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Abstract 

Repetitive DNA make up a considerable fraction of most eukaryotic genomes. In fish, transposable element (TE) 
activity has coincided with rapid species diversification. Here, we annotated the repetitive content in 100 genome 
assemblies, covering the major branches of the diverse lineage of teleost fish. We investigated if TE content correlates 
with family level net diversification rates and found support for a weak negative correlation. Further, we demon-
strated that TE proportion correlates with genome size, but not to the proportion of short tandem repeats (STRs), 
which implies independent evolutionary paths. Marine and freshwater fish had large differences in STR content, 
with the most extreme propagation detected in the genomes of codfish species and Atlantic herring. Such a high 
density of STRs is likely to increase the mutational load, which we propose could be counterbalanced by high fecun-
dity as seen in codfishes and herring.

Keywords Transposable elements, Short tandem repeats, Diversification, Repetitive DNA, Genome size, Genome 
dynamics

Introduction
Repetitive sequences including transposable elements 
(TEs) and short tandem repeats (STRs) comprise large 
fractions of most eukaryotic genomes. STRs are repeti-
tive stretches of DNA with unit sizes ranging from 1 to 
10 bp, increasing and shrinking in size primarily due to 
replication slippage [1]. The origin of STRs in genomes 
has been attributed to processes of unequal crossing over 
[2], but STRs can also originate from parts of active TEs, 
as insertions of poly-A tails from retrotransposition, or 
from de novo mutations of STR-like patterns [3, 4]. TEs 
take advantage of the DNA replication and transcription 

processes of their hosts to facilitate propagation and are 
defined into two main classes: DNA transposons, which 
transpose directly from DNA to DNA, and retrotrans-
posons (RTs) that transpose via an RNA intermediate. 
RTs are further divided into elements containing long 
terminal repeats (LTRs) and those that do not, the long 
interspersed nuclear elements (LINEs) and the short 
interspersed nuclear elements (SINEs) [5]. Both short and 
long tandem repeats have been shown to create genome 
challenges and errors at various levels in the sequencing-
assembly-annotation-deposition workflow [6].

Comparative studies have revealed that transposable 
element (TE) content to some extent correlates with 
genome size variation across vertebrates [7] and across 
chordates [8]. Within more phylogenetically narrow 
taxa, differences in repeat content do not necessarily 
reflect the variation in genome size, such as within rep-
tiles, mammals and birds [4, 9]. In the largest vertebrate 
group, teleost fish, the correlation between genome size 
and repetitive DNA content appears to be modest [7, 8, 
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10–12], with the largest study [12] reporting an R of 0.6 
 (R2: 0.36). In contrast, TE content has been suggested 
to explain 98% of the variation in genome size in angio-
sperms [13]. Due to the nature of TE propagation, it is 
not surprising that an increase in TE copies may lead to 
an increase in genome size. The empirical evidence is, 
however, less clear for correlations between STR content 
and genome size. Across eukaryotic kingdoms, the rela-
tionship between STR content and genome size seems to 
be positive [14–16], whereas, no significant correlation 
has been reported within kingdoms [17]. Intriguingly, for 
teleost fish, genome size seems to be linked to differences 
in egg diameter, parental care and aquatic habitat (salt-
water or freshwater) Hardie and Hebert [18]. These fac-
tors have so far not been taken into account when testing 
the relationship between genome size and repetitive 
DNA in teleosts.

Beyond their contribution to genome size variability, 
TEs have been postulated to cause deletions, transloca-
tions, duplications, and inversions in response to stress 
conditions [19, 20]. For instance, TEs has been indicated 
to be of evolutionary importance in invasive species of 
ants, where TE-dense genomic islands were shown to 
generate variability in genes deemed important in the 
adaptation process [21]. Interestingly, bursts of TE activ-
ity coinciding with speciation have been found in studies 
of a variety of taxa [22], including mammals [23]. Within 
teleost fish, elevated TE activity has been shown to coin-
cide with species radiations in salmonids [24] and cich-
lids [25, 26]. Beside a potential role in adaptive radiations 
through generating adaptive mutations, a mechanism of 
which TEs could influence speciation is by causing chro-
mosomal rearrangements, possibly as a response to epi-
genetic release due to environmental stress [22], which in 
turn can lead to reproductive isolation. For STRs, differ-
ent length variants present in a population contribute to 
the genetic variation and have been shown in some cases 
to be functionally relevant [27–30]. As with TEs, STR 
content varies across vertebrates, with frequencies from 
approximately 100 loci/Mbp to 1000 loci/Mbp and den-
sities from 1000  bp/Mbp to 50 000  bp/Mbp [31–33]. A 
large proportion of these STRs occur outside genes; how-
ever, in humans for instance, around 4500 STRs occur 
in protein coding regions [34]. A STR within an open 
reading frame (ORF) often encodes homo- or di-amino 
acid tracts that to a large extent overlap with intrinsically 
unstructured protein regions [35, 36]. Such regions are 
abundant in proteins that interact with other proteins 
[37]. On the other hand, STRs occurring in regulatory 
regions can affect the expression of genes [30, 38, 39] and 
STRs in introns may impact RNA splicing [29, 40].

In light of the above-mentioned observations, a key 
question is to what extent the genomic repeat landscape 

impacts the evolution of teleost fishes. First, we investi-
gated the interplay between genome size, aquatic habitat, 
parental care, and repetitive DNA content, using com-
parative methods taking phylogenetic relationships as 
well as assembly quality into account. Next, we focused 
on diversification. Our focal group, teleosts, is the most 
species rich group of all vertebrates and serves as a suit-
able system to test for associations between the TE/
STR landscape and diversification, given the genomic 
sequencing initiatives of multiple teleost species [41–43] 
as well as available species richness data. Teleostean fami-
lies differ widely in species diversity, ranging from mono-
typic families such as Helostomatidae to the Cyprinidae, 
with ~ 3,000 species. Estimates of the percentage of TEs 
in teleost genomes vary from 6–7% (Tetraodon) to 
55–56% (zebrafish) [7, 11], and estimates of the number 
of STR loci range from 1,180 loci per Mbp in Atlantic 
cod to 219 loci per Mbp in medaka [33]. We annotated 
the TE and STR content in the genome assemblies of 100 
teleost fish (41 taxonomic orders and 70 families) and 
one non-teleost ray-finned fish (spotted gar, Lepisosteus 
oculatus). Our samples cover the major teleost branches, 
allowing us to describe differences in TE and STR con-
tent after ~ 270 million years of evolution, and to inves-
tigate the role of repetitive DNA in teleost genome size 
evolution and its potential influence on diversification.

Results
TE count variation consistent between read‑based 
and assembly‑based methods
We ran an assembly-specific TE discovery pipeline on 
each assembly (see Materials and Methods). We treated 
the percentage of total interspersed repeats (i.e., the 
number of bases in an interspersed repeat divided by 
the number of bases in the assembly), which included 
both classified and unclassified interspersed elements as 
a proxy for TE-content, because the total interspersed 
repeat counts are not biased by homology-based TE clas-
sification and were strongly correlated with the number 
of interspersed elements classified as TEs  (R2: 0.67, Sup-
plementary Fig. 1a). However, we note that the estimated 
fraction of each TE class likely suffers from the ’classifi-
cation-by-homology’ bias ("TE class proportion", Fig. 1). 
The quality of the genome assemblies ranged from frag-
mented (lowest contig N50: 1,119 bp for Takifugu flavi-
dus) to contiguous (highest contig N50: 10,734,51 bp for 
Danio rerio) (Supplementary Table 1) and could bias the 
discovery of longer TEs. We compared estimates of TE 
content between an assembly-based approach and a read-
based approach for 53 of the 101 genome assemblies, and 
found that, in these assemblies, the percentage of TEs 
detected in the assemblies correlated with the percentage 
detected in the reads used to generate the assembly  (R2: 
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0.82, mean difference: 0.76%, SD: 7.2%) (Supplementary 
Fig. 1b). Given the strong correlation, we used the assem-
bly-based annotation results in further analyses.

Substantial changes in TE content over 270 million years 
of evolution
Summary of the annotation of repetitive DNA in tel-
eost genomes and the ecological variables we gathered 

Fig. 1 Genome assembly sizes, ecological variables (habitat, parental care) and the repetitive DNA content in 101 fish genomes. The phylogenetic 
tree was retrieved from [43]. Species names and taxonomic orders are indicated. Species belonging to the same taxonomic family share colors 
of beige and gray. The values of ecological variables ("habitat" and "parental care") are indicated with color: Freshwater (orange), saltwater (blue), 
non-guarding behavior (dark gray), guarding or bearing behavior (light gray) (see legend). Genome assembly size ("assembly size") is indicated 
by shades of blue (see legend). For clarity, the genome assembly size maximum was set to 1.4 Gbp. The genomic percentage of TEs ("% TE"s) are 
shown by blue bars. The longest bar (C. melanurus) represents 55% TEs and the shortest (T. nigroviridis) represents 6.7% TEs (see legend). Stacked 
colored bars ("TE class proportion") show the relative proportions of TEs; DNA transposons (red), LINEs and SINEs (blue) and LTR retrotransposons 
(orange). The genomic percentage of STRs ("% STRs") are shown by blue bars. The largest bar (G. morhua) represents 6.7% STRs and the shortest (L. 
oculatus) represents 0.3% TEs (see legend). Supplementary Table 1 contains the source data
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for each species, as well as the genome assembly sizes 
is presented in Fig.  1. There was substantial variation 
among species in terms of TE content, STR content, and 
genome assembly sizes across the teleosts (Fig.  1). The 
DNA transposon content ranges from 1.6% in tetrao-
don (Tetraodon nigroviridis) to 37.1% in zebrafish (Danio 
rerio). The LTR-RT content ranges from 0.48% in bluefin 
trevally, southern platyfish and climbing perch (Caranx 
melampygus, Xiphoporus maculatus and Anabas tes-
tudineus) to 7.4% in opah (Lampris guttatus). LINE 
content varies from 0.89% in blind cavefish (Astyanax 
mexicanus) to 12.6% in giant oarfish (Regalecus glesne) 
and SINE content ranges from 0.02% in electric eel (Elec-
trophorus electricus) to 3.6% in giant oarfish (R. glesne) 
(Fig. 1). We quantified the proportions of DNA transpo-
sons, LTR retrotransposons, LINEs and SINEs relative 
to the total classified TE content ("TE class proportion"). 
We find that DNA transposons collectively make up the 
largest proportion of the TE composition in most teleost 
fish genomes (94 out of 101 species, Fig. 1). However, we 
find multiple lineage-specific differences in TE composi-
tion. The DNA transposon fraction seem especially high 
in Characidae (Astyanax mexicanus: 89.7%), Cyprinidae 
(mean: 77.5%, SD: 2.8%), Sebastidae (mean: 76.9%, SD: 
0.8%) and Poeciliidae (mean: 74.1%, SD: 1.1%). Of retro-
transposons, LINEs are the most prevalent TE subclass, 
and display the highest relative fractions in Cetomimus 
sp. (51.4%), Regalecus glesne (51.0%), Tetraodontidae 
(mean: 44.9%, SD: 0.9%) and Lampris guttatus (40.9%). 
The LTR-RT fraction is comparably low in most of the 
genomes studied, but is largest in Gasterosteus aculea-
tus (25.2%), L. guttatus (24.2%) and Gadidae (mean: 
23.3%, SD: 0.7%). Relative SINE fractions are generally 
low (mean: 4.1%, SD: 0.3%), with exceptions being Syno-
dus synodus (16.8%), the non-teleost Lepisosteus oculatus 
(16.5%) and R. glesne (14.5%). The Tetraodontidae family 
(represented by Takifugu rubripes, Takifugu flavidus and 
Tetraodon nigroviridis) have a particularly small fraction 
of DNA transposons (mean: 33.5%, SD: 3.1%), a feature 
shared only with distant relatives such as Cetomimus 
sp., L. oculatus and R. glesne. The two lampriform fishes 
(R. glesne and L. guttatus) stand out from other fishes 
in TE composition in that the lampriformes have a low 
relative fraction of DNA transposons (and higher frac-
tion of LINEs/SINEs). Overall, the large differences in TE 
composition among and sometimes within teleost fami-
lies highlight the dynamic nature of TEs during teleost 
evolution.

Interplay between genome size, repetitive DNA 
and ecological factors
We performed phylogenetic generalized least square 
(PGLS) regression to test if genome assembly size was 

correlated with the TE and STR content of the assem-
blies, while taking the phylogenetic relationships among 
samples into account, as well as the aquatic habitat and 
degree of parental care. The correlation between the 
number of TEs and genome assembly size  (R2: 0.67, 
P < 0.001, Fig. 2a) was stronger than between the genomic 
proportion of TEs and genome assembly size  (R2: 0.28, 
P < 0.001, Fig. 2a). The number of STRs displayed a posi-
tive correlation with genome size  (R2: 0.38, P < 0.001, 
Fig.  2a), but the genomic proportion of STRs appeared 
to have a negative relationship with genome assembly 
size. The apparent relationship between the genomic 
proportion of STRs and genomes assembly size did not 
reach a significance threshold of 5% for a linear relation-
ship in the PGLS model  (R2: 0.02, P > 0.05, Fig.  2a). We 
omitted the tetraploid species (Salmo salar and Cypri-
nus carpio) as well as Danio rerio as outliers in terms 
of assembly quality (Supplementary Table  1, Supple-
mentary Fig. 2). The genomic proportion of TEs did not 
correlate with the genomic proportion of STRs  (R2: ~ 0, 
P > 0.1, Supplementary Fig.  3), although the counts cor-
related  (R2: 0.21, P < 0.001, Supplementary Fig.  3). Next, 
we treated genome size as a response to TE content, STR 
content (including the mean length of STRs), aquatic 
habitat (marine/freshwater), and the degree of parental 
care in a multiple PGLS regression. To control for differ-
ences in assembly quality, we included assembly quality 
metrics (N50 contig and BUSCO gene completeness, see 
Supplementary Table 1) as covariates. We included data 
on aquatic habitat and parental care from FishBase [44], 
where the degree of parental care was defined according 
to Balon [45] (Fig. 1). We grouped fish that carries eggs in 
their mouth or body (bearers) and that guard their eggs 
in nests or similar (guarders) together. In the full model, 
TE counts, STR counts, STR mean lengths, and BUSCO 
gene completeness, had positive correlations with 
genome assembly size (Fig. 2b, Supplementary Table 2). 
The genomic proportions of STRs, however, were nega-
tively correlated to genomic assembly size (Fig. 2b, Sup-
plementary Table  2). Contig N50 was not a significant 
explanatory variable in the model. Together, the variables 
explained 87% of the variation in the genome assembly 
sizes observed in our samples.

STR variation across teleost lineages linked to aquatic 
habitat
Our STR analyses showed that there is high variabil-
ity in STR content within teleost fish, both with respect 
to total STR content and relative differences of STRs 
with different unit sizes (Fig.  1). One striking pattern 
is the proportion of STRs with unit size 5–10 in Gobi-
idae (Chatrabas melanurus, Lesueurigobius cf. sanzoi, 
Periophthalmus magnuspinnatus, Periophthalmodon 
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schlosseri, Scartelaos histophorus and Boleophthal-
mus pectinirostris), more specifically decanucleotide 
repeats. Suspecting that this might be an artifact, we 
looked at Gobiidae tandem repeats with unit sizes from 
1 to 20, and found that the high proportion of decam-
ers (mean: 0.7%, SD: 0.2%) represents a high proportion 
of k-mers with unit sizes 10–20 (mostly 11-mers), which 
likely confuses the repeat detection algorithm (Phobos) 
when repeats are interrupted. Why Gobiidae had such a 
unique STR landscape (i.e., a relative high abundance of 
STRs with larger unit sizes) compared to other teleosts 

requires further investigation. PGLS regression revealed 
a significant elevation of STR proportions in saltwater 
fish compared to freshwater fish (P: 0.003, Fig.  3a, b), 
supporting the tendency found in Yuan et  al. [12]. The 
association was robust to removal of the whole Ovalen-
taria clade, which mainly contain freshwater fish (Fig. 3b, 
the ovalentarians are highlighted in Fig. 1). We noted that 
codfish (Gadiformes) genomes had particularly high pro-
portions of STRs compared to the other species (mean: 
5.2%, SD: 1.1%, Fig. 3a). By annotating additional codfish 
assemblies (from [41, 42]) we found that extreme STR 

Fig. 2 Genome size correlations with repetitive DNA content, ecological variables and genome assembly quality metrics. a. Repetitive DNA 
as a function of genome size. Top left: The number of TEs ("# TEs"). Top right: The percentage of the genome being TEs ("% TEs"). Bottom left: The 
number of STRs ("# STRs"). Bottom right: The percentage of the genome being STRs ("% STRs"). The blue line and the shaded area indicate a linear 
regression with the 95% confidence interval, which does not take the correlation between genetic relatedness and the residuals into account. 
The gray line indicates the local regression. The box above each plot indicates the adjusted  R2 and the P-value of the fit in PGLS regression. b. 
PGLS regression model with genome assembly size as the response, showing the estimates of the explanatory power of repetitive DNA content, 
ecological variables and genome assembly quality metrics. The variables were standardized by subtracting the means and divided by the standard 
deviation. Asterisks indicate that the explanatory variables had significant contributions at the 1% alpha level (**) or 0.1% alpha level (***). See 
Supplementary Table 2 for model estimates without normalization



Page 6 of 12Reinar et al. Mobile DNA           (2023) 14:14 

propagation is common within this lineage (Fig. 3c, Sup-
plementary Table 3).

TE proportion displays a weak, negative correlation 
with net diversification
We performed a family-level all vs. all PGLS regression 
to explore the relationship between family-level median 
values of genome assembly size, repetitive DNA, and 

the ecological variables (see Fig. 1 for species belonging 
to the same taxonomic family). To test how these vari-
ables correlate with diversification rates, we included net 
diversification rate estimates from Scholl and Wiens [46], 
whom calculated diversification rates across the tree of 
life and included 45 out of 71 of the teleost families sur-
veyed in this study (Fig. 4a, Supplementary Table 4). The 
family-level all vs. all PGLS regression results indicated 

Fig. 3 STR content in freshwater fish, saltwater fish, and codfish. a. The boxplots show the variation in STR proportions ("% STRs") 
across the taxonomic orders included in this study. b. The boxplots show the genomic proportion of STRs in fish genomes ("% STRs") grouped 
by saltwater and freshwater. The significance of the difference in the genomic proportion of STRs between freshwater fish and saltwater fish in PGLS 
regressions are shown above the boxplots. The boxplots to the right show the results when ovalentarian fish were removed (see Fig. 1). c. The STR 
content in Gadiformes (codfish). The phylogenetic tree to the left includes the 101 species from Fig. 1 and is shown with Gadiformes highlighted. 
The phylogenetic tree to the right show additional codfish species (a subset of the phylogenetic tree from Malmstrøm et al. [41]). The coloring, 
ranging from blue to yellow, are scaled with the genomic proportion of STRs ("% STRs"), and capped at 7% for clarity



Page 7 of 12Reinar et al. Mobile DNA           (2023) 14:14  

that freshwater fish had fewer  (R2: 0.10, P < 0.05) and 
shorter  (R2: 0.34, P < 0.05) STRs that covered less  (R2: 
0.26, P < 0.05) of their slightly larger genomes  (R2: 0.11, 
P < 0.05), compared to saltwater fish (Fig.  4b). Guarding 
behavior had a negligible correlation with an increase 
in the STR length  (R2: 0.05, P < 0.1) (Fig.  4b). Variation 

in mean STR lengths seemed to explain more variation 
in STR proportion  (R2: 0.44, P < 0.05) compared to the 
STR counts directly  (R2: 0.1, P < 0.05) (Fig.  4b). Family-
level median genome assembly sizes correlated with both 
STR counts  (R2: 0.42, P < 0.05) and TE counts  (R2: 0.69, 
P < 0.05), but in contrast to the species-level regression 

Fig. 4 Net diversification rates analyses. a. Family-specific net diversification rates as estimated by Scholl and Wiens [46]. b. Family-level PGLS 
regressions between repetitive DNA variables, ecological variables, and genome assembly sizes that reached a 10% alpha-level (P < 0.1). c. Net 
diversification rates as a function of the proportion of TEs in the genome. The blue line and the shaded area indicate the regression of a linear model 
with 95% confidence interval. The box above the plot indicates the result from the PGLS regression. d. Multiple PGSL regression model with net 
diversification rates as a response, showing the PGLS estimates of the variables in b. in addition to the estimates of contig N50 and the number 
of BUSCO genes. Asterisks indicate that the explanatory variables had significant contributions at the 1% alpha level (**) or at the 5% alpha level (*). 
See Supplementary Table 5 for model estimates without normalization
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in the full model shown in Fig.  2b, genome assembly 
sizes positively correlated with TE proportion  (R2: 0.27, 
P < 0.05) (Fig. 4b). The negative correlation with STR pro-
portion (Fig. 2a-b) was reiterated, although weakly, in the 
family-level regression  (R2: 0.05, P < 0.05) (Fig.  4b). The 
correlation between STR proportion and TE proportion 
was not significant in PGLS regressions  (R2: ~ 0, P > 0.1), 
although the counts were correlated  (R2: 0.45, P < 0.05) 
(Fig.  4b). The PGLS regressions indicated that the pro-
portion of TEs in genomes was the only variable that 
correlated with family-specific net diversification rates 
 (R2: 0.11, P < 0.05, Fig. 4b-c). The proportion of TEs was 
positively correlated to the TE count  (R2: 0.62, P < 0.05) 
and the genome assembly size  (R2: 0.27, P < 0.05), but 
neither genome assembly size  (R2: ~ 0, P > 0.1) nor TE 
count  (R2: ~ 0, P > 0.1) correlated with net diversifica-
tion rates (Fig. 4b). Next, we tested if the TE proportion 
had explanatory power in a multiple PGLS regression 
model including all the above-mentioned variables, and 
included genome assembly quality metrics: Contig N50 
and the number of BUSCO genes. The full PGLS model 
had an adjusted  R2 of 0.16 and pointed to TE proportion 
and the number of BUSCO genes as significant explana-
tory variables (TE proportion P < 0.01, BUSCO genes 
P < 0.05), both with negative PGLS estimates (Fig.  4d). 
Tests were repeated using net diversification rates based 
on different assumed extinction rates (0.1, 0.5 and 0.9), 
which had negligible impacts on the results. The removal 
of Pleuronectidae, which in our dataset is an outlier in 
terms of net diversification rate (Fig. 4a, c), led to a drop 
in the  R2 of the model by 5%  (R2: 0.11), the number of 
BUSCO genes lost significance (P: 0.69), and weakened 
the statistical significance of TE proportion (P: 0.05).

Discussion
Using a time-calibrated phylogeny we have investigated 
the genomic repeat landscape across the teleost radia-
tion. Overall, TE content was not positively associated 
with net diversification, but significantly contributes to 
genome size variation. High STR content was associ-
ated with smaller genomes, marine habitat and could 
be linked to high fecundity (such as codfish and Atlantic 
herring). The proportion of STRs covering the genomes 
did not correlate with the proportion of TEs in teleost 
lineages (Supplementary Fig.  3), pointing towards inde-
pendent evolutionary paths for these types of repeats.

Our results on the contribution of TEs to genome 
size variation (Fig.  2a, b) support the general tendency 
observed in chordates [8], vertebrates [7] and previous 
studies of teleosts [12]. We observed, however, a large 
variance in our dataset, resulting in fairly low  R2 of 0.28 
(Fig.  2a). This shows that in teleosts, differential abun-
dance of TEs alone could explain 28% of the variation 

in genome size, when the phylogenetic relationship 
between samples is taken into account. The larger model 
that included TE and STR counts, STR lengths, as well 
as TE and STR proportions, genome assembly quality 
metrics, habitat, and parental care, which previously have 
been linked to genome size differences in teleosts [18], 
explained 87% of the genome size differences in our sam-
ples. Given that the extent of parental care and egg size 
are positively correlated [47], and egg size is positively 
correlated with genome size [18], we expected to find a 
positive correlation between parental care and genome 
size. Contrary to expectation, non-guarding behavior 
did not have a significant correlation with genome size 
(Fig. 2b). Further, a marine environment did not explain 
any difference in genome size when phylogenetic rela-
tionships were taken into account (Fig. 2b).

In comparison, STR content was significantly higher 
in marine fish (Fig.  3a), with the most extreme being 
the codfish (Fig.  3b). Given the current understanding 
of STRs as hypervariable regions with occasional func-
tional impact, we speculate that marine species with high 
fecundity and high mortality of eggs [48], more robustly 
tolerate the mutational load of STRs, which is likely sub-
stantial. Theory predicts [49, 50] that the number of off-
spring an individual on average needs to produce to keep 
the population size constant is a function of the deleteri-
ous mutation rate and the number of functional mutable 
sites. It is likely that STRs increase the deleterious muta-
tion rate, although it would depend on the STR mutation 
rate and the fraction of STRs in functional regions. This 
could serve as an explanation for why we see elevated 
STR propagation in marine clades, i.e., fish with higher 
number of eggs per spawning event, compared with 
freshwater fish. In particular, for the species with availa-
ble fecundity estimates (scaled for body size), G. morhua 
and C. harengus have the highest fecundity in our dataset 
[51] and also stand out as having high STR content. How-
ever, the only (close to negligible) correlation between 
parental care and repeat content was between the mean 
length of STRs and guarding-behavior (Fig. 4b). Improve-
ments in the sequencing and gene annotation of teleost 
genome assemblies would be required to accurately cap-
ture and quantify TEs and STRs present in functional 
regions of genomes for this hypothesis to be addressed 
more directly.

We show that DNA transposons are the most com-
mon TEs in teleosts (Fig.  2), confirming the pattern 
observed in other studies. Overall, variation is high 
across lineages and indicates substantial TE activ-
ity over 270 million years of evolution. As elevated TE 
activity has been shown to coincide with teleost spe-
cies radiations, such as in salmonids [24] and cichlids 
[25, 26], and in light of the ongoing discussion of the 
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role of TEs in evolution [52–54], a main objective of 
this study was to investigate if clades with high TE con-
tent have had comparably high net diversification. The 
test relies on the assumption that a fish family with a 
high count or high proportion of repetitive elements in 
their genomes is likely to have had more propagation of 
repetitive elements than a fish family with a low count 
or low proportion. Our results do not support that high 
TE content is linked to higher net diversification rates, 
but rather show weak support for the contrary (Fig. 4c, 
d), and we see no apparent pattern with regard to the 
effect of STRs or genome size, parental care, or aquatic 
habitat, at least across our broad selection of teleostean 
families. This does not rule out that TE insertions can 
lead to novel adaptive traits, and might facilitate diver-
sification in certain teleost clades, as indicated in stud-
ies of African cichlids [25, 26, 55]. However, a general 
speciation promoting role for TEs is not reflected in 
our results.

Throughout the study, we assessed TE content to be 
the sum of the interspersed repetitive elements judged 
by our tools (BLAST, BLASTX and HMMR) to be a TE 
in addition to interspersed repetitive elements not suc-
cessfully classified. The classification process is limited by 
the extent of prior annotated TEs, which in teleosts are 
biased towards D. rerio. This is illustrated by the values 
obtained from zebrafish that has the most extensive prior 
annotation, and the percentage of classified TEs (48.0%) 
is very close to the total interspersed repeats (52.2%, Sup-
plementary Table 1), which is not the case for most other 
surveyed fish (Supplementary Fig.  1a). The detection of 
interspersed repeats is not biased by a priori information, 
but can be influenced by assembly quality [56, 57]. How-
ever, in our models that include multiple covariates, we 
found that the common assembly quality metric; contig 
N50 did not impact our conclusions. Gene completeness 
as measured by the number of detected BUSCO genes 
did however explain statistically significant amounts of 
variation in our models (Fig. 2b, Fig. 4d). Thus, a portion 
of the genome size variation we observe in our samples 
could be explained by assembly quality, which highlights 
the need for high-quality teleost genomes.

It should further be noted that genomes inhabiting 
high numbers of identical TEs (i.e., families that recently 
expanded) are expected to be harder to assemble, as 
identical sequences create collapsed repeats. This can 
lead to an underreporting of elements in genomes with 
recent expansions. It is also known that high STR content 
in combination with short read sequencing can produce 
assemblies of lower quality, as reported in the sequencing 
efforts of the Atlantic cod (G. morhua) genome [32]. This 
implies that assemblies with low assembly quality likely 
are underestimated with regards to STR content.

Regardless of some limitations, our results suggest 
that high proportions of TEs are not positively corre-
lated with net diversification rates in teleost clades, and 
that elevated levels of STRs are linked to and must thus 
be tolerated by marine teleosts, potentially due to higher 
fecundity. Such a link would be very important for under-
standing genome evolution, but needs to be further 
investigated within teleosts, as well as in other organism 
groups.

Material and methods
Genome assemblies and phylogenies
Fifty-six genome assemblies were retrieved from a tel-
eost genome data release [42], and 10 assemblies were 
sequenced and assembled by [43], which also released 
the 101-species phylogeny. The remaining 46 genome 
assemblies were retrieved from ENSEMBL and NCBI. 
For an overview of assembly origins, see [43] and Supple-
mentary Table 1. The codfish phylogeny was taken from 
[41]. Details regarding the phylogeny construction can be 
found in these respective studies.

TE and STR annotation
For TE annotation, we used a variant of the compu-
tational pipeline that is more thoroughly described in 
[32], available at https:// github. com/ uio- cels/ Repea ts. 
The pipeline includes multiple TE detection steps using 
different tools, steps for removing non-TEs from the 
detected sequences and steps for classifying the elements. 
For the initial detection step, we used RepeatModeler 
(v. 1.0.8) [58] and LTRharvest (part of GenomeTools v. 
1.5.7) [59]. RepeatModeler detects all sorts of repetitive 
sequences and LTRharvest is specialized for detecting 
LTR-RTs. Using BLASTX, TEs with sequences matching 
known non-TEs in UniProtKB/Swiss-Prot were removed. 
To classify the TEs, we used RepeatClassifier, which is a 
part of the RepeatModeler software. As the tool did not 
manage to classify all of the remaining sequences, addi-
tional similarity searches were performed between the 
sequences and a curated library of TE sequences (Rep-
Base v. 20,150,807), using nucleotide BLAST. Finally, we 
built Hidden Markov Model profiles from the detected 
sequences using HMMER (v. 3.1b1) [60] and compared 
the profiles with HMM profiles from databases down-
loaded from GyDB.org [61] and dfam.org [62], using the 
nhmmer feature included in HMMER. This resulted in 
additional sequences being classified at the class and sub-
class level. The pipeline resulted in one de novo library 
per assembly, which contained the consensus sequences 
of the interspersed repeats detected in each assem-
bly. We merged the de novo TE library with a library of 
known eukaryotic TEs (RepBase) and used this as input 
for RepeatMasker (v. 4.0.6), run with the -s (sensitive) 

https://github.com/uio-cels/Repeats
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option. The.out and.tbl files produced by RepeatMasker 
served as the basis for the downstream analysis, per-
formed using custom Python scripts. For detection of 
STRs we used Phobos v3.3.12 [16] to detect all STRs with 
unit size 1–10 bp in the genome assemblies. The output 
was in Phobos native format which was further processed 
with the sat-stat v1.3.12 program, yielding files with sta-
tistics and a GFF file. Other options were set as in Tørre-
sen et al. [32]. For the Gobiidae genomes, we ran Phobos 
with unit sizes 1–20 bp. To compare assembly-based TE 
annotation with read-based TE annotation 53 assemblies 
were re-analyzed with de novo assembly & annotation 
Pipeline for Transposable Elements (dnaPipeTE), which 
detects and annotates TEs from raw reads [63].

Diversification rates
We retrieved estimates of net diversification rates from 
Scholl and Wiens [46], who calculated diversification 
rates based on the stem ages of teleost families from the 
teleost phylogenetic tree produced by Betancur-R et  al. 
[64]. They used the method-of-moments estimator as 
described by Magallon and Sanderson [65],

where r is the net diversification rate estimate, t is the 
family stem age, n is the number of extant species and ε 
is the relative extinction rate. ε is included to correct for 
unsampled, extinct clades. The estimates used in this 
study are based on the r values when ε was set to 0.1, 0.5 
and 0.9. Note that more recent diversification estimates 
are available [66], but cover only marine fish.

Comparative phylogenetic analyses
Statistical analysis was performed using phylogenetic 
least-squares (PGLS) regressions using the R package 
‘caper’ v. 1.1.0 [67]. PGLS is a commonly used method for 
incorporating phylogenetic information in the modelling 
of associations between traits. PGLS assumes that more 
closely related species have more similar traits and uses 
the expected covariance structure to modify the slope 
and intercept estimates. For tests with net diversification 
rates, we used a pruned phylogeny containing tips repre-
senting teleost family stem ages, and used median values 
per family for all covariates. In all tests, we optimized 
branch length transformations using maximum likeli-
hood. LOWESS (locally weighted linear regressions) lines 
were created using the ‘seaborn’ Python package with the 
‘regplot’ function and standard parameters.

Gene completeness analysis
We counted how many of 3,698 highly conserved acan-
thopterygian genes that were present in each assembly, 

(1)r =
1

t
log(n(1− ε)+ ε)

estimated by the "BUSCO complete single" count gen-
erated from Benchmarking Universal Single-Copy 
Orthologs (BUSCO) v. 1.1b [68], which was run on 
each assembly. The "BUSCO completed duplicated" 
counts were used to indicate ploidy.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13100- 023- 00302-9.

Additional file 1: Supplementary Table 1, 3, 4. Sample information and 
the data used in this study (XLS).

Additional file 2: Supplementary Table 2. PGLS regression estimates 
with genome size as a response, without normalizing the explanatory 
variables, relevant to Fig. 2b. Supplementary Table 5. PGLS regression 
estimates with net diversification rates as a response, without normalizing 
the explanatory variables, relevant to Fig. 4d. Supplementary Figure 1. 
a. The percentage of interspersed elements in teleost genomes classified 
as transposable elements (TEs) ("% Classified as TEs"), as a function of the 
percentage of classified and unclassified interspersed elements ("% Clas-
sified and unclassified interspersed elements"). b. Comparison between 
the % of interspersed elements detected with assembly-based detection 
and annotation methods (Repeatmodeler, y-axis) and read-based detec-
tion and annotation methods for 53 teleost genomes (dnaPipeTE, x-axis). 
Supplementary Figure 2. Genome size regressions with repetitive DNA 
content as in Figure 2a, D. rerio, C. carpio, and S. salar are included. Supple‑
mentary Figure 3. Left: The percentage of transposable elements (TEs) in 
teleost genomes ("%TEs", y-axis) as a function of the percentage of short 
tandem repeats ("% STRs"). Right: The count of TEs in teleost genomes as a 
function of the count of STRs.

Acknowledgements
The authors would like to thank Jostein Starrfelt, Masahito Tsuboi and 
Kjetil Lysne Voje (CEES, University of Oslo) for conceptual input regarding 
diversification rates. All computational work was performed on the Abel and 
Saga Supercomputing Cluster (Norwegian metacenter for High Performance 
Computing (NOTUR) and the University of Oslo) operated by the Research 
Computing Services group at USIT, the University of Oslo IT-department 
(http:// www. hpc. uio. no/). Sequencing library creation and high throughput 
sequencing was carried out at the Norwegian Sequencing Centre (NSC), 
University of Oslo, Norway. We have adhered to all local, national and interna-
tional regulations and conventions, and we respected normal scientific ethical 
practices.

Authors’ contributions
W.B.R wrote the manuscript text and prepared the figures with input from 
O.K.T, A.J.N, M.M, S.J, and K.J.S. A.J.N, O.K.T, and K.J.S conceived the study.

Funding
This research was supported by the Norwegian Research Council under the 
projects “Functional and comparative immunology of a teleosts world without 
MHC II (#222378)” and “Evolutionary and functional importance of simple 
repeats in the genome (#251076)” both led by K.S.J.

Availability of data and materials
Summaries of the annotation of TEs and STRs, along with the ecological 
data, are in Supplementary Table 1. Species-specific annotations of TEs and 
TE-derived DNA can be found at: https:// doi. org/ 10. 6084/ m9. figsh are. 82808 
00 (~ 4.6 Gb). The R script used for statistical analysis, can be found at https:// 
github. com/ uio- cels/ teleo st- repea ts. The TE consensus sequences generated 
from each assembly can be found at https:// doi. org/ 10. 5061/ dryad. 4xgxd 25g9.

Declarations

Ethics approval and consent to participate
Not applicable.

https://doi.org/10.1186/s13100-023-00302-9
https://doi.org/10.1186/s13100-023-00302-9
http://www.hpc.uio.no/
https://doi.org/10.6084/m9.figshare.8280800
https://doi.org/10.6084/m9.figshare.8280800
https://github.com/uio-cels/teleost-repeats
https://github.com/uio-cels/teleost-repeats
https://doi.org/10.5061/dryad.4xgxd25g9


Page 11 of 12Reinar et al. Mobile DNA           (2023) 14:14  

Consent for publication
Not applicable.

Competing interests 
The authors declare no competing interests.

Received: 28 April 2023   Accepted: 20 September 2023

References
 1. Levinson G, Gutman GA. Slipped-strand mispairing: a major mechanism 

for DNA sequence evolution. Mol Biol Evol. 1987;4:203–21.
 2. Smith GP. Evolution of repeated DNA sequences by unequal crossover. 

Science. 1976;191:528–35.
 3. Ellegren H. Microsatellites: simple sequences with complex evolution. Nat 

Rev Genet. 2004;5:435–45.
 4. Pasquesi GIM, et al. Squamate reptiles challenge paradigms of genomic 

repeat element evolution set by birds and mammals. Nat Commun. 
2018;9:2774.

 5. Kapitonov VV, Jurka J. A universal classification of eukaryotic transposable 
elements implemented in Repbase. Nat Rev Genet. 2008;9:411–2.

 6. Tørresen, et al. Tandem repeats lead to sequence assembly errors and 
impose multi-level challenges for genome and protein databases. 
Nucleic Acids Res. 2019;47:10994–1006.

 7. Chalopin D, Naville M, Plard F, Galiana D, Volff J-N. Comparative analysis 
of transposable elements highlights mobilome diversity and evolution in 
vertebrates. Genome Biol Evol. 2015;7:567–80.

 8. Canapa A, Barucca M, Biscotti MA, Forconi M, Olmo E. Transposons, 
genome size, and evolutionary insights in animals. Cytogenet Genome 
Res. 2015;147:217–39.

 9. Kapusta A, Suh A, Feschotte C. Dynamics of genome size evolution in 
birds and mammals. Proc Natl Acad Sci U S A. 2017;114:E1460–9.

 10. Carducci F, Barucca M, Canapa A, Carotti E, Biscotti MA. Mobile elements 
in ray-finned fish genomes. Life (Basel). 2020;10:221.

 11. Gao B, et al. The contribution of transposable elements to size variations 
between four teleost genomes. Mob DNA. 2016;7:4.

 12. Yuan Z, et al. Comparative genome analysis of 52 fish species suggests 
differential associations of repetitive elements with their living aquatic 
environments. BMC Genomics. 2018;19:141.

 13. Tenaillon MI, Hollister JD, Gaut BS. A triptych of the evolution of plant 
transposable elements. Trends Plant Sci. 2010;15:471–8.

 14. Hancock JM. Genome size and the accumulation of simple sequence 
repeats: implications of new data from genome sequencing projects. 
Genetica. 2002;115:93–103.

 15. Hancock JM. Simple sequences and the expanding genome. BioEssays. 
1996;18:421–5.

 16. Mayer C, Leese F, Tollrian R. Genome-wide analysis of tandem repeats in 
Daphnia pulex - a comparative approach. BMC Genomics. 2010;11:277.

 17. Morgante M, Hanafey M, Powell W. Microsatellites are preferentially 
associated with nonrepetitive DNA in plant genomes. Nat Genet. 
2002;30:194–200.

 18. Hardie DC, Hebert PDN. Genome-size evolution in fishes. Can J Fish 
Aquat Sci. 2004;61:1636–46.

 19. Almojil D, et al. The structural, functional and evolutionary impact of 
transposable elements in eukaryotes. Genes (Basel). 2021;12:918.

 20. McClintock B. The significance of responses of the genome to challenge. 
Science. 1984;226:792–801.

 21. Schrader L, et al. Transposable element islands facilitate adaptation to 
novel environments in an invasive species. Nat Commun. 2014;5:5495.

 22. Rebollo R, Horard B, Hubert B, Vieira C. Jumping genes and epigenetics: 
towards new species. Gene. 2010;454:1–7.

 23. Ricci M, Peona V, Guichard E, Taccioli C, Boattini A. Transposable elements 
activity is positively related to rate of speciation in mammals. J Mol Evol. 
2018;86:303–10.

 24. de Boer JG, Yazawa R, Davidson WS, Koop BF. Bursts and horizontal evolu-
tion of DNA transposons in the speciation of pseudotetraploid salmonids. 
BMC Genomics. 2007;8:422.

 25. Brawand D, et al. The genomic substrate for adaptive radiation in African 
cichlid fish. Nature. 2014;513:375–81.

 26. Salzburger W. Understanding explosive diversification through cichlid fish 
genomics. Nat Rev Genet. 2018;19:705–17.

 27. Gemayel R, et al. Variable Glutamine-Rich repeats modulate transcription 
factor activity. Mol Cell. 2015;59:615–27.

 28. Gymrek M, et al. Abundant contribution of short tandem repeats to gene 
expression variation in humans. Nat Genet. 2016;48:22–9.

 29. Press MO, McCoy RC, Hall AN, Akey JM, Queitsch C. Massive variation of 
short tandem repeats with functional consequences across strains of. 
Genome Res. 2018;28:1169–78.

 30. Reinar WB, Olsson Lalun V, Reitan T, Jakobsen KS, Butenko MA. Length 
variation in short tandem repeats affects gene expression in natural 
populations of Arabidopsis thaliana. Plant Cell. 2021;33(7):2221–34. 

 31. Adams RH, et al. Microsatellite landscape evolutionary dynamics 
across 450 million years of vertebrate genome evolution. Genome. 
2016;59:295–310.

 32. Tørresen OK, et al. An improved genome assembly uncovers prolific 
tandem repeats in Atlantic cod. BMC Genomics. 2017;18:95.

 33. Tørresen OK, et al. Genomic architecture of haddock (Melanogram-
mus aeglefinus) shows expansions of innate immune genes and short 
tandem repeats. BMC Genomics. 2018;19:240.

 34. Willems T, et al. The landscape of human STR variation. Genome Res. 
2014;24:1894–904.

 35. Reinar WB, et al. Adaptive protein evolution through length variation of 
short tandem repeats in Arabidopsis. Sci Adv. 2023;9(12):eadd6960.

 36. Simon M, Hancock JM. Tandem and cryptic amino acid repeats accumu-
late in disordered regions of proteins. Genome Biol. 2009;10:R59.

 37. Huntley MA, Clark AG. Evolutionary analysis of amino acid repeats across 
the genomes of 12 Drosophila species. Mol Biol Evol. 2007;24:2598–609.

 38. Quilez J, et al. Polymorphic tandem repeats within gene promoters act as 
modifiers of gene expression and DNA methylation in humans. Nucleic 
Acids Res. 2016;44:3750–62.

 39. Vinces MD, Legendre M, Caldara M, Hagihara M, Verstrepen KJ. Unstable 
tandem repeats in promoters confer transcriptional evolvability. Science. 
2009;324:1213–6.

 40. Hefferon TW, Groman JD, Yurk CE, Cutting GR. A variable dinucleotide 
repeat in the CFTR gene contributes to phenotype diversity by forming 
RNA secondary structures that alter splicing. Proc Natl Acad Sci U S A. 
2004;101:3504–9.

 41. Malmstrøm M, et al. Evolution of the immune system influences specia-
tion rates in teleost fishes. Nat Genet. 2016;48:1204–10.

 42. Malmstrøm M, Matschiner M, Tørresen OK, Jakobsen KS, Jentoft S. Whole 
genome sequencing data and de novo draft assemblies for 66 teleost 
species. Scientific Data. 2017;4:160132.

 43. Musilova Z, et al. Vision using multiple distinct rod opsins in deep-sea 
fishes. Science. 2019;364:588–92.

 44. Froese R, Pauly D. 06/2018. FishBase. www. fishb ase. org.
 45. Balon EK. 1990. Epigenesis of an epigeneticist: the development of some 

alternative concepts on the early ontogeny and evolution of fishes. 1. 1. 
https:// journ al. lib. uogue lph. ca/ index. php/ gir/ artic le/ view/ 64 (Accessed 
17 Sept 2019).

 46. Scholl JP, Wiens JJ. Diversification rates and species richness across the 
Tree of Life. Proc. Biol. Sci. 2016;283. https:// doi. org/ 10. 1098/ rspb. 2016. 
1334.

 47. Kolm N, Ahnesjo I. Do egg size and parental care coevolve in fishes? J Fish 
Biol. 2005;66:1499–515.

 48. Duarte CM, Alcaraz M. To produce many small or few large eggs: a size-
independent reproductive tactic of fish. Oecologia. 1989;80:401–4.

 49. Graur D. An upper limit on the functional fraction of the human genome. 
Genome Biol Evol. 2017;9:1880–5.

 50. Nei M. 2013. Mutation-Driven Evolution. OUP Oxford.
 51. Barneche DR, Robertson DR, White CR, Marshall DJ. Fish reproductive-

energy output increases disproportionately with body size. Science. 
2018;360:642–5.

 52. Brunet TDP, Doolittle WF. Multilevel selection theory and the evolutionary 
functions of transposable elements. Genome Biol Evol. 2015;7:2445–57.

http://www.fishbase.org
https://journal.lib.uoguelph.ca/index.php/gir/article/view/64
https://doi.org/10.1098/rspb.2016.1334
https://doi.org/10.1098/rspb.2016.1334


Page 12 of 12Reinar et al. Mobile DNA           (2023) 14:14 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 53. Doolittle WF, Brunet TDP. On causal roles and selected effects: our 
genome is mostly junk. BMC Biol. 2017;15:116.

 54. Doolittle WF, Sapienza C. Selfish genes, the phenotype paradigm and 
genome evolution. Nature. 1980;284:601–3.

 55. Santos ME, et al. The evolution of cichlid fish egg-spots is linked with a 
cis-regulatory change. Nat Commun. 2014;5:5149.

 56. Simpson JT, Pop M. The theory and practice of genome sequence assem-
bly. Annu Rev Genomics Hum Genet. 2015;16:153–72.

 57. Treangen TJ, Salzberg SL. Repetitive DNA and next-generation 
sequencing: computational challenges and solutions. Nat Rev Genet. 
2011;13:36–46.

 58. Smit A, Hubley R. 2008–2015. RepeatModeler Open-1.0. http:// www. 
repea tmask er. org.

 59. Ellinghaus D, Kurtz S, Willhoeft U. LTRharvest, an efficient and flexible soft-
ware for de novo detection of LTR retrotransposons. BMC Bioinformatics. 
2008;9:18.

 60. Wheeler TJ, Eddy SR. nhmmer: DNA homology search with profile HMMs. 
Bioinformatics. 2013;29:2487–9.

 61. Llorens C, et al. The Gypsy Database (GyDB) of mobile genetic elements: 
release 2.0. Nucleic Acids Res. 2011;39:D70–4.

 62. Hubley R, et al. The Dfam database of repetitive DNA families. Nucleic 
Acids Res. 2016;44:D81–9.

 63. Goubert C, Modolo L, Vieira C, ValienteMoro C, Mavingui P, Boulesteix M. 
De Novo Assembly and Annotation of the Asian Tiger Mosquito (Aedes 
albopictus) Repeatome with dnaPipeTE from Raw Genomic Reads and 
Comparative Analysis with the Yellow Fever Mosquito (Aedes aegypti). 
2015. Genome Biol. Evol. 7:1192-1205

 64. Betancur-R R et al. The tree of life and a new classification of bony fishes. 
PLoS Curr Tree of Life. 2013. Edition 1.

 65. Magallón S, Sanderson MJ. Absolute diversification rates in angiosperm 
clades. Evolution. 2001;55:1762–80.

 66. Rabosky DL, et al. An inverse latitudinal gradient in speciation rate for 
marine fishes. Nature. 2018;559:392.

 67. Orme, D et al. CAPER: comparative analyses of phylogenetics and evolu-
tion in R. 2018. R package version 1.0.1.

 68. Manni M, Berkeley MR, Seppey M, Simão F, Zdobnov E. BUSCO update: 
novel and streamlined workflows along with broader and deeper 
phylogenetic coverage for scoring of eukaryotic, prokaryotic, and viral 
genomes. Mol Biol Evol. 2021;38:4647–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in  
published maps and institutional affiliations.

http://www.repeatmasker.org
http://www.repeatmasker.org

	Teleost genomic repeat landscapes in light of diversification rates and ecology
	Abstract 
	Introduction
	Results
	TE count variation consistent between read-based and assembly-based methods
	Substantial changes in TE content over 270 million years of evolution
	Interplay between genome size, repetitive DNA and ecological factors
	STR variation across teleost lineages linked to aquatic habitat
	TE proportion displays a weak, negative correlation with net diversification

	Discussion
	Material and methods
	Genome assemblies and phylogenies
	TE and STR annotation
	Diversification rates
	Comparative phylogenetic analyses
	Gene completeness analysis

	Anchor 17
	Acknowledgements
	References


