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Comparative genome analysis of 52 fish
species suggests differential associations of
repetitive elements with their living aquatic
environments
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Abstract

Background: Repetitive elements make up significant proportions of genomes. However, their roles in evolution remain
largely unknown. To provide insights into the roles of repetitive elements in fish genomes, we conducted a comparative
analysis of repetitive elements of 52 fish species in 22 orders in relation to their living aquatic environments.

Results: The proportions of repetitive elements in various genomes were found to be positively correlated with genome
sizes, with a few exceptions. More importantly, there appeared to be specific enrichment between some repetitive

element categories with species habitat. Specifically, class Il transposons appear to be more abundant in freshwater bony
fish than in marine bony fish when phylogenetic relationship is not considered. In contrast, marine bony fish harbor more
tandem repeats than freshwater species. In addition, class | transposons appear to be more abundant in primitive species

such as cartilaginous fish and lamprey than in bony fish.

Conclusions: The enriched association of specific categories of repetitive elements with fish habitats suggests the
importance of repetitive elements in genome evolution and their potential roles in fish adaptation to their living
environments. However, due to the restriction of the limited sequenced species, further analysis needs to be done to

alleviate the phylogenetic biases.
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Background

The majority of eukaryotic genomes contain a large pro-
portion of repetitive elements. Based on their arrange-
ments in the genome, repetitive elements can be divided
into two major categories: the transposable elements or
transposons and the tandem repeats. Transposons can be
divided into RNA-mediated class I transposons, which in-
clude transposons with long terminal repeats (LTRs), long
interspersed nuclear elements (LINEs), and short inter-
spersed nuclear elements (SINEs); and RNA-independent
class II DNA transposons. Tandem repeats are copies of
DNA repeats located adjacent to one other [1-3]. Tandem
repeats themselves can be dispersed across the whole
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genome such as the case of microsatellites, and they can
be clustered in the highly repetitive genome regions such
as centromeric, telomeric and subtelomeric regions [4, 5].

Although repetitive elements were considered to be
junk DNA [6], recent studies suggested that they are
functional in regulating gene expression and contrib-
ute to genome evolution [7-11]. Transposons are
considered to be drivers of genetic diversification be-
cause of their ability to co-opt into genetic processes
such as restructuring the chromosomes or providing
genetic material on which natural selection can act
on [12-14], and thus can be the major reason for
species difference in genome size [15-17]. Similarly,
expansion or contraction of tandem repeats can also
affect genome size [18-20], and consequently affect
recombination, gene expression, and conversion and
chromosomal organization [21-26].
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Fish comprise a large and highly diverse group of
vertebrates inhabiting a wide range of different
aquatic environments [27]. Sequenced fish genomes
vary in size from 342 Mb of Tetraodon nigroviridis to
2967 Mb of Salmo salar. Some studies have been
conducted on the diversity of repetitive elements in
fish [28-30], but systematic comparative studies have
been hindered by the lack of whole genome se-
quences from a large number of species. Recent avail-
ability of a large number of fish genome sequences
made it possible to determine the repetitive element
profiles of fish species from a broad taxonomic
spectrum. In this study, we annotated the repetitive
elements of 52 fish genomes from 22 orders, and de-
termined their distribution in relationship with envir-
onmental adaptations. Here, we observed the
correlation between high numbers of DNA transpo-
sons, especially the Tcl transposons, with freshwater
bony fish, high level of microsatellites with marine
bony fish, and high numbers of class I transposons
with cartilaginous fish and lamprey. Based on the
phylogeny tree, the effects of phylogeny on the differ-
ences between freshwater or marine bony fish were
evaluated with the phylogenetically independent con-
trasts (PIC).

Results

Contents of repetitive elements in various fish genomes
A total of 128 categories of repetitive elements are iden-
tified from the 52 fish species (Additional file 1: Table
S1). We found overall positive correlation between con-
tents of repetitive elements in fish and their genome
sizes. This correlation, was still significant when imple-
menting phylogenetically independent contrasts (Fig. 1,
PIC p-value: 1.88e-03, Pearson correlation r=0.6, p-
value = 1.45e-06). However, several exceptions existed.
For instance, the whale shark genome is 2.57 Gb, but
contains only 26.2% of repetitive elements; in contrast,
the mid-sized zebrafish genome is ~ 1.5 Gb in size, but
contains over 58% of repetitive elements.

Differential associations of repetitive elements across
species

We investigated the possible association between repeti-
tive elements and aquatic environment. Comparison of
diversity and abundance of repetitive elements across
the 52 fish genomes revealed significant differences
among species (Fig. 2 and Additional file 2: Table S2).
Class I transposons are more prevalent in cartilaginous
fish and lampreys than bony fish species (Wilcoxon rank
test, p-value = 1.41e-04). For example, class I transpo-
sons represent 76.6% of repetitive elements in elephant
shark, but the bony fish genomes are more abundant
with class II transposons and tandem repeats.
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Fig. 1 Correlation between genome sizes and contents of repetitive
elements. Genome sizes against the percentages of repetitive
elements to the whole genome are plotted for 52 species of species
for which genome sequences are available. The major orders are
plotted in different colors and shapes: Yellow circle:
Tetraodontiformes; Orange circle: Perciformes circle; Green circle:
Scorpaeniformes; Brown circle: Cypriniformes; Red circle:
Cyclostomata; Purple circle: Cyprinodontiformes; Blue triangle:

Chondrichthyes; Blue circle: Other species

Of the bony fish genomes, the freshwater bony fish con-
tained a greater proportion of Tcl/mariner transposons
than marine species (Fig. 2, Wilcoxon rank test, p-value =
8.23e-06). However, the results were not significant when
the phylogeny was taken into consideration (PIC p- value:
0.117). In contrast, the marine bony fish contain a greater
proportion of microsatellites (PIC p-value: 3.12e-02, Wil-
coxon rank test, p-value = 3.72e-05) than the freshwater
species, independent of the phylogeny. Interestingly, the di-
adromous species such as Anguilla rostrata, Anguilla
anguilla, and S. salar contain high proportions of both the
Tcl/mariner transposons and microsatellites (Table 1).

Analysis of the sequence divergence rates suggest that
Tcl transposons have been present in the genomes of
freshwater species for much a longer period of time or
are more active than in marine species (Fig. 3). The Tcl
transposons in freshwater species are not only more
abundant, but also exhibited a higher average K (aver-
age number of substitutions per site) (PIC p-value:
2.10e-02, Wilcoxon rank test, p-value = 5.39e-03) than
those in marine species. This is particularly notable in
Cyprinodontiformes and Labroidei in Perciformes,
where Tcl transposons appeared to have the strongest
activity over a long history, as reflected by the broad
distribution and sharp peaks with higher substitution
rates per site (Fig. 3). The long history and high trans-
position activities in freshwater fish accounted, at least
in part, for the high proportion of Tcl transposons in
the genomes of freshwater species.
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Fig. 2 Classification and distribution of 128 repetitive elements in 52 species. The total number of each category of repeats to the all repeats are
displayed in columns while different species are displayed in rows. The pink shade represents the freshwater living bony fish, the blue represents
the marine living bony fish and yellow represents the diadromous species
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Discussion

Accumulation of repetitive elements in fish genomes

In this work, we determined the correlation between
the categories and proportions of repetitive elements
and the living environments of various fish species.
We found that class II transposons appeared to be
more abundantly associated with freshwater bony
fish than with marine bony fish, when phylogeny
was not considered. In contrast, microsatellites are
more abundantly associated with marine bony fish
than with freshwater bony fish, independent of

phylogenetic relationship. In addition, class I trans-
posons are more abundant in primitive species such
as cartilaginous fish and lamprey than in bony fish.
Such findings suggest that these repetitive elements
are related to the adaptability of fish to their living
environments, although it is unknown at present if
the differential categories and proportions of repeti-
tive elements led to the adaptation to their living en-
vironments (the cause) or the living environments
led to the accumulation of different repetitive ele-
ments (the consequences).
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Table 1 Proportion of DNA/TcMar-Tc1, microsatellites contents out of all repeats in freshwater, marine and diadromous

teleost species

Species Order DNA/TcMar-Tcl Microsatellites
Freshwater species Esox lucius Esociformes 35.9% 4.8%
Fundulus heteroclitus Cyprinodontiformes 22.6% 4.6%
Xiphophorus hellerii Cyprinodontiformes 22.7% 5.1%
Xiphophorus couchianus Cyprinodontiformes 22.3% 51%
Amphilophus citrinellus Perciformes 23.0% 6.2%
Xiphophorus maculatus Cyprinodontiformes 22.0% 6.2%
Lepisosteus oculatus Lepisosteiformes 10.5% 3.0%
Pundamilia nyererei Perciformes 18.7% 5.8%
Haplochromis burtoni Perciformes 19.6% 6.1%
Maylandia zebra Perciformes 16.8% 5.3%
Neolamprologus brichardi Perciformes 20.9% 6.7%
Cyprinodon nevadensis Cyprinodontiformes 7.6% 2.5%
Poecilia formosa Cyprinodontiformes 19.3% 6.5%
Oreochromis niloticus Perciformes 15.9% 54%
Poecilia reticulata Cyprinodontiformes 17.8% 6.1%
Poecilia mexicana Cyprinodontiformes 18.9% 6.7%
Astyanax mexicanus Characiformes 21.8% 8.0%
Poecilia latipinna Cyprinodontiformes 19.5% 74%
Cyprinodon variegatus Cyprinodontiformes 8.2% 3.4%
Oryzias latipes Beloniformes 5.0% 2.6%
Ictalurus punctatus Siluriformes 19.9% 14.1%
Danio rerio Cypriniformes 6.1% 5.9%
Cyprinus carpio Cypriniformes 6.4% 7.1%
Sinocyclocheilus grahami Cypriniformes 4.7% 5.7%
Sinocyclocheilus rhinocerous Cypriniformes 34% 6.0%
Sinocyclocheilus anshuiensis Cypriniformes 3.2% 6.2%
Pimephales promelas Cypriniformes 3.1% 6.7%
Cottus rhenanus Scorpaeniformes 0.9% 17.8%
Tetraodon nigroviridis Tetraodontiformes 1.3% 31.1%
Diadromous species Salmo salar Salmoniformes 23.6% 7.5%
Anguilla anguilla Anguilliformes 11.9% 11.4%
Anguilla rostrata Anguilliformes 11.8% 13.9%
Marine species Thunnus orientalis Perciformes 3.6% 9.3%
Pampus argenteus Perciformes 5.6% 15.2%
Gasterosteus aculeatus Gasterosteiformes 4.1% 12.8%
Miichthys miiuy Perciformes 4.0% 14.7%
Notothenia coriiceps Perciformes 2.3% 9.5%
Dicentrarchus labrax Perciformes 24% 11.9%
Larimichthys crocea Perciformes 34% 17.7%
Takifugu rubripes Tetraodontiformes 3.3% 19.9%
Sebastes nigrocinctus Scorpaeniformes 1.1% 8.9%
Cynoglossus semilaevis Pleuronectiformes 2.7% 23.1%
Takifugu flavidus Tetraodontiformes 24% 21.8%
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Table 1 Proportion of DNA/TcMar-Tc1, microsatellites contents out of all repeats in freshwater, marine and diadromous
teleost species (Continued)

Species Order DNA/TcMar-Tcl Microsatellites
Sebastes rubrivinctus Scorpaeniformes 1.0% 9.1%

Clupea harengus Clupeiformes 3.0% 29.8%
Latimeria chalumnae Coelacanthiformes 0.0% 1.7%

Gadus morhua Gadiformes 04% 31.4%
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Fig. 3 Divergence distribution analysis of DNA/TcMar-Tc1 transposons in the representative fish genomes. The Cyprinodontiformes, Labroidei
species (red) and marine bony fish (blue) are displayed. The y-axis represents the percentage of the genome comprised of repeat classes (%) and
the x-axis represents the substitution rate from consensus sequences (%). Please note that not all y-axis scales are the same, particularly in marine
species which are 10 times smaller
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With teleost fish, the genome sizes are greatly affected
by the teleost-specific round of whole genome duplica-
tion [31-33]. However, whole genome duplication did
not dramatically change the proportion of the repetitive
elements in the genomes. In contrast, the expansion of
repetitive elements may have contributed to the expan-
sion of fish genome sizes as observed in our analysis,
fish genome sizes, with exceptions, were found to be
well correlated with their contents of repetitive elements.
High contents of repetitive elements in the genome can
accelerate the generation of novel genes for adaptations,
but their overburden can also cause abnormal recombin-
ation and splicing, resulting in unstable genomes [34].
Therefore, the content of the repetitive elements cannot
grow unlimited with the genome size; it must be limited
to certain levels and shaped under specific natural selec-
tion by the environment.

It is worthwhile noting that the quality of the genome
assembly varied greatly. As one would expect, many of the
repetitive elements may have not been assembled into the
reference genome sequences, especially with those of
lower assembly qualities. This may have affected the as-
sessment of the proportions of the repetitive elements in
the genomes. However, most of the genomes sequencing
methods are overall similar via next generation sequen-
cing especially Illumina sequencing, thus the systematic
biases related to repeat resolution should be small. In
addition, if the unassembled repetitive elements are more
or less random, the quality of the genome assemblies
should not have systematically affected the enrichment of
specific categories of repetitive elements with habitats.
The total number of genomes used in the study is rela-
tively large (52), the impact of sequence assembly quality
should have been minimized.

Comparison of the repetitive elements among species

The distributions of repetitive elements are significantly
associated with various clades during evolution. For ex-
ample, class I transposons are more prevalent in cartil-
aginous fish and lampreys than in bony fish species.
However, the cartilaginous fish and lamprey lack the class
II transposons. Although there were no unifying explana-
tions for this difference, it is speculated that it may be re-
lated to the internal fertilization of cartilaginous fish,
which may have minimized the exposure of gametes and
embryos from horizontal transfer of Class II transposons
[30, 35, 36]. Interestingly, active transposable elements in
mammals are also RNA transposons. For lamprey, since it
is still unclear how it fertilizes and develops in the wild
[37, 38], its accumulation of class I transposons deserve
further investigation. As class I transposons are involved
in various biological processes such as regulation of gene
expression [39, 40], the ancient accumulation of class I
transposons in cartilaginous fish and lamprey are probably
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related to their evolutionary adaptations [41]. The con-
tents of class I transposons are low in bony fish; the exact
reasons are unknown, but could involve putative mecha-
nisms that counteract the invasiveness of RNAs on their
genomes. We realized that a much larger number of bony
fish genomes are used in this study than those from cartil-
aginous fish and lamprey, but this is dictated by the avail-
ability of genome sequences. However, if the repetitive
elements are more conserved in their categories and pro-
portions of the genome among most closely related spe-
cies, such bias in the number of genomes used in the
analysis should not significantly change the results.
Repetitive elements of most freshwater bony fish are
dominated by DNA transposons except C. rhenanus and
T. nigroviridis which contain high levels of microsatellites.
Although T. nigroviridis is a freshwater species, the vast
majority (497 out of 509) of species in Tetraodontidae
family are marine species [42—44]. Thus it is likely that T.
nigroviridis had a marine origin. Similarly, C. rhenanus is
a freshwater species, but most species of the Cottidae fam-
ily are marine species [43]. In addition, the biology of C.
rhenanus is largely unknown [45, 46], and the origin of C.
rhenanus as a freshwater species remains unexplained.
Uncovering the route of class II transposons expansion is
difficult, because they can be transferred both vertically
and horizontally [47-49]. However, when phylogenic rela-
tionships were not considered, the observed prevalent class
II transposon in freshwater species may indicate that the
freshwater environments are more favorable for prolifera-
tion and spreading of DNA transposons. In addition, as
found in other species, the frequent stress such as droughts
and floods in the freshwater ecosystem can accelerate
transpositions, which facilitate the host adaptions to the
environment by generating new genetic variants [50]. Pre-
vious studies showed that freshwater ray-finned fish have
smaller effective population sizes and larger genome sizes
than marine species [51]. Our results lend additional sup-
port to the idea that shrinking effective population sizes
may have underlined the evolution of more complex ge-
nomes [52, 53]. The significance for more prevalence of
Tcl transposon in freshwater species was reduced when
accounting for phylogenetic relationship, which indicates
the taxa in our data set for analysis are not statistically in-
dependent because of shared evolutionary history. How-
ever, due to the dictation of the limited and uneven
sequenced species available so far, it will inevitably intro-
duce phylogenetic bias into the analysis. For example, a
large number of the sequenced fish species belong to the
family of Cichlidae (6) or Cyprinidae (6). However, there is
only one genome available (Ictalurus punctatus) from the
order of Siluriformes, which comprise 12% of all fish spe-
cies [54, 55]. Considering the fact that the phylogenetic in-
dependent contrasts analysis is robust to random species
sampling [56], thus, further analysis should be conducted
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with a broader scope with more sequenced fish species, to
complement the broader comparative studies.

Although the Gasterosteus aculeatus is collected from
freshwater, studies indicated that limnetic G. aculeatus are
formed as a result of marine populations trapped in fresh-
water recently [57-59]. Thus we still classify the G. acu-
leatus as marine species. Because the population of
marine species tend to be more stable than those in fresh-
water. Besides, the marine teleost species tend to have a
higher osmotic pressure of body fluid [60, 61], thus, the
high salinity environment may be prone to DNA polymer-
ase slippage while not favorable for proliferation and
spreading of transposons, since previous studies indicated
that the higher salt concentration might stabilize the hair-
pin structure during the DNA polymerase slippage [62].
Future research covering a broader scope of sequenced
fish linages will address whether passive increases in gen-
ome size have in fact been co-opted for the adaptive evo-
lution of complexity in fish as well as other lineages.

Conclusions

In this study, we investigated the diversity, abundance,
and distribution of repetitive elements among 52 fish spe-
cies in 22 orders. Differential associations of repetitive ele-
ments were found from various clades and their living
environments. Class I transposons are abundant in lam-
prey and cartilaginous fish, but less so in bony fish. Tcl/
mariner transposons are more abundant in freshwater
bony fish than in marine fish when phylogeny was not
taken into consideration, while microsatellites are more
abundant in marine species than those in freshwater spe-
cies, independent of phylogeny. The average number of
substitutions per sites of Tcl among bony fish species sug-
gested their longer and more active of expansion in fresh-
water species than in marine species, suggesting that
freshwater environment is more favorable for the prolifer-
ations of Tcl transposons. The analysis of the number of
repeats within each microsatellite locus suggested that
DNA polymerases are more prone to slippage during rep-
lication in marine environments than in freshwater envi-
ronments. These observations support the notion that
repetitive elements have roles for environmental adapta-
tions during evolution. However, whether that is the cause
or the consequences requires future studies with more
comprehensive sequenced genomes.

Methods

Annotation of repetitive elements in fish genome
assemblies

The channel catfish genome was assembled by our group
[54], the genome sequences of other 51 species were re-
trieved from NCBI or Ensembl databases [33, 42, 56, 63—
89] (Additional file 1: Table S1). The repetitive elements
were identified using RepeatModeler 1.0.8 containing
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RECON [90] and RepeatScout with default parameters
[91]. The derived repetitive sequences were searched
against Dfam [92] and Repbase [93]. If the sequence is clas-
sified as “Unknown”, they were further searched against the
NCBI-nt database using blastn 2.2.28 +.

Phylogenetic analysis

The phylogenetic analysis was based on the cytochrome b
[94]. Multiple alignments were conducted by MAFFT [95].
The best substitution model was selected by Prottest 3.2.1
[96]. The phylogenetic tree was constructed using MEGA7
with the maximum likelihood method [97], using JTT with
Fregs. (+ F) model, and gaps were removed by partial dele-
tion. The topological stability was evaluated with 1000
bootstraps.

Divergence distribution of DNA/TcMar-Tc1

The average number of substitutions per sites (K) for
each DNA/TcMar-Tcl fragment was subtotaled. The K
was calculated based on the Jukes-Cantor formula: K =
-300/4 x Ln(1-D x 4/300), the D represents the propor-
tion of each DNA/TcMar-Tcl fragment differ from the
consensus sequences [98].

Statistics and plotting

The statistical analyses for the significance of differences
between different groups and the habitats were performed
by Wilcoxon rank test function in R language package be-
cause the data are not normally distributed [99]. The Pear-
son correlation analysis in Excel was applied for the
correlation between genome size and the content of repeti-
tive elements. Based on the phylogeny tree of the species
generated in the previous method, the phylogenetically in-
dependent contrasts between the environments and differ-
ent characters was conducted to evaluate the bias of the
phylogeny. The freshwater and sea water was represented
by their respective salinities (0.5 for freshwater and 35 for
seawater) [100]. The phylogenetically independent contrast
test was conducted via the “drop.tip ()” and “pic ()” function
in ape package provided by R [101]. The heat map was
plotted using the Heml1.0 [102].

Additional files

Additional file 1: Table S1. Fish genomes used for analysis. (DOCX 33 kb)

Additional file 2: Table S2. Distribution of repetitive elements among
species. (XLS 96 kb)
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