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Summary 
 

Transposable elements (TEs) comprise a major proportion of most large eukaryotic genomes. 

Through different mechanisms of transposition, TEs can move within genomes and cause 

genomic rearrangements. Large-scale studies of TEs have recently become possible through 

the advent of high-throughput sequencing. Thus, unprecedented opportunities for uncovering 

the TE compositions in genomes from a vast range of species have presented itself. Teleost 

fish are an infraclass within ray-finned fishes, with a long evolutionary history, that display 

vast diversity in morphology and a variety of life history strategies. Compared with other 

vertebrates, the genomes of teleost fish have been shown to inhabit a highly diverse 

composition of TEs, many of which show signs of recent activity. In addition, the link 

between genome size and TE abundances has been indicated to be particularly strong. 

However, less than 20 different teleost fish have so far been analyzed with regard to TE 

content. Using nine available and 65 newly sequenced teleost genome assemblies, this project 

aimed to explore TE diversity, abundance and activities within teleost fish genomes. A 

custom computational pipeline was devised to annotate the genomes of 74 different teleostean 

species, including a more extensive investigation of a recently improved version of the 

Atlantic cod genome. Results were coupled to a time-calibrated phylogenetic tree for an 

investigation of the TE data in a proper evolutionary context. The study revealed a substantial 

variation in TE content and that the variation mostly follows phylogenetic patterns. Unique in 

scale, this study uncovers that i) DNA transposons are predominant TEs, ii) the diversity of 

TE superfamilies/families is high and iii) that recent TE activity is common in teleost fish. In 

addition, an investigation of TE activity over time revealed the presence of a strong 

phylogenetic signal present in the repeat landscapes of genomes that diverged less than 20 

million years ago. Last, a strong correlation between genome size and TE abundance are 

indicated. 
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Abbreviations 
TE   Transposable element 

TR   Tandem repeat 

LTR   Long terminal repeat 

LTR-RT  LTR retrotransposon 

TRIM    Terminal repeat-retrotransposons in miniature 

TIR   Terminal inverted repeat 

TSD   Target site duplication 
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SINE   Short interspersed nuclear element 

CDA   Copy divergence analysis 
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LCA   Last common ancestor 

Mya   Million years ago 

nt    Nucleotides 

bp   Base pairs 

cDNA   Complementary DNA 

tRNA   Transfer RNA 
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Introduction 
 

Transposable elements (TEs) are a diverse group of genetic elements that share the capability 

of movement within a genome. Thus, they are often called ‘jumping genes’. Like viruses, TEs 

take advantage of the DNA replication and transcription processes of their hosts to facilitate 

self-propagation. However, unlike viruses, TEs rarely leave host cells. The unique ability of 

TEs to make copies of themselves appears to be a effective strategy for self-conservation, 

evident by their presence in genomes across the tree of life (Kazazian 2004). In fact, the 

transposase gene, encoded by a certain class of TEs, is the most abundant gene in nature (Aziz 

et al. 2010). TEs were first discovered in the 1940’s by Barbara McClintock (McClintock 

1950). Through studies of seed color variation in maize, McClintock demonstrated that 

certain genetic elements have the capability to ‘jump’ within genomes and disrupt the 

function of genes, in her case the genes deciding seed color. This Nobel prize-winning 

discovery has had a profound impact of our understanding of genome architecture and 

dynamics, as DNA was so far considered to be rather static. Studies of TEs have since 

determined the different mechanisms of movement, which is a process that usually results in 

an increase of TE copies. Such replicative movement has led TEs to be a major fraction of 

many eukaryotic genomes, such as that of maize, in which TEs cover ~85 % of the genome 

(Schnable et al. 2009). Ever since their discovery, the effects of TE activity on genome 

evolution have been subject for debate.  

Transposable element biology 
	  
TEs can be classified into classes, subclasses, superfamilies and families. Different 

classification schemes has been proposed that are based on the different mechanisms of TE 

mobility (Wicker et al. 2007; Kapitonov and Jurka 2008). The classification schemes are 

comparable, but differ for instance in the naming of some superfamilies. On the most general 

level, TEs can be divided into DNA transposons, which exist only as DNA through the entire 

replication cycle; and retrotransposons, which are TEs that replicate by converting RNA into 

DNA. 

 

DNA transposons, often termed ‘cut and paste’ TEs, encode restriction enzymes called 

transposases that are able to cleave both the source DNA - that is the TE at its initial locus in 

the genome - and target DNA - the new locus where the transposon is to be inserted (Figure 
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1a). Like this, DNA transposons move themselves to new genomic positions (Shapiro 1979). 

By 2008, 17 superfamilies of DNA transposons were identified (Kapitonov & Jurka 2008). 

Since then, at least three new superfamilies have been discovered (Böhne et al. 2012; Bao et 

al. 2009), indicating that undiscovered superfamilies might exist in genomes that have not yet 

been analyzed. The basis for the division of TEs into superfamilies is the degree of 

resemblance in enzymes and structure. Of the known 20 superfamilies, most are typical ‘cut 

and paste’ DNA transposons consisting of a transposase gene flanked by terminal inverted 

repeats (TIRs) (Wicker et al. 2007). TIRs, ranging from a couple to thousands of nucleotides 

(nt), are pairs of sequence where the first sequence is followed downstream by its reverse 

complement. Transposase proteins recognize specific TIRs and excise the transposon, and 

subsequently cut the target sequence where the DNA transposon is inserted. The cut is not 

perfect and generates target site duplications (TSDs). TSD lengths vary from two to ten 

nucleotides (Feschotte and Pritham 2007). Even though DNA transposons are often termed  

‘cut-and-paste’ transposons, the transposition usually results in the net gain of one transposon 

copy. DNA transposons are known to use certain mechanisms to increase in copy numbers, as 

described in a study of DNA transposons of the P superfamily in fruit flies (Spradling et al. 

2011). DNA transposons might be replicated twice if they are active during DNA replication. 

Most importantly, double-stranded gap repair via homologous recombination sometimes 

follows TE excision, which leads to an increase the in copy count (Shapiro 1979; reviewed in 

Feschotte and Pritham 2007). 

 

Retrotransposons include RNA in their replication cycle. Like retroviruses they encode 

reverse transcriptases that synthesize DNA from retrotransposon transcripts, enabling 'copy-

and-paste’ transposition. Retrotransposons are divided into two subclasses; those with long 

terminal repeats (LTRs) and those without. LTRs, first discovered during studies of the avian 

sarcoma virus (Shine et al. 1977), consist of hundreds or thousands of nucleotides in tandem. 

In LTR retrotransposons (LTR-RTs) the promoter lies within the 5’-LTR and recruits a RNA 

polymerase. All proteins required for transposition (the gag protein, the reverse transcriptase, 

the protease, RNase H and the integrase) are transcribed and translated, the latter four as a 

polyprotein. The gag proteins encapsulate the transcript and the other enzymes. The protease 

cleaves the polyprotein, so that the reverse transcriptase can synthesize complementary DNA 

(cDNA) from the transcript, assisted by RNase H. The cDNA synthesis is dependent on 

transfer RNA (tRNA) primers. Thus, functional LTR-RTs must contain a tRNA binding site. 
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After cDNA synthesis, the integrase inserts the cDNA at a new genomic locus, thus 

completing the process of copying the retrotransposon (Havecker et al. 2004, see Figure 1b). 

 

LINEs (long interspersed nuclear elements) are non-LTR retrotransposons that contain either 

one or two open reading frames (ORFs), one of which always codes for an endonuclease 

(Wicker et al. 2007). The endonuclease nicks the target site and facilitates transposition by 

target-site primed reverse transcription (Figure 1c). SINEs (short interspersed nuclear 

elements) are non-autonomous tRNA-derived non-LTR retrotransposons that hitchhike with 

the transposition machinery of LINEs in order to transpose (reviewed in Böhne et al. 2008). 

TRIMs (terminal repeat-retrotransposons in miniature) are similar to LTR retrotransposons, 

except that they are much shorter (< 1000 nt), do not encode any proteins and probably rely 

on functional LTR retrotransposons for transposition (Witte et al. 2001). 

 

 
Figure 1 – DNA transposons (a) contain a transposase gene and are usually flanked by terminal inverted repeats 

(TIRs, illustrated as black arrows). The purple sphere illustrates the transposase protein and the scissors 

represents the ‘cut and paste’ mechanism of transposition. The short vertical lines represents target site 
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Figure 1 | The diverse mechanisms of transposon mobilization. a | DNA transposons. Many DNA transposons are 

flanked by terminal inverted repeats (TIRs; black arrows), encode a transposase (purple circles), and mobilize by a 

‘cut and paste’ mechanism (represented by the scissors). The transposase binds at or near the TIRs, excises the 

transposon from its existing genomic location (light grey bar) and pastes it into a new genomic location (dark grey 

bar). The cleavages of the two strands at the target site are staggered, resulting in a target-site duplication (TSD) 

typically of 4–8 bp (short horizontal black lines flanking the transposable element (TE)) as specified by the 

transposase. Retrotransposons (b and c) mobilize by replicative mechanisms that require the reverse transcription 

of an RNA intermediate. b | LTR retrotransposons contain two long terminal repeats (LTRs; black arrows) and 

encode Gag, protease, reverse transcriptase and integrase activities, all of which are crucial for retrotransposition. 

The 5′ LTR contains a promoter that is recognized by the host RNA polymerase II and produces the mRNA of the  

TE (the start-site of transcription is indicated by the right-angled arrow). In the first step of the reaction,  

Gag proteins (small pink circles) assemble into virus-like particles that contain TE mRNA (light blue), reverse 

transcriptase (orange shape) and integrase. The reverse transcriptase copies the TE mRNA into a full-length dsDNA. 

In the second step, integrase (purple circles) inserts the cDNA (shown by the wide, dark blue arc) into the new 

target site. Similarly to the transposases of DNA transposons, retrotransposon integrases create staggered cuts at 

the target sites, resulting in TSDs. c | Non-LTR retrotransposons lack LTRs and encode either one or two ORFs. As for 

LTR retrotransposons, the transcription of non-LTR retrotransposons generates a full-length mRNA (wavy, light blue 

line). However, these elements mobilize by target-site-primed reverse transcription (TPRT). In this mechanism, an 

element-encoded endonuclease generates a single-stranded ‘nick’ in the genomic DNA, liberating a 3′-OH that is 

used to prime reverse transcription of the RNA. The proteins that are encoded by autonomous non-LTR 

retrotransposons can also mobilize non-autonomous retrotransposon RNAs, as well as other cellular RNAs (see the 

main text). The TPRT mechanism of a long interspersed element 1 (L1) is depicted in the figure; the new element 

(dark blue rectangle) is 5′ truncated and is retrotransposition-defective. Some non-LTR retrotransposons lack 

poly(A) tails at their 3′ ends. The integration of non-LTR retrotransposons can lead to TSDs or small deletions  

at the target site in genomic DNA. For example, L1s are generally flanked by 7–20 bp TSDs.

SINE-R–VNTR–Alu 
elements
(SVA elements). Composite, 
non-autonomous 
retrotransposons that also 
require long interspersed 
element 1 (L1)-encoded 
proteins to mediate their 
mobility. SVA elements are less 
abundant than Alu elements, 
and certain families of SVA 
elements remain active  
in the human genome.
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duplications (TSDs) occurring as a consequence of the staggered cuts made by the transposase. Retrotransposons 

(b and c) reversely transcribes mRNA (blue line) in order to propagate. LTR retrotransposons (b) contain long 

terminal repeats (black arrows) and the necessary proteins for transposition (Gag, protease, reverse transcriptase 

and integrase). Gag proteins are shown as pink spheres encapsulating the reverse transcriptase (orange shape). 

The purple circles illustrate the integrase protein. In c, the target-site primed reverse transcription of L1, which is 

a LINE superfamily, is shown, resulting in a 5’ truncated copy (dark blue rectangle). The figure originates from 

Levin and Moran (2011). 

Influences on hosts 
	  
The biological implications of TE activity in genomes have been the subject of debate since 

their discovery. In the 1970’s, the phrase ‘junk DNA’ was coined, which is often used to 

describe TEs (Ohno 1972). In the term there lies an implication that TEs are expendable, and 

this is supported by the high variation observed in TE content among different metazoans 

(Canapa et al. 2015), ranging from 0.01% genome coverage in the placozoan Trichoplax 

adhaerens (Wang et al. 2010) to ~85% in maize (Schnable et al. 2009). Doolittle and 

Sapienza claimed the following in 1980: “When a given DNA, or class of DNAs, of unproven 

phenotypic function can be shown to have evolved a strategy (such as transposition) which 

ensures its genomic survival, then no other explanation for its existence is necessary”, even 

though they did not deny potential phenotypic benefits resulting from TE activity, nor any 

roles TEs might have in evolutionary processes (Doolittle & Sapienza 1980). Since, it has 

become apparent through numerous studies that TE sequences can be co-opted for novel 

purposes, such as providing vital immunological functionalities in vertebrates (Dreyfus 1992; 

Agrawal et al. 1998) and the use of endogenous retroviral envelope proteins in placental 

morphogenesis (Mi et al. 2000). McClintock herself postulated that TEs could restructure 

genomes, causing deletions, translocations and inversions in response to stressful conditions 

(McClintock 1984), a statement that for instance has been supported by experimental 

evolution experiments in bacteria (Schneider & Lenski 2004). A role for TEs in adaptation 

have been indicated in invasive species of ants; TE-dense genomic islands were shown to 

generate variability in genes deemed important in the adaptation process (Schrader et al. 

2014). High TE activity have been shown to coincide with the estimated time of radiation of 

Salmoninae fish (de Boer et al. 2007). Similar patterns have been found in studies of the 

African cichlid fish radiation (Brawand et al. 2014). TEs have been viewed as a “dynamic 

reservoir of sequences for the evolution of gene function” (Böhne et al. 2008). However, 

Brunet and Doolittle recently pointed out that such a view of TEs is teleological (Brunet & 

Doolittle 2015), as evolution has no foresight.  
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Uncontrolled TE activity is not likely beneficial for the host, and elaborate host defense 

mechanisms have evolved in eukaryotes to counter TE activity; both by the use of RNA 

interference pathways and by the use of DNA methylation. TEs on the other hand, have 

evolved strategies to shun genes as insertion targets, avoiding the disruption of functional 

sequences and increasing the probability of their survival (Levin & Moran 2011). The 

evolution of such strategies illustrates the on-going arms race between TEs and host defenses. 

Brunet and Doolittle stressed that the ‘selfish’ nature of TEs makes TE activity either neutral 

or slightly detrimental for hosts. Thus, any general role of TEs in evolution will not be at the 

level of the genome, cell or organism, but on the species or clade level, perhaps affecting 

speciation and extinction rates, just as population size might do (Brunet & Doolittle 2015),. 

What is assured is that genomic TE abundance is positively correlated with genome size, 

which have been demonstrated across the eukaryotic kingdom, from unicellular oomycetes 

(Haas et al. 2009) to vertebrates (Canapa et al. 2015).  

 

TE sequence integrity is generally not conserved over time as copies degrade due to 

mutations. Assuming an identical neutral mutation rate for all copies, the number of mutations 

affecting each copy is expected to be similar over time. Hence, the degree of similarity among 

sequences within clades of TEs is correlated with the point in time they were last active. If a 

given TE clade is present in multiple copies with a high sequence similarity, it is a sign of 

recent activity. In contrast, if the TE clade is present in multiple copies with low sequence 

similarity, it is a sign of activity in the more distant past. Thus, the sequence divergence 

within a TE clade will indicate the activity of the clade over time (see Figure 2). Such copy 

divergence analyses (CDAs) have been used in multiple projects to make inferences about 

when TEs have been active in genomes (de Boer et al. 2007; Brawand et al. 2014). CDA 

graphs are often referred to as ‘repeat landscapes’, and the terms are used interchangeably in 

this thesis. 
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Figure 2 – A schematic copy divergence analyses (CDA) plot with two peaks, showing the copy number of a TE 

clade as fraction of the genome (y-axis) along with sequence divergence (x-axis). The left peak indicates recent 

TE activity, and the right peak indicates TE activity in the more distant past. 

 

Transposable elements in teleosts 
 

Ray-finned fishes make up 95% of all extant fish species. Within ray-finned fishes, the 

infraclass of teleosts fish are the largest group, representing 99.8% of the total number of ray-

finned fishes (Volff 2005). Teleost fish are a remarkably species rich group inhabiting a 

variety of ecological niches and display a variety of morphologies and life history strategies. 

The teleosts comprise a range of economically important fish, such as salmon, trout and cod. 

Some are used as model organisms in medicine studies or developmental biology, for instance 

zebrafish and medaka (Lieschke & Currie 2007; Shima & Mitani 2004). Others are used in 

evolutionary and ecological studies, like stickleback and African cichlids (Gibson 2005; 

Brawand et al. 2014; Jones et al. 2012). In order to understand the genetic basis for the 

enormous phenotypic variation observed in teleost fish, it is necessary to study all aspects of 

their genome biology. At the outset of this project, no comparative studies of TEs in teleost 

fish genomes were published. Since then, multiple research projects have produced data 

regarding TE diversity and activity in teleost fish, as well as other metazoans. A recent review 

collected TE data from studies of 161 different animals (Canapa et al. 2016). Apparent from 

the review is that, in contrast with most other deuterostomes, teleost fish genomes are 

inhabited mostly by DNA transposons. In addition, the activity and diversity of TEs in teleost 

genomes have recently been shown to be high compared to the activity and diversity of TEs in 

mammals and birds (Chalopin et al. 2015). More specifically, a recent investigation of the 

TEs in the genomes of medaka, zebrafish, stickleback and tetraodon found that TEs of the 

hAT superfamily are the most prevalent in theses species, followed by TEs of the TcMariner 

Sequence	  divergence	  
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superfamily. Of LINE superfamilies, L1, L2, RTE, and Rex-Babar are most prevalent. L2 in 

particular were shown to be active recently in all four species (Gao et al. 2016). Still, the TE 

compositions of fewer than 20 teleosts have been studied (Canapa et al. 2016). Thus, the 

number of teleost species investigated is small relative to the total number of extant species 

(>30 000). It remains uncertain whether or not the recent discoveries can be generalized to 

hold for all teleosts. Therefore it is a need for larger comparative studies with the inclusion of 

more species. Recently, the genome assemblies of 66 teleost fish have become available, 

along with a new and dated fossil-calibrated phylogeny (Malmstrøm et al. 2016). This unique 

dataset allows for an unprecedented large-scale comparison of TEs across the teleost lineages. 

A thorough charting of TE activity and prevalence, in a proper phylogenetic context, could be 

of major value to increase our current understanding of TE dynamics over evolutionary time 

and might help us to understand the genomic variability that underlies the vast diversity of 

teleost fishes. In addition, the relationship between genome size and TE abundance have been 

shown to be particularly strong in fish (Chalopin et al. 2015), a feature that can be further 

assessed using a larger sample size.  

 

In silico detection 
	  
Several aspects of TE biology make the in silico detection and classification of TEs in 

genomes non-trivial. First, as most TEs are inactive remnants of old copies, most elements 

have widely divergent sequences making homology-based detection challenging. Second, TEs 

often insert into one another, creating nested TEs that complicate classification efforts. Third, 

most elements are fragmented copies of full-length elements (Yandell & Ence 2012). Forth, 

there is currently no established way of validating TE annotation efforts, particularly in non-

model genomes, where the truth is mostly unknown (Hoen et al. 2015). Thus, measurement 

metrics such as the specificity and sensitivity of an annotation pipeline are not readily 

obtainable. Fifth, the current TE classification schemes are somewhat conflicting and are 

proposed to be revised to better reflect the evolution of TEs (Piégu et al. 2015).  

 

The existence of computational tools for detecting TEs in genome assembly data is not only 

important to study the possible roles of TEs in genome evolution. Accurate TE annotation 

minimizes confusion in gene prediction software as it allows host genes to be distinguished 

from transposon-specific genes (i.e. transposases and retrotransposon proteins). Before 

running annotation tools, such as MAKER2 (Holt & Yandell 2011), TEs should be ‘masked’, 
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meaning that the nucleotide sequence are replaced with X, N or lower case letters. The 

annotation tools will ignore all masked sequence. In order to mask the correct sequences, one 

can use published TE sequences from the species under investigation, but when dealing with 

non-model organisms, a new species-specific TE sequence library have to be built. The 

masking software, usually RepeatMasker (Smit et al. 2013), compares genomic sequences 

with sequences in the library and mask all sequences matching the sequences in the library.  

 

In essence, in silico TE detection is done in two different ways. The first is to detect elements 

similar to previously discovered TEs by sequence alignments; the second is to detect TE-

specific signals in genomic sequences de novo. As TEs are repetitive sequences, the presence 

of multiple similar sequences across a genome indicates that the sequences could be TEs. 

Other signals indicating that a sequence is a TE include the presence of TSDs and LTRs, or 

ORFs encoding TE-specific enzymes, such as transposases or reverse transcriptases. De novo 

detection programs look for such TE-specific signals to identify TEs. There is a multitude of 

de novo detection programs available (Lerat 2010), which will be further discussed in the 

Methods section. For detection of TEs by similarity to known TE sequences, the standard 

program of choice is RepeatMasker (Smit et al. 2013). Researchers often run RepeatMasker 

along with RepBase, which is a manually curated database of TEs (Jurka et al. 2005). 

RepeatMasker checks the entire genome sequence for similarities among sequences in a 

library of TEs. The approach is limited by the evolutionary distance between TEs in the 

library and the TEs present in the genome of study.  For that reason, it is recommended that 

analyses of TE content in non-model species should include both de novo detection methods 

and similarity-based methods (Lerat 2010).  
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Aims of the work 
 

The study is an exploratory investigation of the TE composition in a variety of fish species 

representing highly diverse teleost clades, with the aim of increasing current knowledge of TE 

activity, diversity and compositions in teleost fish. The results from this study will contribute 

to an understanding of the evolutionary differences in genome architecture and dynamics in 

teleosts and vertebrates in general. To achieve these goals, a fully automated computational 

pipeline will be developed that builds de novo TE libraries for any species and combine the 

libraries with known TE sequences from RepBase and perform an annotation of each fish 

genome. The TE annotation data will be coupled to a new and dated fossil-calibrated 

phylogeny, facilitating a view of the data in proper evolutionary context. In addition, a more 

extensive investigation of the TEs present in the Atlantic cod (Gadus morhua) genome will be 

the subject of this study, as a part of the downstream analysis efforts of a recently improved 

genome assembly (Tørresen et al. in prep.) 
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Methods 
 

Aiming for full transparency of the work conducted during this project, the bulk of code used 

has been made available in a GitHub repository (https://github.com/uio-cels/Repeats). Due to 

the large amount of data generated, only subsets of the raw data are made available on GitHub 

(in the ‘data’ folder). The procedures leading to the central figures and tables can be found 

within iPython notebooks (‘notebooks’ folder).  

 

Choice of de novo detection tools 
	  
Recently, the detection capabilities of some of the more popular de novo TE detection 

programs were assessed (Hoen et al. 2015). Different programs were tested on the 

Arabidopsis thaliana genome in which the TE content is known. Hoen tested RepeatModeler 

(Smit & Hubley 2008), which is a wrapper around RepeatScout, RECON, and Tandem 

Repeats Finder (Price et al. 2005; Bao & Eddy 2002; Benson 1999) along with RepeatScout 

alone and TEdenovo, which is another popular TE detection pipeline (Flutre et al. 2011). 

Software specialized for detection of LTR-RTs was tested as well. As seen in Figure 3A, 

RepeatModeler, RepeatScout and TEdenovo produced similar results. Figure 3B shows how 

the LTR-detection programs performed. Both the use of RepeatModeler and one of the tested 

LTR-RT detection tools, LTRharvest (Ellinghaus et al. 2008), are described in a TE 

annotation tutorial written by Dr. Ning Jiang and is available online 

(http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction--

Advanced). The use of a program used to filter LTRharvest output data, LTRdigest (Steinbiss 

et al. 2009) is described in the tutorial as well. LTRharvest performed reasonably well in 

Hoen’s study, detecting almost all TEs present in the reference. On the other hand, the 

program detected a notable amount of elements not annotated as TEs beforehand. The 

application of RepeatModeler and LTRharvest will produce species-specific repeat libraries 

that contain consensus sequences where each sequence represents a family of TEs. Based on 

the presence of an online tutorial, and that the programs performed well in Hoen’s study, 

RepeatModeler and LTRharvest were chosen as de novo detection tools.  
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Figure 3 – A comparison of different TE detection programs. Tested on a well-annotated genome assembly of 

the plant Arabidopsis thaliania, software used to detect all kinds of TEs (A) and LTR-RTs (B) produced 

different results. The y-axes differ, showing the amount of TEs detected in millions of bps in A and absolute 

number in B. From Hoen et al. (2015). 

 

Except from the use of the program RepeatClassifier, which is part of the RepeatModeler 

package, the online tutorial contains no TE classification steps. RepeatClassifier uses 

BLASTX, which is a variant of BLAST (Gish et al. 1990) that translates nucleotide sequence 

to amino acid sequence, for detection of homology between the nucleotide sequences 

generated by RepeatModeler and TE protein sequences included with distributions of 

RepeatMasker. As TEs evolve fast, a method to classify the elements based on distant 

homology was deemed necessary. Wheeler and Eddy (2013) introduced ‘nhmmer’, a program 

that utilizes profile hidden Markov models (HMMs) for detection of remote homologies, 

which has been used to improve the annotation of TE-derived sequence in the human genome. 

The program was recently implemented in the software package HMMER3 (Eddy 2009). 

Evident from the results of Chalopin et al. (2015), who used RepeatModeler for TE detection, 

a fair amount of unclassified TEs are expected, especially when annotating non-model 

genomes. For instance, ~20% of the detected elements in the Petromyzon marinus (lamprey) 

genome were annotated as ‘unknown’. The ‘nhmmer’ module of HMMER3 was used in an 

attempt to minimize the number of unclassified elements resulting from the analysis. The 

nhmmer software compared the harvested TE sequences with HMM profiles of known TEs. 

The profile HMMs are available from two databases; Dfam contains all kinds of TEs (Hubley 

et al. 2016) and GyDB (Llorens et al. 2011) contains retrotransposons. Dfam consists of 

nearly 5000 profiles of transposable elements from humans, mice, zebrafish, worms and flies. 

GyDB contain profile HMMs of proteins specific to retrotransposons (and retroviruses) such 

especially for non-experts. Instead, it is left up to indi-
vidual toolmakers, prospective tool users, or even down-
stream researchers to evaluate annotation accuracy. A
few toolmakers with sufficient resources do invest the
significant amount of effort required to assemble their

own (often unpublished) test data sets and evaluate the
accuracy of their tools. But for many toolmakers and
most users, it is in practice too onerous to properly as-
sess which methods, tools, and parameters may best suit
their needs. The absence of standard benchmarks is thus

Fig. 1 Variation among TE annotation tools. a TE coverage in the Arabidopsis thaliana genome resulting from three commonly used
repetitiveness-based de novo tools, compared to a reference set of TEs [8]. The total amount of TE coverage differs between the three, as does
the fraction of the reference TEs that were found or missed and the amount of non-reference putative TEs. b Full-length LTR TEs in the Drosophila
melanogaster X chromosome found by five different LTR-specific de novo tools, compared to a reference set of TEs [24]. Similar to a but even
more pronounced, the number of TEs found by the tools and their agreement with the reference set vary widely. c A 100-kbp segment of the
Arabidopsis lyrata genome (scaffold_1:14,957,501-15,057,500) displayed on a custom UCSC genome browser [76, 77], illustrating differences among
TE annotations resulting from several approaches, as well as additional genomic data useful in identifying bona fide TEs. From top to bottom, the
tracks represent: RepeatMasker annotations using libraries from Repbase [37], RepeatModeler [30], REPET [44], or de la Chaux et al. [78]; full-length
LTR TE predictions by LTR_Finder [33] or LTRharvest [79]; tandem repeat predictions by TRF [29]; gene models predictions by FGenesH [80]; a set
of TE-specific domains [13]; mapped mRNA and small RNA short reads [77]; inter-species conservation (alignment percent identity plots) to other
Brassicaceae species [77]; and genome self-alignment depth (generated with LASTZ)

Hoen et al. Mobile DNA  (2015) 6:13 Page 4 of 9
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as reverse transcriptase and RNase H. Both databases were used during the annotation 

process. As recommended by Lerat (2010), putative TEs detected by the de novo programs 

are usually combined with RepBase sequences for usage in RepeatMasker. RepeatMasker 

aligns the sequences in the library with the genome assembly, by default using BLAST, and 

outputs the copy numbers of each TE. RepeatMasker outputs data regarding the presence of 

simple repeats as well. Simple repeats, also called tandem repeats (TRs), consist of a set of 

nucleotides repeated from a few times to hundreds or thousands of times. The mechanisms of 

TR propagation in genomes differ radically from that of TEs, as TRs expand and subtract by 

errors made by the replication machinery of cells, usually caused by replication slippage. The 

impact TRs might have on genome evolution is a growing field of research (Gemayel et al. 

2010).  

 

As it is standard practice to conduct a TE annotation after the genome sequencing of new 

organisms, there are a number of described pipelines available in the literature. The pipelines 

are variations over the commonly used approach of i) detecting putative TEs in genome 

assembly data using different tools, ii) clustering the putative TE sequences into consensus 

sequences, iii) removing non-TE genes, iv) attempting to classify the sequences and iv) using 

RepeatMasker with the harvested sequences as a library for genome annotation.  Examples of 

such efforts are illustrated in Figure 4 and Figure 5 below, showing the annotation pipelines 

used to TE annotate the genomes of common carp and northern pike (Xu et al. 2014; Rondeau 

et al. 2014).  

 
Figure 4 – Outline of the computational pipeline used in the TE annotation of the common carp genome 

(Cyprinus carpio), more thoroughly described in the Supplementary Materials of Xu et al. (2014). The detection 

step is colored red (in which also contains a clustering step), and the classification steps are colored yellow. 

Other miscellaneous steps are colored grey. 
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Figure 5  - Outline of the computational pipeline used in the TE annotation of the northern pike genome (Esox 

lucius). A more detailed description is found in Rondeau et al. (2014).  Detection steps are colored red, steps to 

generate consensus sequences are colored blue and classification steps are colored yellow. The remaining 

miscellaneous steps are colored grey. Note that within the REPET pipeline there are multiple tools for detection, 

clustering and classification (Flutre et al. 2011). 

 

Building species-specific libraries 
	  
Figure 6 is an outline of the pipeline devised for building species-specific TE libraries and 

annotating genome assemblies used in this study. First, RepeatModeler (Smit and Hubley 

2008) was used to detect TEs in the  65 of the 66 genome assemblies made available in 

Malmstrøm et al. (2016) and nine additional assemblies publicly available on ENSEMBL 

(Appendix I). Trachyrincus murrayi (roughnose grenadier) and Salmo salar (Atlantic salmon) 



	   22	  

were omitted from the study due to issues while running RepeatMasker (unresolved memory 

issues for the former and time issues for the latter). RepeatModeler RepeatModeler is a 

wrapper around three programs; RepeatScout and RECON, which uses multiple alignment 

information to build consensus sequences that represent different repeat families, and TRF, 

which detects simple repeats. RepeatScout randomly samples 40 million nucleotides from the 

input genome sequence, so there is a chance that only small scaffolds are used as input in 

repeat detection, with the risk of missing longer repeats. In an attempt to avoid this, only 

assembly scaffolds larger than scaffold N50 values were included in the analysis. N50 values 

are calculated by sorting scaffolds according to size and summing the length of each scaffold, 

starting from the largest. The length of the scaffold making the total larger than or equal to the 

total assembly size is the N50. Unfortunately, the random sampling by RepeatScout makes 

the program not entirely deterministic, as the input sequences analyzed can differ from run to 

run. 

 

LTRharvest and LTRdigest were used to detect LTR-RTs and TRIMs. Following the online 

tutorial written by Dr Ning Jiang, LTRharvest was used to find LTR-RTs with LTRs larger 

than 100 nt, smaller than 6000 nt and with 1500 to 25000 nt between, with a TSD length of 5 

nt. TRIMs were detected by lowering the LTR length requirements to a minimum of 70 nt and 

a maximum of 500 nt with maximum 1500 nt of internal sequence. Harvested putative LTR 

retrotransposons were filtered by LTRdigest, which checked for tRNA binding sites. In 

addition, LTRdigest’s functionality of using Hidden Markov Model (HMM) profiles was used 

to identify sequences with retrotransposon enzymes. For that purpose the GyDB HMM profile 

collection of retrotransposon-specific enzymes was downloaded. Elements without a tRNA 

binding site and a retrotransposon-specific enzyme were discarded. As certain steps of the 

tutorial were only partially described, custom scripts provided by Ning Jiang, Megan 

Bowman and Kevin Childs (Michigan State University) through personal communication 

were used to perform the steps described next: only elements containing primer binding sites 

(PBS) and/or a polypurine tract (PPT) were kept, and only if at least half of the PBS or PPT 

sequence was located in the internal regions of the putative element. In addition, the distance 

between the LTRs and the PPT/PBS sequence had to be less than 20 nt. Elements that passed 

this test were subjugated to further filtering where sequence gaps ≥50 nt were discarded. 

According to the author of the tutorial, a feature common in false sequences is the presence of 

LTR-like sequence flanking the LTR-RT. MUSCLE (Edgar 2004) was used to align flanking 

sequences, and elements with ≥60 % similarity in flanking sequences were excluded. Nested 



	   23	  

LTR retrotransposons were detected by RepeatMasker, which used the left LTR sequences of 

the putative elements and a library of transposases as the input library. The library of 

transposases was collected from a distribution of TEseeker (Kennedy et al. 2011). Consensus 

sequences were produced after all vs. all comparisons using BLASTN. After that step, no 

elements of different families shared 80% sequence over 90% of their length.  

 

RepeatClassifier, which is a program included in RepeatModeler, was used to classify the 

elements. As LTR retrotransposons and TRIMs contain simple repeats in their long terminal 

repeats, RepeatClassifier classified a lot of elements as being simple repeats. These elements 

were renamed to being LTR retrotransposons or TRIMs, while those that were classified into 

specific LTR superfamilies and/or families kept their new classification. TransposonPSI 

(Haas 2007) was used in the TE annotation of the Atlantic cod. TransposonPSI uses PSI-

BLAST to detect distant homology between genomic sequences and a TE library that comes 

with the program. Contrary to the other programs, TransposonPSI does not output the 

consensus sequences of elements detected, which made it necessary to perform an additional 

clustering step. The output sequences were clustered using CD-HIT-EST (Fu et al. 2012) with 

a similarity cutoff of 80%, a strategy recommended in Wicker et al. (2007). Compared to 

other vertebrates, there is a relative high amount of dinucleotide repeats in the Atlantic cod 

genome (Tørresen et al. in prep.). Consequently, a lot of sequences were labeled as DNA 

transposons of the CACTA family, as the CACTA representative in the TransposonPSI 

library contained a simple repeat that spurred false alignments. Thus, elements were only 

named CACTA if two sources agreed in the classification, the other source being the results 

of a BLASTX search against a TE protein database provided with RepeatMasker (version 

4.0.6).  

 

As the detection tools might detect repetitive non-TE genes such as gene families, the 

sequences were checked for alignments (using BLASTX) with sequences in a curated protein 

database (UniProtKB/SwissProt), which was downloaded from 

http://web.expasy.org/docs/swiss-prot_guideline.html on November 20th, 2015. Sequences 

were also checked against the TE protein database that is part of distributions of the 

RepeatMasker software. Sequences with matches in the UniProtKB/SwissProt database, but 

not in the TE protein database were discarded. The BLASTX search against TE proteins in 

the database also served to classify some of the unclassified elements. Still, a lot of the 

sequences were unclassified. A collection of HMM profiles was downloaded from the Dfam 
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database and HMMER3 was run using the ‘nhmmer’ module. Elements were subsequently 

classified into LTR retrotransposons, LINEs, SINEs or DNA transposons.  

 

The de novo libraries for each fish genome were merged with known eukaryotic repeat 

sequences from RepBase (version 20150807) and served as input for RepeatMasker. The 

pipeline was run using the SLURM-system on the Abel computer cluster at the University of 

Oslo. The entire pipeline with all parameters used is available in a GitHub repository 

(https://github.com/uio-cels/Repeats) and is entirely automated.  
 

 
 

Figure 6 – An outline of the computational pipeline devised to create de novo libraries for use in TE annotation 

of genome assemblies. Detection steps are colored red, steps for building consensus sequences are colored blue 

and classification steps are colored yellow. The remaining miscellaneous steps are colored grey. Starting with a 

genome assembly file in the FASTA format, three different programs (TransposonPSI, RepeatModeler and 

LTRharvest) were used to harvest putative TEs. After filtering, clustering and classification, the output of the 

programs were merged into de novo libraries and additional classification steps were performed. The de novo 

library for each fish was merged with eukaryotic TEs present in RepBase before running RepeatMasker. 
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TransposonPSI was only used to build libraries for the annotation of the new and improved Atlantic cod genome 

assembly (indicated by the dashed lines), as the program was deemed too time-consuming to be run on all 

genome assemblies. In order to run the pipeline on multiple genome assemblies at the same time, no manual 

steps were included.  

Copy divergence analysis 
	  
In order to estimate the activities of TEs over time, CDAs were conducted using the 

annotation data produced by RepeatMasker (.out files). Copy divergence can be calculated in 

multiple ways. One method is to simply calculate the percentage of non-identical nucleotides 

separating sequences, which is as a rough measure of divergence. Another method is to use 

K-values calculated from the Kimura 2-parameter model (Kimura 1980), which follows this 

formula: 

𝐾 =   −
1
2 ln 1− 2𝑝 − 𝑞 −

1
4   ln  (1− 2𝑞) 

where q equals the proportion of sites with transversions and p the proportion of sites with 

transitions. The K-values are more refined estimates of sequence divergence. A script from 

the RepeatMasker software, ‘calcDivergenceFromAlign.pl’, uses as input the alignment file 

produced after using RepeatMasker (.align) and outputs K-values for each TE clade detected 

in genomes. In the analysis of the re-sequenced Atlantic cod assembly, K-values were 

calculated for each TE family. For the remaining CDAs, percentages were calculated using a 

script written by Aurelie Kapusta (https://github.com/4ureliek/Parsing-RepeatMasker-

Outputs/blob/master/parseRM_GetLandscape.pl). 

Genome assembly data 
	  
As described in (Malmstrøm et al. 2016), a single paired-end library was sequenced for each 

of the 66 teleost species on the Illumina HiSeq 2000 platform to an average coverage between 

9 - 39X. The sequencing reads were assembled with the Celera Assembler (Miller et al. 

2008). Included in the 66 fishes is a version of the Atlantic cod genome sequenced using the 

same strategy as the other fishes, as a control. In addition, a new and improved Atlantic cod 

genome sequenced using Pacific Biosciences long-read technology (described in Tørresen et 

al. in prep.) was recently made available and was subject for analysis in this project. A further 

nine genomes were publicly available and downloaded from ENSEMBL release 78 (see 

Supplementary Table 1 in the Appendix section), making the total number of genome 

assemblies analyzed in this study 75 (65 genome assemblies from Malmstrøm et al. 2016, 9 

downloaded from ENSEMBL and the new Atlantic cod genome assembly). 
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Data analysis 
	  
The output files generated by RepeatMasker were parsed using scripts written by Aurelie 

Kapusta available at https://github.com/4ureliek/Parsing-RepeatMasker-Outputs. The 

parseRM.pl script was run on all of the RepeatMasker output (.out) files and provided 

summary info for each repeat in each genome, including information such as copy number 

and coverage per repeat. The summary files were the starting point for the downstream data 

analysis. All summary files were merged (totaling ~1.8 million lines), and loaded as a data 

frame into an iPython Notebook (Pérez & Granger 2007). The Python package ‘pandas’ 

(McKinney 2010) was used for data manipulation steps. Additional data were added to the 

data frame, including the phylogenetic order of each fish, the species names, the common 

names, the assembly sizes and estimates of genome size. The actual scripts used in data 

manipulation are available as iPython notebooks in the ‘notebooks’ folder online 

(https://github.com/uio-cels/Repeats). 
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Results 
 

Validation of the annotation pipeline 
 
To assess the performance of the computational pipeline used to create de novo libraries for 

TE annotation, zebrafish (assembly version: danRer7) TE annotation data generated by the 

approach was compared with available zebrafish TE data collected from repeatmasker.org. In 

Table 1, results of the comparison between data generated by the custom annotation pipeline 

and the downloaded data are presented. Of the 2.8 million repetitive elements in the 

downloaded data, 2.6 million elements (94 %) overlapped with at least one nucleotide with 

the results of the custom annotation pipeline, 2.3 million (80 %) reciprocally overlapped         

≥ 80 % of the sequence length and 1.4 million elements (51 %) reciprocally overlapped in 

full. 15 % of the elements detected in the custom computational pipeline did not overlap with 

any sequence in the downloaded data set.  

Chalopin et al. (2015) and Gao et al. (2016) recently re-annotated the TE content in the 

genomes of tetraodon, three-spine stickleback, medaka and zebrafish, presenting an 

opportunity for an additional sanity check of the custom approach devised in this project. A 

comparison of the results from their annotations with annotation data generated by the 

devised pipeline can be viewed in Figure 7. In the figure it is apparent that using different 

methods to detect and classify TEs influences the annotation results. For instance, the 

approach used in this project estimated the DNA transposon coverage in tetraodon to be larger 

than what is reported in the other studies. However, the TE compositions are fairly similar in 

the different annotation efforts. 
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Table 1 – Reciprocal overlaps between available annotated zebrafish TE sequences and sequences annotated 

after running the custom pipeline. The RepeatMasker output files (.out) downloaded from repeatmasker.org and 

the RepeatMasker output file produced in the annotation pipeline were converted to generic feature format 3 

(GFF3) using the RepeatMasker utility script ‘rmOutToGFF3.pl’. The ‘intersect’ module of BEDTools (v2.25.0) 

was run comparing the TE data. All sequences classified as simple repeats were manually removed from both 

files before the comparison. The ‘bedtools intersect’ program was asked to output one line per sequence that met 

the chosen criteria for overlap (>0%, ≥80% and 100%) and the lines were counted using a standard word count 

program (‘wc –l’ in the UNIX command line). 

Degree of reciprocal overlap between custom 

and available zebrafish TE annotation data 

Number of elements (in millions) % of total number 

of elements 

Any overlap 2.6  94 

≥80% overlap 2.3 80  

100% overlap 1.4 51 

No overlap 0.47 15 

 

 

 
Figure 7 – The results of different projects, all annotating the TE content in four different teleost genomes. For 

each species the top bar (circle) is data from this project, the middle bar (triangle) shows data from Chalopin et 

al. (2015) and the bottom bar (square) shows data from Gao et al. (2016). The genomic percentages of each 

element in the classes named ‘Unknown’, ‘DNA’, ‘LTR’, ‘SINE’ and ‘Simple_repeat’ were summed for each of 

the species, using the pandas.groupby().sum() function on the data frame containing TE data from all species. 

The stacked bar plot was made in Microsoft Excel 2011 (version 14.5.5). See 

‘/notebooks/4_species_3_projects_comparison.ipynb’ in the GitHub repository. 
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Annotation of the Atlantic cod genome 
	  

An improved version of the Atlantic cod (Gadus morhua) genome assembly was recently 

produced (Tørresen et al., in prep.) A part of this project was to perform the annotation of the 

TEs present in the new assembly. Using RepeatMasker, sequences in the species-specific 

library of TEs along with known eukaryotic TE sequences from RepBase masked 31.28% of 

the genome assembly. TEs make up a substantial fraction of the Atlantic cod genome, with 

DNA transposons being the largest group (7.23%), followed by LTR retrotransposons 

(3.47%), LINEs (2.86%) and SINEs (0.10%). Unclassified interspersed repetitive sequences 

covered 9.21% of the genome assembly. To investigate the activities of TEs over time in the 

Atlantic cod genome, CDAs were conducted. Of the classified TE superfamilies and families 

in the RepeatMasker output files (.out), most cover only miniscule amounts of the genome 

assembly (Table 2). Thus, only families covering more than 0.1% of the Atlantic cod genome 

were part of the CDAs, which can be viewed in Figure 8. The genome contains a variety of 

different TEs. DNA transposons of unknown superfamilies make up the largest fraction (~3.3 

%), followed by DNA transposons of the hAT superfamily  (~1.2 %) and CACTA/CMC-

EnSPM DNA transposons (~1.0 %) Of LTR-RTs, Copia (~0.9 %), Gypsy (~1.4 %) and DIRS 

(~0.4 %) are the major superfamilies. As later shown in page 39 to be a frequent feature of 

fish genomes, the LINE L2 is present in high amounts (~1.5 %). Most of the detected TEs are 

present in small numbers covering less than 0.1 % of the genome. For the TEs covering ≥0.1 

% of the genome, the average length of masked sequence are fairly low (~300 nt), but the 

mean copy number is high (~6000 copies) indicating that most TEs detected are fragmented 

versions of full length TEs, present in thousands of copies. For additional results, see 

‘GadMor.ipynb’ in the GitHub repository. 

Apparent from the CDAs in Figure 8 is that DNA transposons, LTR retrotransposons and 

LINEs display radically different expansion histories. DNA transposon activity peaks at two 

time points – one distinct, recent peak and one broader, more ancient peak. LTR-RTs display 

a more even graph, with no distinct collective peaks. The CDA graph of LINEs resembles that 

of DNA transposons, but lacks an ancient peak. More specifically, DNA transposons of the 

hAT, PIF-Harbinger and TcMar-Tc1 superfamilies have been recently active, as major 

fractions of TEs belonging to the superfamilies were fairly similar to the consensus sequences 

(K-value <10). Sequences of the CMC-EnSpm/CACTA, Novosib and Sola superfamilies 

might have peaked in activity in the more distant past, as most sequences display higher K-
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values (>15). Of the LTR retrotransposons, the DIRS and ERV1 superfamilies show signs of 

more recent expansions compared with TEs of the Copia superfamily.  The Gypsy 

superfamily shows no signs of major expansions, indicating a more even activity over time. 

Pao TEs show signs of a distant expansion (K-value >30) and a more recent expansion (K-

value <10). The graph of LINE superfamilies shows a recent, dramatic peak of L2, Rex-Babar 

and RTE-BovB activity (K-values <5). A distinct RTE-BovB peak is present at K-values 

between 12 and 13.  

Table 2 – The number of differently classified TEs covering different fractions of the genome, with mean copy 

numbers and the average length masked per TE. Most TEs cover only small fractions of the genome and are 

present in small numbers. The method for generating numbers for the table is provided in the GitHub repository 

(‘/notebooks/GadMor2’). 

 

Genome coverage (%) Number of differently 

classified TEs 

Mean copy number Average length 

masked (bp) 

≥0.1 28 5716 302 

<0.1 122 89 196 

<0.01 87 29 192 

<0.001 55 7 175 

<0.0001 27 2 103 
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Figure 8 – Kimura distance-based copy divergence analysis plots of DNA transposons (A), LTR 

retrotransposons (B) and LINEs (C) annotated in the new genome assembly of Atlantic cod. Only families 

covering more than 0.1% of the genome were included. L1-Tx1, unclassified hAT, Mavericks, Kolobok-Hydra, 

Ginger and unclassified LTR-RTs were omitted for clarity. The parseRM.pl script was used to parse the 

RepeatMasker ‘.out’ file containing Atlantic cod TE annotation data, and the resulting output was loaded as a 

A 

B 

C 
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data frame into a iPython Notebook. Multiple steps of data manipulation produced lists of TEs covering more 

than 0.1% of the genome. Only those TEs were used in making the plots shown here. The 

‘calcDivergenceFromAlign.pl’ script, which follows the RepeatMasker (4.0.6) distribution were used on the 

‘.align’ file produced by RepeatMasker to obtain the K-values. 

In this study, two different Atlantic cod genome assemblies were annotated; one high-quality 

version (Tørresen et al. in prep.) based on long-read sequencing technology and one version 

that was sequenced and assembled using comparatively low coverage short-read technology 

(Malmstrøm et al. 2016), resulting in a much more fragmented assembly. To investigate how 

much information is lost using lower quality assemblies, the annotation results were 

compared. Selected numbers from the summaries produced by RepeatMasker (.tbl files) are 

shown in Table 3, which indicates that the use of a high-quality assembly will increase the 

amounts of TEs annotated (with the exception of SINEs). Additionally, TE consensus length 

histograms were computed and are presented in Figure 9, showing that the lengths of the 

consensus sequences are higher using a higher quality assembly. 
 

Table 3 – Results from the RepeatMasker summary output (.tbl file) showing the abundances of different TEs in 

the new and improved Atlantic cod (gadMor2) genome assembly and the version that were sequenced and 

assembled in the same manner as the other fishes in Malmstrøm et al. (2016). Note that TransposonPSI was used 

in the annotation pipeline used to annotate gadMor2, but not in the lower-quality assembly. 

 Coverage reported analyzing 
gadMor2 (%) 

Coverage reported analyzing the lower 
quality assembly (%) 

Total interspersed repeats 22.86 18.15 

DNA transposons 7.23 5.71 

LTR retrotransposons 3.47 2.37 

LINEs 2.86 1.66 

SINEs 0.10 0.13 
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Figure 9 – TE consensus length histograms of annotated TEs in (A) the new and improved Atlantic cod 

(gadMor2) genome assembly (Tørresen et al. in prep.) and (B) a lower quality genome assembly sequenced and 

assembled in the same manner (using short read technology). 

Abundance, diversity and activity across teleostean lineages 
	  
In Table 4, an overview of the TE composition in all the analyzed fishes can be viewed, 

showing that DNA transposons are the most prevalent type of TEs in teleost fish genomes. 

The standard deviations are relatively high, indicating a high variation within the investigated 

species, which is also reflected in the large differences observed between the minimum and 

maximum coverage presented for each class. To investigate patterns of TE composition in a 

phylogenetic setting, the TE data generated by the custom pipeline were coupled to a new 

fossil-calibrated phylogeny (Malmstrøm et al. 2016) and are shown in four different ways.  

First, TE and simple repeat abundances were investigated. Figure 10 shows the total amounts 

of interspersed repetitive sequence (i.e. TEs and unclassified interspersed repeats) in each of 

the fish genomes, along with the proportion of simple repeats. Evident is that closely related 

species display similar amounts of both TEs and simple repeats. Species-specific TE 

expansions (or reductions in the sister-species) are observed in the genomes of 

Myoxocephalus scorpius (shorthorn sculpin), Helostoma temminickii (kissing gourami), 

Lesueurigobius sanzoi (Sanzo’s goby), and Borostomias antarcticus (snaggletooth). Within 

the Gadiformes order, TE and simple repeat abundance is indicated to be fairly even. On a 

higher phylogenetic level, as in the Percomorphacea, a diverse phylogenetic group containing 

multiple orders, there is considerably more variation in TE abundance. In addition, the 

percomorphs all have a considerably lower abundance of simple repeats than what is observed 

in Gadiform fish genomes.  

Second, the fractions of classified DNA transposons, LTR-RTs, LINEs and SINEs in each 

A	   B	  
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genome were uncovered, and are shown in Figure 11. The fractions of different types of TEs 

are similar in closely related species, but as the divergence times increase (indicated by the 

length of the branches), differences in the relative fractions become more apparent. Some 

species display patterns deviating from the phylogenetic pattern, including Gasterosteus 

aculeatus (stickleback) and Muraenolepis marmoratus (marbled moray cod). Other outliers 

appear to be Danio rerio (zebrafish) and Astyanax mexicanus (blind cave fish), in which the 

genomes are heavily dominated by DNA transposons. On the other side of the spectrum it is 

apparent that the sister-species Tetraodon nigoiviridis (tetraodon) and Takifugu rubripes 

(fugu) and the Lampriacea species Regalecus glesne (giant oarfish) and Lampris gutattus 

(opah) both have a low fraction of DNA transposons compared to the other teleosts.  

Third, any patterns of particular superfamiliy/family coverage across the teleost genomes 

were investigated. The coverage of the 30 major families covering ≥0.1 % of the genome 

assemblies are shown in Figure 12. The figure indicates that most of the classified TE clades 

are present in most of the analyzed genomes and that some particular TEs are present in high 

number throughout the teleostean lineages, such as the LINE L2.  The differential genomic 

coverage of TE clades in some cases follow the phylogenetic pattern, observed in for instance 

the TcMar-Tc1 family, which display high coverage in species of all lineages except for in the 

Gadiformes. An unusual high coverage of multiple TE clades is present in the genomes of the 

Lampriacea fishes, zebrafish and Guentherus altivela (jellynose). 

Last, CDA graphs are shown for seven of the analyzed species in Figure 13, illustrating that 

species with a last common ancestor (LCA) < 20 Mya (million years ago) have similar repeat 

landscapes. In addition, the figure indicates that the presence of peaks of recent activity and 

more ancient peaks of activity is common in teleosts.  

Table 4 – An overview of the TE compositions across 74 teleost fish genomes. The mean, minimum, maximum 

and standard deviation was calculated for the different TE groups by summing the genome percentage of each 

repeat in each group, using the ‘.groupby().sum()’ functions on a ‘pandas’ data frame containing TE data. The 

‘.describe()’ function was applied to obtain the values presented here. 

 Mean coverage (%) Standard deviation (%) Min (%) Max (%) 

DNA transposons 8.32 4.56 2.11 39.4 

LTR-RTs 1.80 1.32 0.53 7.82 

SINE 0.57 0.69 0.055 4.56 

LINE 3.59 2.48 1.16 13.90 
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Figure 10 – The total TE coverage (red circles) and simple repeat coverage (blue circles) in teleost fish genomes. 

The size of the circles indicates the total coverage of repetitive sequence. The largest blue circle (that of Phycis 

blennoides) corresponds to 9.4 % simple repeat coverage. The smallest blue circle (that of Oryzias latipes) 

corresponds to 0.91 % simple repeat coverage. The largest red circle (that of Bregmaceros cantori) corresponds 

to 53.6 % TE coverage. The smallest red circle (that of Tetraodon nigroviridis) corresponds to 6.1 % TE 

Results  
Figure 1 – Repetitive DNA in teleost fish genomes. Stacked bars show relative fractions of 

transposable elements. Blue circles show relative amounts of simple repeats.  
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coverage. Using ETE 3 (Huerta-cepas et al. 2016), the circles were added to nodes of an imported phylogenetic 

tree where the radius was determined by the natural logarithms of total TE and simple repeat coverage for each 

fish. The natural logarithms were calculated using the ‘numpy’ package of Python and the values were 

multiplied by two in order to increase the visibility in the figure. The fish diagrams are from fishbase.org and are 

added for illustration purposes only.  
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Figure 11 – The relative fractions (stacked bars) of DNA transposons, LTR retrotransopsons, LINEs and SINEs 

in 74 different teleostean fish species. Values for the stacked bars were produced by obtaining the fractions of 
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Results  
Figure 1 – Repetitive DNA in teleost fish genomes. Stacked bars show relative fractions of 

transposable elements. Blue circles show relative amounts of simple repeats.  
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the different groups of classified TEs for each fish divided by the total amount of classified TEs. The stacked 

bars was made using Python’s Matplotlib module. In order to couple the stacked bars to the phylogenetic tree, 

the tree was rebuilt using ETE 3, and each fish’ stacked bar were added to its corresponding node on the tree. 
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Figure 12 – The figures shows a phylogenetic tree of 74 different fish species genomes along with a heatmap 

showing differences in genome coverage of the top 30 TE families. Black squares indicate ≥1% genome 

coverage for a given superfamily/family. The TE groups present in the figure were obtained by summing the 
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genomic coverage (%) of each different group across all the fish genomes. The top 30 TE groups, according to 

coverage are shown. One heatmap, made using the ‘seaborn.heatmap’ program in Python, was created per fish. 

Using ETE 3, each heatmap was appended to its corresponding node. 
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Figure 13 – CDA graphs of three sets of closely related species are shown. The numbers indicates branch 

lengths, i.e. the time in million of years since the splitting of branches. The species within each set all share a 

common ancestor < 20 Mya. Data for the CDA plots were collected using the ‘parseRM_GetLandscape.pl’ script 

written by Aurelie Kapusta, that uses RepeatMasker .out files as input. In contrary to the Kimura distance-based 

plots used in the analysis of TEs in the Atlantic cod, only the percentage of divergence between the consensus 

sequence and the TEs were used. In addition, the .out files analyzed were the result of running RepeatMasker 

only using the de novo libraries (i.e. not RepBase). The top five TE superfamilies/families by genome coverage 

were calculated for each fish and shown in the plots. The steps are available in ‘/notebooks/CDA_graphs.html’ 

(the raw file needs to be downloaded and opened in a web browser). Merged data generated by the 

‘parseRM_GetLandscape.pl’ script can be found in ‘data/part_of_fams_teleost.RepeatLandscapes.fixed.csv’ at 

the GitHub repository. In addition, the figure showing CDA results for each fish, ‘all_fish_tree.pdf’, is available 

in the ‘figures’ folder. 

Relation between abundance and genome size 
	  
The relationship between TE abundance and genome size has been shown to be particularly 

strong in teleost fish (Chalopin et al. 2015). The large and diverse sample material available 

for teleosts in this project made it possible to further investigate this tendency. Figure 14 

shows the correlation between genome size and TE content across the 74 teleost fish studied 

here. Indeed, the results indicate a strong positive correlation (r: 0.83, p < 0.001). In order to 

quantify what type of TE had the most effect on genome size, the relationship between 

genome size an TE content was tested separately with the major types of TEs (DNA 

transposons, LTR-RTs, LINEs and SINEs). Evident from Figure 15, TE abundance is 

significantly related to genome size in DNA transposons (r: 0.59, p < 0.001), LINEs (r: 0.49, 

p < 0.001) and SINEs (r: 0.48, p < 0.001). The amount of LTR-RTs in fish genomes does not 

display a significant correlation with genome size (r: 0.17, p-value: > 0.1). 
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Figure 14 – The relationship between genome size and TE coverage in 65 teleost fish with available sequencing 

reads, of which the genome size estimates were based. The red line is a linear regression and the blue line is a 

local regression line (using LOWESS). r is Pearson’s correlation coefficient and p is the p-value, a measure of 

the probability of reaching the value of r by pure chance. LOWESS fits simple models to subsets of the data  

(Cleveland 1981). The light red shade shows the 95% confidence interval of the linear regression. The linear 

regressions with the 95% confidence intervals, as well as locally weighted linear regressions between TE 

coverage and genome size were calculated using the ‘regplot’ function of the ‘seaborn’ package in Python. Only 

fish with genome sizes estimated in the same manner were included in the analysis (n = 65). The steps can be 

viewed in ‘/notebooks/Genomesize.ipynb’ in the GitHub repository. To estimate genome sizes the following 

procedure was followed; for each fish with available sequencing reads, the total number of bases in the 

sequencing reads was counted and of the counts was divided by the average depth of base pairs covering the 

assembly. 

r	  =	  0.83,	  
p	  =	  7.0e-‐18	  
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Figure 15 – The correlation between genome size and genomic content of DNA transposons (A), LTR 

retrotransposons (B), LINEs (C) and SINEs (D). The figure was created in the same manner as Figure 14. 

 
 
 
 
 
 
 

 

r	  =	  0.59,	  
p	  =	  2.1e-‐7	  

r	  =	  0.17,	  
p	  =0.19	  

r	  =	  0.49,	  
p	  =	  3.9e-‐5	  

r	  =	  0.48,	  
p	  =	  4.7e-‐5	  
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Discussion 

 
Developing a computational annotation pipeline 
	  
For this project, a new computational pipeline was developed that included i) the use of 

multiple TE detection tools to detect TE sequences, ii) clustering steps for generating 

consensus sequences from the harvested TEs, iii) removal of non-TE host genes, and iv) 

classification steps. A number of pipelines used in other studies, such as the ones used in the 

annotation of the common carp (Figure 4) and northern pike (Figure 5) were used as an 

inspiration (Xu et al. 2014; Rondeau et al. 2014). However, the investigated pipelines all 

contained manual steps. As the pipeline used here was to analyze a large amount of genomes 

simultaneously, there was no room for manual steps. Each step needed to automatically start 

when the previous step was finished. To accomplish such automation, a variety of PERL and 

Python scripts were written, which are available in the GitHub repository 

(https://github.com/uio-cels/Repeats). Some of the scripts takes the output of one tool and 

changes the data into the correct format for the next step. Other scripts calculate metrics for 

use as parameters in subsequent tools. A large challenge when analyzing huge amounts of 

data is how to organize the output files for downstream analysis. The pipeline deals with this 

by creating a consistently named folder structure, with one folder per species, in which the 

output files are placed. Parsing the output files is then readily done by the use of shell 

(command line) for-loops. Being fully automatic, the pipeline produced TE annotation data 

from 74 of the fish genomes within seven days using 16 CPU cores per genome, without any 

manual interference. However, the analysis of the Atlantic salmon, which has a substantially 

larger genome size than the other fishes (~3 Gbp), never finished within reasonable time. 

Unresolved memory issues during the final annotation step (i.e. during the ‘ProcessRepeats’ 

subprocess of RepeatMasker) led to Trachyrincus murrayi being dropped from the study. 

 

As TE annotation is known to be notoriously difficult, an attempt was made to validate the 

approach used in this study. Assuming that the TE annotation of the zebrafish, which is a 

well-studied model organism, represents the true TE content, a crucial test was to see whether 

or not the custom approach agreed with the available annotation. First, the comparison of 

GFF-tracks with zebrafish TE annotation data downloaded from repeatmasker.org indicated 
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that the results from the annotation pipeline roughly agree with the available TE annotation, at 

least with regard to genomic positions (Table 1). Unfortunately, no comparison between any 

classification differences was made between the tracks, due to the lack of a method to perform 

the task. A visual comparison of the GFF tracks in IGV showed that TEs produced from the 

pipeline are more fragmented (not shown). A weakness of the devised pipeline is the lack of 

manual curation steps, which could have refined the consensus sequences produced by the 

detection tools. In particular, the borders (i.e. the start and the end) of TEs are hard for 

available tools to accurately define. However, the size of the dataset made manual curation 

unfeasible.  

 

The comparisons between the results of three different annotation pipelines in Figure 8 show 

that the pipeline devised for this study overestimated the fractions of DNA transposon and 

LINEs and underestimated the fractions of LTR-RTs in Tetraodon nigroviridis. In the 

genome of stickleback the total amount of all major groups of TEs was underestimated. In 

medaka (Oryzias latipes), the amount of LINEs seems to be overestimated. It appears that 

there was no systematic classification bias in the pipeline as none of the TE groups were 

consistently overestimated or underestimated. The fractions of unclassified sequences 

produced in this study are larger than in the annotations of the other two studies, except for 

zebrafish, in which the TE content is very similar in all approaches. The reason for the similar 

result in the analysis of zebrafish is probably the access of zebrafish-specific TE sequences in 

RepBase. As all the consensus sequences were classified according to homology with known 

TEs, the fraction of classified sequences in fish more closely related to zebrafish or other 

well-annotated fish species are expected to be higher. However, the total number of TEs 

detected should not be affected. The fact that TE annotation results are fairly similar across 

the different studies supports the use of the custom approach devised here to perform a large-

scale comparative analysis. 

 

Genome assembly quality, which is mainly determined by the sequencing technology applied, 

is thought to affect the detection of TEs. The sequencing library preparation process (i.e. 

DNA fragmentation, indexing and enrichment), the depth of coverage and the use of different 

assembly programs all impact the quality of the final assembly (Simpson & Pop 2015). If the 

reads resulting from sequencing are shorter than TEs that have identical copies interspersed 

within the genome, it will be impossible to place the reads correctly during the assembly 

process (Miller et al. 2010; Alkan et al. 2011). Therefore, it is expected that assemblies based 
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on long-reads will produce different results than assemblies based on short reads. It should be 

mentioned that a recent investigation did not find a significant correlation between the N50 

values of assemblies and the amount of TEs detected (Platt et al. 2016). Still, one of the 

strengths of the approach used in this study is that the pipeline was run on genome assemblies 

based on the same sequencing technology and assembled in the same way, with the exception 

of the nine publicly available genome assemblies used. Thus, any TE detection biases 

resulting from the assembly process would be equal across 65 of the 74 compared genomes. 

However, there is an intrinsic bias one should be aware of when attempting to detect TEs. 

Genomes inhabiting high numbers of identical TEs (i.e. genomes with recent TE expansions) 

are expected to be harder to assemble, as identical TEs create collapsed repeats (Treangen & 

Salzberg 2011). In theory, this would lead to an underreporting of TEs in genomes with recent 

TE expansions. In addition, genome assemblies often do not contain centromeres, which are 

known to be TE-rich. Therefore, the total TE abundances are probably underestimated. 

However, a consistent underestimation of TE abundance is not very likely to impact the 

tendencies and patterns that are presented in this study, as the focus is on the relative 

differences observed in TE composition.  

Evaluating the Atlantic cod annotation efforts 

Using the custom pipeline, this study aimed to extensively annotate the new and improved 

Atlantic cod genome. The graph topologies shown in Figure 8 resemble what has been 

presented in another study of Atlantic cod TEs (Chalopin et al. 2015). However, that study 

used yet another different genome assembly, from Star et al. (2011). Still, the consistency in 

the TE annotation data across studies indicates that the new genome (gadMor2) represents the 

TE complement adequately. Table 3 shows, as expected, that the use of long-read technology 

increases TE abundance estimates. The TE length histograms (Figure 9) show that the lengths 

of the detected sequences increase as well, i.e. that the reported TEs are longer when using 

long-read technology. For these reasons, the TE annotation conducted in this project probably 

represents the TE complement of the Atlantic cod genome fairly well.  

The Atlantic cod assembly based on comparatively lower-coverage Illumina HiSeq 2000 

sequencing was used in the large-scale comparisons of TE compositions. In phylogenetic 

context, patterns observed in the Atlantic cod genome are comparable to what is observed in 

the other Gadiformes (codfishes), being similar in TE abundance (Figure 10), TE class 

composition (Figure 11) and in presence of superfamilies/families (Figure 12). TEs in the 
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Atlantic cod genome display similar expansion histories as those in closely related codfishes 

(see ‘all_fish_tree.pdf’ in the GitHub repository), indicating one more recent and one not so 

recent period of increased activity. However, the closely related codfishes differ somewhat in 

the top five TE families accounting for the expansions.  

In light of current knowledge 
 

Inferences regarding TE composition in teleost fish have recently been made in multiple 

studies (Chalopin et al. 2015; Gao et al. 2016), pointing to DNA transposons as being the 

dominant TE class and pointing to certain superfamilies as being particularly prevalent. The 

results of this study are in agreement with that DNA transposons are predominant in teleost 

fish. Known exceptions are fugu (Takifugu rubripes) tetraodon (Tetraodon nigroviridis) and 

stickleback (Gasterosteus aculeatus), but this study adds three more exceptions: the 

lampridacean fish Regalecus glesne and Lampris guttauts, and the codfish Muraenolepis 

marmoratus all have LINEs as the predominant TE in their genomes (Figure 11).  

 

Some TE superfamilies are known to be present in all vertebrates, including ERVs, Penelope-

like, LINE1, CR1-like (including CR1, L2 and Rex-Babar), Tc-Mariner and hAT (Chalopin et 

al. 2015). All of these superfamilies were detected in all fish genomes examined (Figure 12), 

except for the lack of Penelope elements in two codfishes (Melanogrammus aeglefinnus and 

Trisopterus minutus). TE superfamilies shown in Chalopin et al. (2015) to be present in all 

teleost fish (excluding those found in all vertebrates) are Gypsy, Pao, DIRS, R2, RTE, 

Jockey, Helitron, Maverick, Harbinger, PiggyBac, Zisupton, Rex6/Dong and EnSpm. In 

accordance with this, Figure 12 shows an omnipresence of Gypsy, Pao, RTE-BovB and 

CMC-EnSpm/CACTA. DIRS were present in all fish genomes except for in Carapus acus, 

Mavericks was detected in all fish except Oryzias latipes and R2 (R2-Hero) was not present 

in six of the analyzed fish (Osmerus eperlanus, Anabas testudineus, the sister species of 

Poecilia formosa and Xiphoporus maculatus and the sister species of Gasterosteus aculeatus 

and Myoxocephalus scorpiusi). As only the 30 top-most superfamilies/families by abundance 

were included, the superfamilies of Jockey, Helitron, Zisupton and PiggyBac are not shown in 

Figure 12. TE superfamilies known to display high presence in teleosts compared to other 

vertebrates are L2, Tc-Mariner and hAT transposons. L2 and Tc-Mariner (TcMar-Tc1 and 

TcMar-Tc2 in Figure 12) do stand out as showing a high presence in a large fraction of the 

analyzed fish. Different TEs of the hAT superfamily (hAT-Ac, hAT-Charlie and hAT-
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Tip100) display mostly low abundances separately, but combined they too are present in high 

numbers throughout the teleost lineages. Chalopin et al. (2015) observed that in fugu 

(Takifugu rubripes), tetraodon (Tetraodon nigroviridis), nile tilapia (Oreochromis niloticus), 

stickleback (Gasterosteus aculeatus) and in the southern platyfish (Xiphophours maculatus), a 

lot of DNA transposon superfamilies were absent, including the Kolobok (Kolobok-Hydra 

and Kolobok-T2) and Novosib. From Figure 12, it can be observed that Kolobok-Hydra is 

lost in multiple fishes of the Paracanthopterygii lineage, including the mentioned species, but 

Kolobok-T2 were detected in stickleback, southern platyfish and nile tilapia, contrary to the 

findings of the mentioned study. The observed patchiness of some superfamilies could be 

explained by differences in host defense systems, genetic drift and/or horizontal gene transfer. 

However, as most families are present in most fish, the most likely explanation for lack of a 

certain TE is lineage-specific TE loss through TE inactivation.  

 

Previously reported expansion histories of TEs in teleost genomes indicate that few teleost 

fish have a high fraction of ancient TEs (K-value >25), with the exception of the southern 

platyfish (Chalopin et al. 2015). The CDA graphs produced here supports this general trend, 

as most graphs are right-skewed, indicating that relatively recent TE activity is common in 

teleost fish. Platyfish is not the only exception, evident from the CDA graphs shown in Figure 

13, where peaks of ancient activity are present in all the examples (more examples are 

available in the online Supplementary Materials).  

 

Figure 14 shows that the relationship between genome size and TE content is strong and 

highly significant in teleost fish, which is in accordance with previous investigations 

(Chalopin et al. 2015). Thus, the variation in TE abundances observed in figure 10 mostly 

follows the variation in genome size.  In order to quantify what type of TE had the most effect 

on TE content, the relationship was tested separately for DNA transposons, LTR-RTs, LINEs 

and SINEs. Evident from Figure 15, TE abundance is significantly related to genome size in 

DNA transposons, LINEs and SINEs. DNA transposons display the strongest correlation with 

genome size. Surprisingly, the amount of LTR-RTs in fish genomes does not significantly 

correlate with genome size. As LTR-RTs are known as ‘copy-and-paste’ TEs, the indication 

that they do not increase the DNA content of genomes are somewhat counterintuitive. One 

can speculate that host defense mechanisms in teleost fish effectively silence active LTR-RTs. 

Notably, multiple organisms used as models in medicine and ecology, are indicated to be 
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outliers in some way. Medaka is the species with the lowest annotated amount of simple 

repeats; as the genome assembly analyzed only contains 0.9 % simple repeats (Figure 10). 

Zebrafish, as well as the blind cavefish are outliers in that the genomes contain an unusual 

large fraction of DNA transposons (Figure 11). The stickleback genome stands out from the 

other teleosts as well, in that they contain smaller fractions of DNA transposons.  

Phylogenetic perspectives 
 

Coupling TE data with a time-calibrated phylogeny allowed for a qualitative investigation of 

TEs in light of evolution. Patterns of TE abundance, diversity and activity mostly reflect the 

phylogenetic patterns and are not primarily species-specific. The Gadiformes order in 

particular, of which the sample size is large (n=26), resemble one another in all investigated 

aspects of the TEs in their genomes. An even larger comparison, including more 

representatives of other orders could establish if such conformity within orders can be 

generalized. Furthermore, it is worth mentioning that the gadiform genomes appear to have a 

high content of simple repeats compared to species within Percomorphaceae. The Atlantic 

cod, which is a gadiform, have recently been shown to contain more simple repeats than what 

is detected in a variety of other vertebrates (Tørresen et al. in prep). Possible evolutionary 

implications of such differences in simple repeat content should be considered in future 

studies.  

 

The CDA graphs presented in Figure 13 reveals that closely related species display similar 

patterns of TE expansion histories. No phylogenetic signal has previously been reported in 

CDA graphs of any compared teleosts, even between the related fugu and tetraodon. The 

CDA graphs of the top five superfamilies/families in the analysis conducted here show the 

same pattern, i.e. fish with a LCA >20 Mya do not share the same patterns of TE expansion. 

However, more closely related species such as the three hakefish (Merluccius merluccius, 

Merluccius capensis and Merluccius polli), with a LCA ~6 Mya, display strikingly similar 

patterns of TE activity over time. The CDA graphs of these fish are similar, true as well for 

the closely related squirrelfishes (LCA: ~14.7 Mya), and the sister species of southern 

platyfish and amazon molly (LCA: ~18.4 Mya). In the online Supplementary Materials all the 

CDA graphs can be viewed in their phylogenetic context (‘all_fish_tree.pdf’). All species 

with a LCA < 20 Mya display similar historical activities of the top five dominant TEs 
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present in their genomes. These findings indicate that repeat landscapes dramatically change 

over relatively short evolutionary time.  

 

Comparing fish with a LCA > 20 Mya reveals a striking diversity in the top five TEs. For 

instance, the related Regalecus glesne  (giant oarfish) and Lampris guttauts (opah), with a 

LCA ~50 Mya, have radically different repeat landscapes.  In addition, these species differ 

radically from most other teleost fish in having a low fraction of DNA transposons (Figure 

11), and that they are outliers in terms of the presence of major superfamilies, showing an 

atypical high presence of multiple families (Figure 12). A determination of any particularities 

in other aspects of these fishes’ genome biology could prove to be interesting.  
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Conclusion and future perspectives 
 

By investigating the TE compositions, diversity and activity across a large set of teleost 

fishes, this study has revealed a substantial variation in TE content. Most notably, the 

variation largely follows phylogenetic patterns. The data produced here have confirmed that i) 

DNA transposons are the predominant TEs in teleost fish, ii) the diversity of TE 

superfamilies/families is generally high and iii) that TEs in general display recent activity in 

teleost fish genomes. The total genomic TE abundances reflect the variation in genome size. 

The four major groups (DNA transposons, LTR-RTs, LINEs and SINEs) display differences 

in their successful expansions across species, both within and amongst different clades. Any 

functional consequence of the lineage-specific differences remains to be uncovered. A 

qualitative evaluation of the CDA graphs produced in this study revealed that species with a 

LCA exceeding 20 Mya do not in general share patterns of TE activity, which indicate that 

TEs have been a highly dynamic component of fish genomes over evolutionary time. The 

development of a statistical framework based on CDA analysis data from multiple genomes 

could be an interesting approach to further understand TE dynamics. Further, an investigation 

of fish diversification rates among teleostean clades with different TE abundances would 

follow up on Doolittle and Brunet’s idea to investigate TEs as a higher-level selection trait. In 

addition, there is an untapped resource of fish data available at fishbase.org, containing an 

enormous amount of ecological, morphological and life history strategy data for a variety of 

fish. Coupling data from FishBase to genomic data such as that produced in this study may 

further increase our understanding of the interplay between teleostean genome biology and 

ecology. The existence of R-packages to automatically harvest and create data frames from 

FishBase facilitates such an approach in future studies.  
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Appendix 
 

Supplementary Table 1 – Additional genomes downloaded from ENSEMBL. 

Species Filename Source 

Danio rerio Danio_rerio.Zv9.dna.toplevel.fa  
 

 
 

ftp://ftp.ensembl
.org/pub/release-
78 

Gasterosteus aculeatus Gasterosteus_aculeatus.BROADS1.dna.toplevel.fa 

Oreochromis niloticus Oreochromis_niloticus.Orenil1.0.dna.toplevel.fa 

Oryzias latipes Oryzias_latipes.MEDAKA1.dna.toplevel.f 

Poecilia formosa Poecilia_formosa.PoeFor_5.1.2.dna.toplevel.fa 

Takifugu rubripes Takifugu_rubripes.FUGU4.dna.toplevel.fa 

Tetraodon nigroviridis Tetraodon_nigroviridis.TETRAODON8.dna.toplevel.f 

Xiphophorus 
maculatus 

Xiphophorus_maculatus.Xipmac4.4.2.dna.toplevel.fa 

Astyanax mexicanus Astyanax_mexicanus.AstMex102.dna.toplevel.fa 

 

Online Supplementary Materials are available at https://github.com/uio-cels/Repeats. 


