/Sola 0.0% 0.3% 0.0% 0.1%
DNA/TcMar 0.0% / / /
DNA/TcMar-Fotl 0.0% 0.1% / /
DNA/TcMar-ISRm11 0.1% 0.2% 0.1% 0.1%
DNA/TcMar-Mariner 0.0% 0.0% / /
DNA/TcMar-Pogo / 0.0% / /
DNA/TcMar-Tcl 5.7% 3.6% 3.4% 4.0%
DNA/TcMar-Tc2 0.6% 0.3% 0.1% 0.1%
DNA/TcMar-Tigger 0.1% 0.0% 0.5% /
DNA/Unclassified 2.0% 4.2% 6.1% 6.5%
LINE/CR1 / 0.0% / /
LINE/Dong-R4 0.1% 0.1% 0.0% 0.0%
LINE/DRE / 0.0% / /
LINE/I 0.1% 0.6% 0.1% 0.0%
LINE/I-Nimb / 0.0% / 0.1%
LINE/Jockey / / / 0.1%
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LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R2
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/ERVK
LTR/ERVL
LTR/Gypsy
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/Alu
SINE/MIR
SINE/tRNA
SINE/tRNA-Core
SINE/tRNA-Core-L2
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

0.1%

4.5%
0.6%
/

/

/
2.0%
/
1.6%
0.3%
0.1%
2.4%
0.2%
/
0.0%
/

/
2.1%
0.5%
0.1%
0.2%
0.3%
/

/
0.1%
15.2%
0.1%
0.3%
0.3%
/
0.1%
0.0%
/
0.0%
0.4%
45.7%

0.2%
0.1%
6.4%
0.3%
0.0%
0.1%
0.1%
1.3%

/
0.4%
0.4%
0.1%
1.3%
0.1%
0.4%
0.1%
0.1%

/
1.0%
0.2%
0.0%
0.1%
1.4%

/

/
0.1%
9.3%

/
0.1%
0.3%
0.1%
0.1%

/
0.1%

/
0.8%

49.4%

0.2%
0.0%
4.8%
0.3%

0.0%
2.6%
0.0%
1.3%

2.0%
0.7%

0.1%

1.2%
1.4%
0.0%
0.3%
0.8%
0.0%
0.2%
0.6%
17.7%

0.9%
1.1%
0.3%

/

/

/
0.0%
0.8%

41.7%

0.4%
0.1%
5.3%
0.3%
0.0%

/
0.0%
2.6%

/
1.4%
0.1%

/
1.9%
0.1%
0.1%

/

/
0.1%
0.6%
0.5%
0.0%
0.3%
0.4%

/

/
0.5%
14.7%

/
1.0%
1.0%
0.1%

/
0.0%
1.1%
0.0%
0.6%

43.2%
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Table S-5 The content of repetitive elements in the order Cyprinodontiformes including:

Poecilia Formosa; Poecilia Mexicana; Poecilia; latipinna; Poecilia reticulata Xiphophorus

couchianus.
Poecilia Poecilia Poecilia Poecilia  Xiphophorus

Types formosa mexicana _ latipinna _ reticulata  couchianus
DNA/Academ 0.1% 0.1% 0.0% 0.1% 0.1%
DNA/CMC-Chapaev-3 0.1% 0.1% 0.1% 0.1% 0.1%
DNA/CMC-EnSpm 1.3% 0.9% 0.9% 1.2% 0.4%
DNA/Crypton / 0.0% / / /
DNA/Ginger / / 0.1% / /
DNA/hAT 1.7% 1.5% 1.5% 1.5% 1.7%
DNA/hAT-Ac 6.2% 6.1% 5.9% 5.6% 7.8%
DNA/hAT-Blackjack / 0.0% 0.0% / 0.0%
DNA/hAT-Charlie 4.2% 4.6% 3.9% 7.9% 4.0%
DNA/hAT-hATS5 0.7% 1.1% 0.8% 0.8% 0.9%
DNA/hAT-Tip100 2.4% 1.3% 3.3% 1.8% 1.4%
DNA/hAT-Tol2 1.2% 1.2% 1.4% 2.1% 1.3%
DNA/IS3EU 0.5% 0.2% 0.2% 0.2% 0.3%
DNA/Kolobok-T2 / 1.2% / / /
DNA/Kolobok-Hydra / / / 0.0% /
DNA/Kolobok-T2 0.7% / / 0.7% 0.2%
DNA/Maverick 0.1% / / 0.1% 0.1%
DNA/Merlin 0.1% / / / /
DNA/MuLE-MuDR 0.1% 0.1% 0.1% 0.1% 0.5%
DNA/Novosib / / / 0.0% /
DNA/P 0.2% / 0.2% 0.1% /
DNA/PIF-Harbinger 2.4% 2.4% 2.2% 2.0% 2.4%
DNA/PIF-ISL2EU 0.3% 0.2% 0.3% 0.6% 0.2%
DNA/PiggyBac 0.1% 0.1% 0.1% 0.0% /
DNA/Sola / / / 0.1% /
DNA/TcMar-ISRm11 0.1% / / 0.0% 0.1%
DNA/TcMar-Mariner / / / / 0.1%
DNA/TcMar-Tel 19.3% 18.9% 19.5% 17.8% 22.3%
DNA/TcMar-Tc2 0.3% 0.5% 0.6% 0.7% 0.4%
DNA/TcMar-Tc4 / / / 0.2% /
DNA/TcMar-Tigger 0.6% 0.7% 0.4% 0.8% 0.8%
DNA/Zisupton / / / / 0.0%
DNA/Unclassified 5.9% 7.2% 5.8% 7.2% 3.8%
LINE/CR1-Zenon / / / / 0.0%
LINE/Dong-R4 0.3% 0.4% 0.4% / 0.1%
LINE/ 0.3% 0.5% 0.4% 0.3% 0.3%
LINE/I-Nimb 0.2% 0.1% 0.3% / 0.1%
LINE/Jockey / / / 0.1% 0.1%
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LINE/L1 0.3% 0.2% 0.2% 0.3% 0.2%

LINE/L1-Tx1 0.1% 0.1% 0.2% 0.1% 0.0%
LINE/L2 4.4% 3.8% 3.8% 4.0% 4.2%
LINE/Penelope 0.1% 0.2% 0.1% 0.1% 0.2%
LINE/Proto2 0.2% 0.2% 0.1% 0.0% 0.0%
LINE/R1 0.0% 0.0% / / /
LINE/Rex / 0.0% / 0.1% /
LINE/Rex3 / / / 0.1% /
LINE/Rex-Babar 1.8% 1.8% 2.0% 1.9% 2.5%
LINE/RTE / 0.2% / 0.1% /
LINE/RTE-BovB 1.3% 1.0% 1.2% 1.1% 1.6%
LINE/RTE-X / 0.0% / / /
LINE/Tadl1 / / / 0.3% /
LINE/Unclassified / 0.2% 0.1% 0.2% 0.1%
Low_complexity 1.1% 1.1% 1.1% 0.9% 0.9%
LTR/Copia 0.2% 0.2% / 0.1% 0.0%
LTR/DIRS 0.1% 0.1% 0.0% 0.0% 0.1%
LTR/ERV1 / 0.0% 0.1% / /
LTR/ERVK 0.0% / / / /
LTR/Gypsy 1.0% 0.6% 0.5% 0.4% 1.0%
LTR/Gypsy-Cigr / 0.1% / / /
LTR/Ngaro 0.8% 1.1% 1.4% 1.4% 0.4%
LTR/Pao 0.1% 0.5% 0.3% 0.0% /
LTR/Unclassified 0.4% 0.3% 0.5% 0.3% 0.3%
RC/Helitron 1.2% 1.2% 0.9% 1.4% 1.2%
Retroposon 0.3% 0.2% 0.4% 0.2% 0.1%
Satellite / 0.0% 0.0% 0.0% 0.1%
Microsatellites 6.5% 6.7% 7.4% 6.1% 5.1%
SINE/MIR 0.2% 0.2% 0.4% 0.3% 0.4%
SINE/tRNA 0.5% 0.3% 0.5% 0.4% 0.5%
SINE/tRNA-Core-L.2 0.2% 0.2% 0.0% 0.2% 0.1%
SINE/tRNA-L2 0.0% / 0.0% 0.0% 0.0%
SINE/tRNA-V 0.4% 0.2% / 1.0% 1.1%
SINE? 0.3% 0.3% 0.1% 0.0% 0.0%
SINE/Unclassified 0.0% 0.1% / 0.5% 0.0%
Unknown 28.8% 29.3% 30.3% 26.3% 30.6%
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Table S-6 The content of repetitive elements in the order Cyprinodontiformes including:
Xiphophorus hellerii; Xiphophorus maculatus; Fundulus heteroclitus; Cyprinodon variegatus;

Cyprinodon nevadensis.

Xiphophor  Xiphophorus  Fundulus  Cyprinodon Cyprinodon

Types us hellerii maculatus heteroclitus  variegatus  nevadensis
DNA/Academ 0.0% / / 0.4% 0.1%
DNA/CMC-Chapaev-3 0.1% 0.1% / / /
DNA/CMC-EnSpm 0.7% 0.4% 0.6% 0.5% 0.3%
DNA/CMC-Transib / 0.0% / / /
DNA/Crypton / / 0.1% 0.0% 0.1%
DNA/Crypton-H 0.0% / / / /
DNA/Crypton-V 0.3% / / / 0.0%
DNA/Dada / / 0.0% / /
DNA/Ginger / / 0.1% / /
DNA/hAT 1.7% 1.6% 0.8% 1.5% 1.0%
DNA/hAT-Ac 7.8% 8.1% 4.0% 5.3% 5.0%
DNA/hAT-Blackjack / 0.1% 0.1% 0.9% 0.1%
DNA/hAT-Charlie 3.5% 3.9% 2.8% 3.0% 3.1%
DNA/hAT-hATS5 0.9% 1.0% 0.3% 0.4% 0.3%
DNA/hAT-hAT6 / / / 0.1% 0.2%
DNA/hAT-hATx / / / 0.2% 0.0%
DNA/hAT-Tip100 1.2% 0.7% 0.6% 1.5% 1.6%
DNA/hAT-Tol2 1.3% 1.4% 0.5% 1.5% 1.5%
DNA/IS3EU 0.3% 0.3% 0.0% 0.7% 0.6%
DNA/Kolobok-T2 0.9% 1.0% 0.9% 0.2% 0.4%
DNA/Maverick / / 0.1% / /
DNA/MuLE-MuDR 0.1% 0.1% 0.3% 0.0% 0.0%
DNA/P / 0.2% 0.0% 0.6% 0.1%
DNA/PIF-Harbinger 2.0% 2.3% 1.4% 1.4% 1.6%
DNA/PIF-HarbS / / / / 0.0%
DNA/PIF-ISL2EU 0.3% 0.3% 0.4% 0.1% 0.0%
DNA/PiggyBac / 0.0% 0.0% 0.1% 0.2%
DNA/TcMar / / / 0.0% /
DNA/TcMar-ISRm11 / / 0.1% 0.0% 0.0%
DNA/TcMar-Mariner / / / 0.0% 0.0%
DNA/TcMar-Tel 22.7% 22.0% 22.6% 8.2% 7.6%
DNA/TcMar-Tc2 0.4% 0.3% 1.1% 0.4% 0.3%
DNA/TcMar-Tigger 0.6% 0.3% 0.0% 0.0% 0.0%
DNA/Zisupton 0.0% / / / /
DNA/Unclassified 4.0% 6.9% 2.0% 4.6% 5.1%
LINE/Dong-R4 0.0% 0.0% 0.2% 0.4% 0.4%
LINE/DRE / / 0.0% / /
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LINE/I
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/LOA
LINE/Penelope
LINE/Proto2
LINE/R1
LINE/R2
LINE/R2-Hero
LINE/Rex
LINE/Rex3
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/Tad1
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/Gypsy
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
Satellite
Microsatellites
SINE/Alu
SINE/ID
SINE/MIR
SINE/Ronl
SINE/tRNA
SINE/tRNA-Core-L2
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

0.1%
0.2%
0.1%
0.2%
0.1%
4.4%

0.1%
0.0%
/

/

/
0.1%
/
2.5%
/
1.5%
/
0.1%
0.9%
/
0.1%
/
0.4%
1.4%
0.1%
0.3%
1.4%
0.1%
/
5.1%
/

/
0.3%
/
0.7%
0.3%
0.0%
0.1%
/
0.0%
30.7%

0.1%
0.0%
0.2%
0.3%
0.0%
4.0%

/
0.1%
0.0%

/
0.2%

/
0.1%
0.0%
2.9%

/
1.2%

/

/
0.9%
0.1%
0.0%
0.0%
0.4%
0.4%
0.0%
0.3%
0.8%
0.1%

/
6.2%

/
0.0%
0.4%

/
0.8%
0.1%
0.0%
0.2%
0.0%

/

28.7%

0.1%
0.1%
0.2%
1.8%
0.1%
8.7%

/
1.2%
0.0%

/

/
0.0%
0.0%

/
4.6%
0.5%
1.6%

/
0.2%
0.5%
0.1%
0.1%
0.4%
0.8%
1.6%
0.0%
0.1%
0.5%
0.3%
0.6%
4.6%

/

/
0.7%
/
0.2%
0.2%
/

/
0.0%
0.5%
30.3%

0.2%
0.2%
0.0%
1.1%
0.1%
8.5%

2.4%
0.0%
0.0%

0.0%

5.7%
0.2%
1.6%

0.1%
0.6%
0.1%
0.1%
0.1%
1.8%
1.5%
0.0%
0.7%
0.1%
0.1%
0.1%
3.4%

1.6%
0.0%
0.2%

/

/

/
0.0%
0.5%

37.0%

0.6%
0.2%
/
0.9%
0.2%
8.1%
0.0%
2.1%
0.0%
0.0%
/

/
0.0%
0.0%
4.7%
0.2%
0.6%
0.1%
0.1%
0.5%
/
0.0%
0.1%
1.1%
1.4%
0.1%
0.0%
0.2%
0.2%
0.3%
2.5%
0.0%
/
1.3%
/
0.0%
0.1%
/
0.1%
0.0%
0.5%
43.8%

152



Table S-7 The content of repetitive elements in the order Cypriniformes including:

Pimephales promelas; Sinocyclocheilus rhinocerous; Sinocyclocheilus grahami.

T Pimephales Sinocyclocheilus Sinocyclocheilus
ypes promelas rhinocerous grahami
DNA/Academ 0.4% 0.0% /
DNA/CMC-Chapaev-3 / 0.0% 0.1%
DNA/CMC-EnSpm 7.1% 7.0% 7.0%
DNA/Crypton 0.3% 0.2% 0.1%
DNA/Crypton-V 0.1% 0.2% 0.2%
DNA/Dada 0.0% 0.0% /
DNA/hAT 1.7% 1.9% 1.8%
DNA/hAT-Ac 6.2% 7.9% 9.3%
DNA/hAT-Blackjack 0.1% / 0.2%
DNA/hAT-Charlie 0.8% 2.3% 1.4%
DNA/hAT-hATS5 0.7% 0.3% 1.0%
DNA/hAT-hAT6 0.4% 0.1% /
DNA/hAT-hobo 0.1% 0.0% 0.1%
DNA/hAT-Tagl / / 0.0%
DNA/hAT-Tip100 0.6% 0.4% 0.7%
DNA/hAT-Tol2 0.5% 0.4% 0.7%
DNA/IS3EU 1.5% 1.7% 1.0%
DNA/Kolobok 5.2% 4.4% 3.5%
DNA/Kolobok-T2 3.9% 4.7% 6.4%
DNA/Maverick 0.1% 0.2% 0.1%
DNA/Merlin 0.4% 0.2% 0.4%
DNA/MuLE-MuDR 0.1% 0.0% 0.0%
DNA/Novosib / / 0.1%
DNA/P 0.2% 0.1% 0.1%
DNA/PIF-Harbinger 3.7% 2.3% 1.8%
DNA/PIF-ISL2EU 0.3% 0.2% 0.2%
DNA/PiggyBac 0.9% 0.8% 0.7%
DNA/Sola 0.0% 0.0% 0.1%
DNA/TcMar 0.4% 0.2% 0.2%
DNA/TcMar-Fotl 0.5% 0.0% 0.0%
DNA/TcMar-ISRm11 0.2% 0.3% 0.2%
DNA/TcMar-Stowaway 0.1% 0.0% 0.0%
DNA/TcMar-Tel 3.1% 3.4% 4.7%
DNA/TcMar-Tc2 0.2% 0.2% 0.1%
DNA/TcMar-Tigger / 0.0% /
DNA/Zator 0.0% / /
DNA/Zisupton 0.3% 0.3% 0.0%
DNA/Unclassified 10.5% 15.6% 12.4%
LINE/CR1 0.0% / /

LINE/CRE 0.0% / /
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LINE/
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R1
LINE/R2-Hero
LINE/R2-NeSL
LINE/Rex-Babar
LINE/RTE-BovB
LINE/RTE-RTEX
LINE/RTE-X
LINE/Tadl
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/ID
SINE/L2
SINE/MIR
SINE/tRNA
SINE/tRNA-L2
SINE/tRNA-RTE
SINE?
SINE/Unclassified
Unknown

0.1%
0.1%
0.0%
0.1%
0.2%
2.4%
0.0%
0.0%

0.3%
0.0%
0.2%
0.2%
0.0%
0.0%

0.0%
0.7%

3.1%
0.1%
0.2%

1.3%
0.2%
0.1%
0.5%
1.5%
0.0%
52%
6.7%

0.2%

0.4%
0.0%
0.1%
0.0%

0.1%
25.1%

0.2%
0.2%

0.0%
0.2%
3.1%
0.0%

0.0%
0.0%

0.7%

0.0%
0.0%
0.0%
0.8%
0.0%
3.3%
0.1%
0.1%

2.2%
0.2%
0.2%
0.7%
1.4%
0.0%
1.4%
6.0%
0.0%
0.1%
0.0%

0.0%
0.1%
0.2%

0.0%
0.4%
22.6%
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Table S-8 The content of repetitive elements in the order Cypriniformes including:

Sinocyclocheilus anshuiensis; Cyprinus carpio; Danio rerio.

Sinocyclocheil  Cyprinus Danio

Types .o . .
us anshuiensis __ carpio rerio
DNA/Academ 0.1% / 0.1%
DNA/CMC-Chapaev-3 0.0% 0.0% /
DNA/CMC-EnSpm 8.8% 5.9% 11.1%
DNA/CMC-Transib 0.0% / /
DNA/Crypton 0.2% 0.3% 0.2%
DNA/Crypton-H / / 0.0%
DNA/Crypton-V 0.3% 0.1% 0.1%
DNA/Dada 0.0% 0.3% 0.0%
DNA/Ginger / 0.0% /
DNA/hAT 1.9% 1.0% 4.0%
DNA/hAT-Ac 8.3% 6.1% 7.3%
DNA/hAT-Blackjack 0.3% / /
DNA/hAT-Charlie 1.5% 1.6% 3.0%
DNA/hAT-hATS5 0.7% 0.5% 0.9%
DNA/hAT-hAT6 0.1% 0.3% 0.2%
DNA/hAT-hobo 0.1% 0.0% 0.0%
DNA/hAT-Tip100 0.5% 0.7% 0.7%
DNA/hAT-Tol2 0.6% 0.5% 0.2%
DNA/IS3EU 1.5% 1.3% 0.6%
DNA/Kolobok 2.5% 3.3% 0.4%
DNA/Kolobok-T2 5.3% 2.8% 5.0%
DNA/Maverick 0.1% 0.0% 0.1%
DNA/Merlin 0.2% 0.1% 0.8%
DNA/MuLE-MuDR 0.0% 0.0% 0.3%
DNA/MuLE-NOF / / 0.0%
DNA/Novosib / / 0.2%
DNA/P 0.1% 0.0% 0.3%
DNA/PIF-Harbinger 2.0% 2.1% 5.2%
DNA/PIF-ISL2EU 0.2% 0.1% /
DNA/PiggyBac 0.8% 1.5% 0.7%
DNA/Sola 0.1% 0.1% 0.2%
DNA/TcMar 0.3% 0.8% 0.6%
DNA/TcMar-Fotl 0.0% 0.2% 0.1%
DNA/TcMar-ISRm11 0.3% 0.2% 0.2%
DNA/TcMar-Mariner 0.1% / /
DNA/TcMar-Stowaway 0.0% 0.0% 0.1%
DNA/TcMar-Tcl 3.2% 6.4% 6.1%
DNA/TcMar-Tc2 0.1% / /
DNA/TcMar-Tigger / / 0.1%

DNA/Zator / 0.1% /
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DNA/Zisupton
DNA/Unclassified
LINE/I
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/R1
LINE/R2
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-X
LINE?/Penelope
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S-Deu-1L2
SINE/Alu
SINE/ID
SINE/L2
SINE/MIR
SINE/tRNA
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

0.1%
14.6%
0.0%
0.2%

/
0.3%
0.2%
6.6%
0.0%

/

/
0.0%
2.2%
0.0%

/
0.1%

/
0.0%
1.0%
0.0%
3.3%
0.2%
0.1%
0.0%
4.0%

/
0.3%
0.2%
0.7%
2.3%
0.1%
0.0%
2.9%
7.1%
0.1%
0.0%
0.2%

/
0.0%
0.1%
0.1%

/
0.0%
0.9%
15.2%

0.1%
20.2%
0.1%
/
0.1%
0.4%
0.4%
3.2%
0.1%
/
0.2%
/
0.6%
0.0%
0.4%
0.0%
0.0%
/
0.5%
/
1.9%
0.3%
0.5%
/
2.3%
/
2.4%
0.1%
0.8%
3.5%
0.1%
/
2.5%
5.9%
0.8%
0.1%
/
0.0%
/
0.2%
/
0.1%
0.1%
0.0%
3.1%
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Table S-9 The content of repetitive elements in the order Scorpaeniformes including: Cottus

rhenanus; Sebastes nigrocinctus; Sebastes rubrivinctus.

T Cottus Sebastes Sebastes
ypes rhenanus nigrocinctus rubrivinctus
DNA/Academ / 0.1% 0.4%
DNA/CMC-Chapaev / 0.0% /
DNA/CMC-EnSpm 1.0% 1.1% 1.4%
DNA/Crypton 0.0% 0.8% 0.7%
DNA/Crypton-V 0.0% 0.0% 0.0%
DNA/Dada / / 0.0%
DNA/hAT 0.8% 3.7% 2.0%
DNA/hAT-Ac 3.0% 15.5% 15.6%
DNA/hAT-Blackjack / 0.3% 0.0%
DNA/hAT-Charlie 2.4% 2.4% 2.3%
DNA/hAT-hAT5 0.4% 0.1% 0.0%
DNA/hAT-hobo 0.3% 0.1% 0.1%
DNA/hAT-Tip100 0.6% 0.2% 0.7%
DNA/hAT-Tol2 1.6% 1.6% 1.9%
DNA/IS3EU 0.1% / 0.0%
DNA/Kolobok / / 0.1%
DNA/Kolobok-T2 / 0.4% /
DNA/Kolobok-Hydra / / 0.0%
DNA/Kolobok-T2 / / 0.1%
DNA/Maverick / / 0.3%
DNA/MuLE-MuDR 0.0% 0.3% 0.3%
DNA/Novosib 0.3% / /
DNA/P 0.0% 0.7% 0.7%
DNA/PIF-Harbinger 1.0% 2.2% 2.0%
DNA/PIF-ISL2EU / 0.3% 0.1%
DNA/PiggyBac 0.2% 0.2% 0.1%
DNA/Sola 0.0% / /
DNA/TcMar / / 0.0%
DNA/TcMar-Fotl / 0.0% 0.0%
DNA/TcMar-ISRm11 0.0% 0.1% 0.0%
DNA/TcMar-Tel 0.9% 1.1% 1.0%
DNA/TcMar-Tc2 0.0% 0.0% 0.0%
DNA/Zisupton / 0.0% 0.0%
DNA/Unclassified 5.3% 7.4% 8.1%
LINE/Dong-R4 / / 0.0%
LINE/I 0.0% 0.1% 0.1%
LINE/I-Nimb / 0.0% 0.0%
LINE/Jockey / 0.0% /
LINE/L1 0.5% 0.2% 0.5%

LINE/L1-Tx1 / 0.5% 0.2%
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LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R2-Hero
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-RTEX
LINE/RTE-X
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
rRNA

Satellite
Microsatellites
SINE/5S-Deu-L2
SINE/7SL
SINE/Alu
SINE/ID
SINE/MIR
SINE/tRNA
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

3.9%
0.1%
0.0%
/
2.7%
1.1%
1.2%
0.0%
0.0%
2.2%
0.4%
/
0.1%
/
1.7%
0.5%
0.2%
0.1%
1.0%
0.1%
0.0%
17.8%
/

/
0.1%
/
2.5%
0.1%
0.3%
0.1%
0.0%
0.7%
44.5%

1.9%
0.1%
0.0%
0.0%
1.3%
/
0.6%
/
0.1%
0.8%
/
0.0%
/

/
0.6%
/
0.0%
0.0%
1.0%
0.4%
0.9%
8.9%
0.0%
0.0%
/
0.0%
0.4%
0.2%
0.0%
0.0%
0.0%
0.2%
42.6%

1.8%
0.1%
0.0%
0.0%
1.4%

0.5%
0.0%
0.1%
0.9%
0.2%
0.1%

0.0%
0.6%
0.4%
0.1%

0.9%
0.5%
0.7%
9.1%

0.0%
0.4%
0.2%

0.0%

0.0%

0.1%
42.7%
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Table S-10 The content of repetitive elements in the order Tetraodontiformes, contains

Tetraodon nigroviridis; Takifugu rubripes; Takifugu flavidus.

T Tetraodon Takifugu Takifugu
ypes nigroviridis rubripes flavidus
DNA/CMC-Chapaev-3 / 0.3% 0.4%
DNA/CMC-EnSpm 0.4% 0.6% 0.4%
DNA/Crypton / 0.0% /
DNA/Dada 0.5% 0.2% 0.2%
DNA/Ginger / 0.2% 0.2%
DNA/hAT 0.1% 0.3% 0.1%
DNA/hAT-Ac 1.5% 0.6% 0.7%
DNA/hAT-Blackjack 0.1% 0.1% /
DNA/hAT-Charlie 5.1% 3.4% 3.3%
DNA/hAT-Tagl 0.1% / /
DNA/hAT-Tip100 1.0% 0.3% 0.4%
DNA/Kolobok-T2 0.4% / /
DNA/Maverick 0.1% / /
DNA/MuLE-MuDR 0.1% 0.2% 0.2%
DNA/MuLE-NOF 0.0% / /
DNA/Novosib 0.1% / /
DNA/P 0.1% / /
DNA/PIF-Harbinger 0.9% 2.0% 2.3%
DNA/PiggyBac 0.1% 0.2% 0.3%
DNA/TcMar-Fotl / 0.1% /
DNA/TcMar-ISRm11 0.1% / /
DNA/TcMar-Tel 1.3% 3.3% 2.4%
DNA/TcMar-Tc2 3.0% 3.8% 3.7%
DNA/TcMar-Tigger 0.2% 0.7% 0.8%
DNA/Unclassified 0.7% 0.9% 1.2%
LINE/CR1 0.3% / /
LINE/Dong-R4 0.1% 1.7% 1.7%
LINE/I 0.9% 0.1% 0.1%
LINE/Jockey 0.2% 0.5% /
LINE/L1 0.1% 0.6% /
LINE/L1-Tx1 0.8% 1.9% 2.1%
LINE/L2 1.9% 8.6% 13.8%
LINE/Penelope 2.8% 2.0% 2.2%
LINE/R1 / 0.0% /
LINE/R2-Hero 2.2% 0.3% 0.3%
LINE/Rex-Babar 7.7% 4.4% 4.8%
LINE/RTE / / 1.4%
LINE/RTE-BovB 3.7% 5.7% 4.2%
LINE/Unclassified 0.3% / 0.1%

Low_complexity 3.1% 2.1% 2.0%
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LTR/Copia
LTR/DIRS
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Viper
LTR/Unclassified
RC/Helitron
rRNA

Satellite
Microsatellites
SINE/5S
SINE/Alu
SINE/MIR
SINE/tRNA
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

6.8%
0.5%
0.9%

4.5%
0.1%
1.5%
0.0%

0.3%
0.2%

0.6%
31.1%

0.1%

0.0%

0.1%
0.1%
13.4%

0.2%
3.5%

6.7%

0.3%
0.1%
0.1%
0.5%
0.2%
0.2%
0.0%
19.9%

0.0%
0.0%
0.7%
0.1%
1.7%
21.0%

0.2%
0.2%
4.2%
0.2%
6.2%
0.1%
0.3%
0.1%
0.1%
0.3%

/
0.2%
0.3%

21.8%

/

/
0.1%
0.1%
0.2%
0.0%
1.8%

14.5%
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Table S-11 The content of repetitive elements in the order Petromyzontiforme, contains

Lethenteron camtschaticum; Petromyzon marinus.

Lethenteron Petromyzon
Types camtschaticum marinus
DNA/Academ 0.1% 0.1%
DNA/CMC-Chapaev-3 1.0% 0.8%
DNA/CMC-EnSpm 0.6% 0.2%
DNA/hAT 0.2% 0.1%
DNA/hAT-Ac 0.4% 0.1%
DNA/hAT-Blackjack 0.1% 0.0%
DNA/hAT-Charlie 1.0% 1.6%
DNA/hAT-Tagl 0.0% /
DNA/hAT-Tip100 0.8% 0.9%
DNA/Merlin 0.1% /
DNA/MuLE-MuDR 0.0% /
DNA/Novosib / 0.1%
DNA/P 0.0% 0.0%
DNA/PIF-Harbinger 0.2% 0.1%
DNA/Sola / 0.1%
DNA/TcMar-Mariner 0.0% 0.0%
DNA/TcMar-Tel 0.6% 3.6%
DNA/TcMar-Tc2 0.1% 0.2%
DNA/TcMar-Tigger 1.6% 2.2%
DNA/Zator 0.9% 1.1%
DNA/Unclassified 2.6% 0.8%
LINE/CR1 0.0% 0.0%
LINE/CR1-Zenon 0.3% 0.4%
LINE/Jockey 1.7% 1.7%
LINE/L1 0.0% 0.1%
LINE/L1-Tx1 0.4% 0.3%
LINE/L2 5.0% 5.5%
LINE/Penelope 12.7% 14.3%
LINE/R2 0.0% /
LINE/R2-Hero 0.1% /
LINE/Rex-Babar 0.1% 0.3%
LINE/RTE-BovB 6.4% 4.9%
LINE/RTE-RTE 2.1% 2.2%
LINE/RTE-X / 0.0%
LINE/Unclassified 0.7% 2.3%
Low_complexity 0.4% 0.2%
LTR/Copia / 0.0%
LTR/DIRS 0.0% /
LTR/Gypsy 5.6% 3.8%

LTR/Gypsy-Cigr 1.7% 1.5%
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LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
rRNA

Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/Alu
SINE/ID
SINE/tRNA
SINE/tRNA-Core
SINE/tRNA-Deu
SINE/tRNA-Deu-1L.2
SINE/tRNA-RTE
SINE/tRNA-Sauria-RTE
SINE/tRNA-V
SINE?
SINE/Unclassified
snRNA

Unknown

4.4%
0.2%
0.5%
2.5%
0.1%
2.0%
5.4%
0.6%
0.9%
0.0%

8.2%
2.0%
1.5%
0.0%
0.3%
4.3%
1.3%

18.0%

3.7%
0.2%
1.4%
2.2%
0.7%
7.0%
2.1%
0.2%
0.3%
0.2%
0.1%
7.7%
1.4%
1.7%
0.0%

0.4%
3.9%
0.0%
0.4%
0.0%
17.1%
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Table S-12 The content of repetitive elements in the Oryzias latipes, order Beloniformes;

Astyanax mexicanus, order Characiformes and Esox Lucius, order Esociformes.

T Oryzias Astyanax Esox
ypes latipes mexicanus lucius
DNA/Academ 0.1% / 0.1%
DNA/CMC-Chapaev-3 / / 0.0%
DNA/CMC-EnSpm 0.8% 1.3% 0.3%
DNA/Crypton 0.7% 0.1% /
DNA/Dada 0.1% 0.1% /
DNA/Ginger 0.6% 0.2% 0.0%
DNA/hAT 1.0% 1.2% 0.7%
DNA/hAT-Ac 2.7% 6.7% 1.8%
DNA/hAT-Blackjack / 0.2% 0.1%
DNA/hAT-Charlie 7.0% 1.4% 1.2%
DNA/hAT-hATS 0.1% 0.5% 0.1%
DNA/hAT-hAT6 / 0.0% /
DNA/hAT-hATw 0.0% / /
DNA/hAT-Tip100 1.1% 0.4% 0.9%
DNA/hAT-Tol2 0.1% 0.9% 0.0%
DNA/IS3EU 0.3% 0.0% /
DNA/Kolobok / / 0.2%
DNA/Kolobok-T2 / 0.4% 0.0%
DNA/Kolobok-T2 0.1% / /
DNA/Maverick / 0.1% 1.5%
DNA/Merlin / / 0.3%
DNA/MuLE-MuDR / 0.0% 0.0%
DNA/MuLE-NOF / / 0.1%
DNA/Novosib / / 0.2%
DNA/P 0.0% 0.0% 0.3%
DNA/PIF-Harbinger 4.3% 4.1% 1.2%
DNA/PIF-ISL2EU 0.1% 0.1% 0.3%
DNA/PiggyBac 7.0% 0.3% 0.1%
DNA/Sola 0.0% 0.0% 0.1%
DNA/TcMar 0.0% 0.2% 0.0%
DNA/TcMar-ISRm11 0.3% 0.1% 0.7%
DNA/TcMar-Mariner / 0.7% 0.1%
DNA/TcMar-Stowaway / / 0.0%
DNA/TcMar-Tel 5.0% 21.8% 35.9%
DNA/TcMar-Tc2 3.1% 3.4% 0.0%
DNA/TcMar-Tigger 1.0% 0.1% /
DNA/Zisupton / 0.0% 0.1%
DNA/Unclassified 3.8% 6.4% 2.3%
LINE/CR1-Zenon 0.5% / /

LINE/Dong-R4 0.7% / /
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LINE/
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R2
LINE/R2-Hero
LINE/R2-NeSL
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-RTEX
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S
SINE/5S-Deu-L2
SINE/MIR
SINE/tRNA
SINE/tRNA-Core
SINE/tRNA-Core-L2
SINE/tRNA-L2
SINE/tRNA-V
SINE?
SINE/Unclassified
Unknown

0.1%

/

/
1.4%
0.5%
5.9%
0.3%
0.1%
0.2%
0.0%

/
1.7%
0.3%
2.4%

/
0.0%
0.0%
0.4%
0.1%

/

/
0.6%
0.1%
2.4%
0.0%
2.4%
0.0%
0.0%
0.6%
0.1%
0.1%
0.0%
2.6%
0.0%

/
1.1%
0.3%
0.1%
0.2%

/
0.2%
0.0%
0.2%
34.7%

0.0%

0.0%
0.0%
1.6%

0.1%
0.0%
0.9%

/
0.0%

/

/

/
1.1%
0.1%
0.0%
0.0%

/
0.0%
1.2%

/
0.4%

/
0.2%
1.2%

/

/
0.4%
8.0%

/

/
0.1%
2.5%

/

/
0.2%
0.0%
0.0%
0.1%

30.6%

0.0%
0.1%
0.0%
0.7%
0.1%
6.9%
0.2%

/

/

/
0.1%
2.6%

/
4.8%
0.0%
0.4%
0.5%
0.9%
0.3%
0.4%
0.1%
0.5%
0.0%
2.0%

/

/
0.1%
0.0%
0.5%

/

/
1.0%
4.8%

/
0.2%

/
0.3%

/

/
0.5%
/
0.1%
0.0%
23.0%
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Table S-13 The content of repetitive elements in the Salmo salar, order Salmoniformes;
Ictalurus punctatus, order Siluriformes; Gadus morhua, order Gadiformes; Lepisosteus

oculatus order Lepisosteiformes.

Salmo Ictalurus Gadus Lepisosteus

Types salar punctatus morhua oculatus
DNA/Academ / / 0.0% /
DNA/CMC-Chapaev / / 0.0% /
DNA/CMC-EnSpm 0.2% 2.1% 1.2% /
DNA/Crypton / 0.1% 0.8% /
DNA/Crypton-V / 0.0% 0.8% 0.0%
DNA/Dada / / 0.0% /
DNA/Ginger 0.0% 1.8% / /
DNA/hAT 0.6% 1.3% 0.7% 0.3%
DNA/hAT-Ac 1.2% 3.0% 2.8% 0.3%
DNA/hAT-Blackjack 0.1% 0.2% 0.2% 0.1%
DNA/hAT-Charlie 1.2% 1.1% 1.4% 1.9%
DNA/hAT-hAT1 0.0% / / /
DNA/hAT-hAT5 0.0% 0.1% 0.1% /
DNA/hAT-hAT6 / / 0.2% /
DNA/hAT-hATw / / 0.1% /
DNA/hAT-hobo 0.1% 0.0% 0.0% /
DNA/hAT-Tip100 0.1% 0.2% 1.0% 0.3%
DNA/hAT-Tol2 0.5% 0.3% 0.1% /
DNA/IS3EU 0.0% 0.2% 0.2% 0.1%
DNA/Kolobok / 0.1% / /
DNA/Kolobok-T2 0.0% / / /
DNA/Kolobok-Hydra / / 0.1% /
DNA/Kolobok-T2 / 0.2% 0.5% /
DNA/Maverick 0.0% 0.7% 0.0% 0.4%
DNA/Merlin / / 0.1% /
DNA/MuLE-MuDR 0.1% 0.1% 0.3% /
DNA/MuLE-NOF / 0.0% / 0.0%
DNA/Novosib 0.2% 0.0% 0.4% 0.0%
DNA/P / 0.1% 0.2% /
DNA/PIF-Harbinger 0.2% 0.9% 2.8% 0.1%
DNA/PIF-ISL2EU 0.0% 0.1% 0.1% /
DNA/PiggyBac 0.6% 0.2% 0.0% 0.1%
DNA/Sola 0.1% 0.0% 1.1% /
DNA/TcMar 0.0% 0.1% / /
DNA/TcMar-Fotl 0.1% / / /
DNA/TcMar-ISRm11 0.2% 0.0% 0.2% /
DNA/TcMar-Mariner / 0.0% / /
DNA/TcMar-Stowaway 0.0% / / /
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DNA/TcMar-Tcl
DNA/TcMar-Tc2
DNA/TcMar-Tigger
DNA/Zisupton
DNA/Unclassified
LINE/CR1
LINE/T
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R1
LINE/R2-Hero
LINE/R2-NeSL
LINE/Rex-Babar
LINE/RTE-BovB
LINE/RTE-RTEX
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/ERVL
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Viper
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/SS
SINE/5S-Deu-L2
SINE/Alu
SINE/ID
SINE/MIR
SINE/tRNA

23.6%
0.2%

0.1%
2.9%
0.1%
0.1%
0.2%
0.2%
0.5%
0.7%
8.2%
0.2%

0.1%

0.0%
8.0%

1.3%
0.1%
0.8%
0.0%
0.1%

0.1%

0.0%
2.6%

0.0%
0.3%
0.1%

0.8%
1.8%
7.5%

0.3%
0.0%
0.1%
0.1%
0.1%

19.9%
0.0%
0.2%
0.1%
2.9%
/
0.1%
0.1%
/
0.5%
0.6%
4.3%
0.1%
/
0.3%
0.0%
/
1.0%
0.2%
/
0.0%
0.0%
1.1%
0.3%
2.2%
0.1%
0.7%
0.0%
/
2.3%
/
3.1%
0.0%
0.0%
0.1%
1.1%
0.1%
0.3%
1.7%
14.1%
0.3%
0.2%
0.1%
/
1.3%
0.0%

0.4%
0.2%

0.0%
7.0%

0.0%

0.1%
0.1%
0.1%
3.7%
0.1%
0.1%

0.0%
0.1%
0.9%
0.8%
0.0%
0.1%
0.0%
3.0%
0.2%
0.9%

0.2%
0.0%

1.5%
0.3%
0.1%
0.2%

0.0%
0.7%

0.0%
0.9%
31.4%

0.3%
0.0%

1.1%
0.1%
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SINE/tRNA-L2
SINE/tRNA-RTE
SINE/tRNA-V
SINE/tRNA-V-CR1
SINE/U

SINE?
SINE/Unclassified
snRNA

Xbal

Unknown

1.0%
0.0%
0.0%
/
30.3%

0.0%
/
0.5%
0.1%
0.0%
0.3%
/
0.0%
3.2%
23.2%

0.3%
0.0%
0.6%

0.2%
0.5%

32.9%
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Table S-14 The content of repetitive elements in the Clupea harengus, order Clupeiformes;
Latimeria chalumnae, order Coelacanthiformes; Cynoglossus semilaevis, order

Pleuronectiformes; Gasterosteus aculeatus order Gasterosteiformes.

T Clupea Latimeria Cynoglossus Gasterosteus
ypes harengus chalumnae semilaevis aculeatus

DNA/Academ 0.6% / 0.3% /
DNA/CMC-EnSpm 2.3% 0.0% 3.4% 3.1%
DNA/Crypton 0.5% 0.0% / /
DNA/Crypton-V / / / 0.6%
DNA/Dada 0.1% / / /
DNA/Ginger 0.5% 0.0% / 0.1%
DNA/hAT 0.9% 0.0% 1.3% 1.1%
DNA/hAT-Ac 3.5% 0.5% 6.7% 4.8%
DNA/hAT-Blackjack 0.4% 0.2% 0.1% /
DNA/hAT-Charlie 1.3% 0.3% 15.1% 4.2%
DNA/hAT-hATS5 0.1% 0.1% 0.0% 0.3%
DNA/hAT-hAT6 0.0% 0.0% / 0.2%
DNA/hAT-hobo 0.1% / / /
DNA/hAT-Tagl / 0.0% / /
DNA/hAT-Tip100 1.8% 0.5% 0.6% 1.2%
DNA/hAT-Tol2 0.5% / 0.3% 0.6%
DNA/IS3EU 0.0% / 0.0% 0.3%
DNA/Kolobok-T2 0.4% / / 0.1%
DNA/Maverick 0.1% / / 0.4%
DNA/Merlin / / / 0.3%
DNA/MuLE-MuDR / 0.0% / /
DNA/Novosib 1.3% / / /
DNA/PIF-Harbinger 1.2% 0.6% 0.3% 2.8%
DNA/PIF-ISL2EU 0.1% / / 0.1%
DNA/PiggyBac 0.1% / 0.4% 0.1%
DNA/Sola 2.6% 0.0% 0.1% /
DNA/TcMar 0.0% 0.0% / /
DNA/TcMar-1S885 / / / 0.1%
DNA/TcMar-ISRm11 0.5% / / 0.3%
DNA/TcMar-Mariner 0.0% / 0.5% /
DNA/TcMar-Pogo / 0.0% / /
DNA/TcMar-Tel 3.0% 0.0% 2.7% 4.1%
DNA/TcMar-Tc2 0.4% / 2.5% 0.9%
DNA/TcMar-Tigger 0.0% 0.0% 3.9% 0.0%
DNA/Zator 0.0% 0.0% / /
DNA/Unclassified 8.5% 40.8% 1.0% 5.7%
LINE/CR1 / 5.9% / /
LINE/CR1-Zenon / 0.2% / /
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LINE/CRE
LINE/DRE
LINE/
LINE/I-Nimb
LINE/Jockey
LINE/L1
LINE/L1-Tx1
LINE/L2
LINE/Penelope
LINE/Proto2
LINE/R1
LINE/R2
LINE/R2-Hero
LINE/R2-NeSL
LINE/Rex3
LINE/Rex-Babar
LINE/RTE
LINE/RTE-BovB
LINE/RTE-RTE
LINE/RTE-RTEX
LINE/RTE-X
LINE/Unclassified
Low_complexity
LTR/Copia
LTR/DIRS
LTR/ERV
LTR/ERV1
LTR/ERVK
LTR/ERVL
LTR/Gypsy
LTR/Gypsy-Cigr
LTR/Ngaro
LTR/Pao
LTR/Unclassified
RC/Helitron
Retroposon
rRNA

Satellite
Microsatellites
SINE/5S-Deu-L2
SINE/Alu
SINE/ID
SINE/L2
SINE/MIR
SINE/tRNA
SINE/tRNA-Core

0.3%
0.0%

0.1%
0.2%
5.0%

0.1%

0.7%
0.1%

2.0%

0.1%

0.0%
0.4%

3.8%
0.1%
0.7%
0.2%
0.1%

0.7%
0.1%
0.3%
0.2%
0.1%
1.0%
0.0%

0.5%
29.8%

0.0%
0.4%
0.0%
0.2%

0.2%

0.1%
0.6%
8.4%
0.4%
0.1%

0.0%

0.0%
5.8%

1.8%

0.1%
1.5%
0.1%
0.2%

3.3%
0.0%

6.1%
0.1%
0.5%
1.4%
0.2%
0.5%

0.4%
0.3%
12.8%

0.0%
0.0%

0.8%
0.0%
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SINE/tRNA-Core-L.2
SINE/tRNA-Deu-L2
SINE/tRNA-L2
SINE/tRNA-V
SINE/U

SINE?
SINE/Unclassified
snRNA

Unknown

0.1%

0.4%

0.1%

0.0%

21.5%

0.2%
0.5%
0.0%
0.8%
2.4%

16.7%

/
/

/
0.7%
/
0.6%
0.0%
0.2%
21.5%
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Table S-15 The content of repetitive elements in the Rhincodon typus, order Orectolobiformes;

Callorhinchus milii, order Chimaeriformes; Leucoraja erinacea, order Rajiformes.

Rhincodon Callorhinc Leucoraja
Types typus hus milii erinacea
DNA/Academ 0.0% / 0.0%
DNA/CMC-EnSpm 0.6% 0.2% 0.5%
DNA/Crypton-V / / 0.0%
DNA/Dada / / 0.0%
DNA/Ginger 0.8% 0.3% /
DNA/hAT / 0.0% 0.1%
DNA/hAT-Blackjack 0.0% 0.0% 0.1%
DNA/hAT-Charlie 0.1% 0.1% 0.3%
DNA/hAT-hAT6 / / 0.1%
DNA/hAT-hATw / / 0.0%
DNA/hAT-hATx / 0.0% /
DNA/hAT-Pegasus / / 0.0%
DNA/hAT-Tip100 / 0.0% 0.2%
DNA/Kolobok-Hydra 0.5% / /
DNA/MuLE-MuDR 0.2% / 0.0%
DNA/Novosib / 0.0% 0.0%
DNA/P / / 0.0%
DNA/PIF-Harbinger 0.5% 0.0% 0.1%
DNA/Sola 0.5% 0.2% /
DNA/TcMar / 0.0% /
DNA/TcMar-Pogo 0.0% 0.0% /
DNA/TcMar-Tcl / / 0.7%
DNA/TcMar-Tc2 0.1% 0.0% 0.0%
DNA/TcMar-Tigger 0.3% 0.0% 0.4%
DNA/Unclassified 0.9% 1.0% 0.4%
LINE/CRI1 39.4% 23.0% 28.4%
LINE/CR1-Zenon 9.2% 0.1% 0.3%
LINE/Dong-R4 / 0.1% /
LINE/DRE 0.0% / /
LINE/I 0.0% / 0.0%
LINE/Jockey 0.1% / 0.4%
LINE/L1 / / 0.9%
LINE/L1-Tx1 0.6% 0.1% 0.5%
LINE/L2 1.5% 32.2% 0.5%
LINE/Penelope 8.1% 0.1% 4.3%
LINE/Proto2 / / 0.1%
LINE/R2 0.0% / /
LINE/R2-Hero / / 0.2%
LINE/Rex-Babar 1.7% / 7.1%
LINE/RTE-BovB 0.7% / 1.0%
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LINE/RTE-X / 0.0% 0.0%

LINE/Unclassified 0.2% 0.6% 0.2%
Low_complexity 0.3% 0.4% 0.4%
LTR/Copia 0.4% / 0.0%
LTR/DIRS / / 1.7%
LTR/ERV1 0.6% 0.1% 0.2%
LTR/ERVL 0.4% / /
LTR/Gypsy 3.6% 0.1% 1.9%
LTR/Gypsy-Cigr 0.0% / /
LTR/Ngaro 4.0% / 10.0%
LTR/Pao 1.1% / 0.3%
LTR/Unclassified 0.0% / 0.0%
RC/Helitron / 0.0% 0.3%
rRNA 0.0% 0.0% /
Satellite 0.1% 0.2% 0.1%
Microsatellites 1.4% 3.5% 1.4%
SINE/5S-Deu-L2 / / 0.0%
SINE/Alu 0.0% / /
SINE/MIR 0.0% 0.1% /
SINE/tRNA 0.0% 0.3% 0.0%
SINE/tRNA-Core / 0.0% /
SINE/tRNA-Core-L2 / / 0.0%
SINE/tRNA-Deu / 0.0% /
SINE/tRNA-Deu-L2 2.0% 18.7% 0.2%
SINE/tRNA-RTE / / 0.0%
SINE/tRNA-V-CR1 0.1% / 2.7%
SINE? 0.2% 0.2% 0.0%
SINE/Unclassified 0.5% 0.9% 0.0%
snRNA / / 0.0%
Unknown 18.9% 17.2% 33.7%
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