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Abstract

Background Genomes of higher eukaryotes contain a large fraction of non-coding repetitive DNA, including
tandem repeats (TRs) and transposable elements (TEs). The impact of TRs on genome structure and function and
the importance of TR transcripts have been described for several model species. Amphibians have one of the most
diverse genome sizes among vertebrates, attributed to the abundance of repetitive non-coding DNA. Consequently,
amphibians are good models for the analysis of repetitive sequences, including TRs. However, few studies have
focused on amphibian genomes.

Results Bioinformatic analyses were performed to characterise the content and localisation of TRs in the sequenced
grass frog Rana temporaria genome. By applying different bioinformatic approaches, 76 TR families and 314 single TR
arrays (not grouped into families) were identified. Each TR was characterised on the basis of chromosomal position,
monomer length and variability and GC content. Bioinformatic analysis revealed a great diversity of TRs, with a clear
predominance of TRs with short monomers (< 100 bp), although TRs with long monomers (> 1000 bp) also exist. The
six most abundant TRs were successfully mapped by fluorescence in situ hybridization (FISH), which highlighted the
presence of specific TR sequences in strategic chromosomal regions, i.e., the pericentromeric regions. A comparison of
the results of in situ and in silico TR mapping revealed some inaccuracies in the assembly of heterochromatic regions.
A putative new non-autonomous TE called “FEDoR" (Frog Element Dispersed organised Repeat) is also described.
FEDoR is ~ 3.5 kb in length, has no significant similarity to any known TE family, contains multiple internal TR motifs,
and is flanked on both sides by pairs of inverted repeat sequences (IRSs) and target site duplications (TSDs).

Conclusion Characterisation of TRs in this frog species has provided some insights regarding TR biology in Anuran
amphibians.
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Background

Genomes of higher eukaryotes contain a large fraction of
non-coding repetitive DNA sequences, which are classi-
fied according to their structure and genomic organisa-
tion, as either dispersed and tandem repeats (TRs) [1].
Dispersed repeats are embedded in DNA as separate
sequences which are repeated many times throughout
the genome. Dispersed repeats are mainly represented
by transposable elements (TEs) [2], which are classified
as either retrotransposons or DNA transposons (DNA-
TEs), each of which has orders, superfamilies and families
(reviewed in [3]). TR DNA sequences are organised as
multiple copies of sequences of a certain size (repeat unit
or monomer) arranged in a head-to-tail pattern to form
tandem arrays which can span up to several megabases
[4]. Historically, some TRs have been referred to as satel-
lite DNA (satDNA). The term “satellite DNA” was derived
from CsCl density gradient centrifugation experiments
that identified satellite bands of DNA separated from the
bulk genomic DNA due to their skewed GC content [5].
In the current study, the term “TR” is used. This term can
be formalised using the bioinformatic approach, as all TR
features (monomer length, chromosome position, array
variability, and GC content) have numerical expressions
[6].

TR DNA constitutes a large portion of the genome,
sometimes exceeding 50% of total DNA [4]. TRs are
mostly found in constitutive heterochromatin blocks [7],
predominantly in the centromeric (CEN), pericentro-
meric (periCEN) and subtelomeric (subTEL) chromo-
somal regions, although they have also been reported
in euchromatic regions [8, 9]. TRs are among the most
rapidly evolving genomic elements, with the major-
ity being genus- or even species-specific [10]. High TR
DNA divergence could be important for speciation and
has been suggested to be an essential force triggering
reproductive isolation [11, 12]. TRs have been impli-
cated in a variety of important cellular functions, includ-
ing kinetochore formation, spatial genome organisation,
chromosomal rearrangements, segregation during cell
division, homologous chromosome pairing and oth-
ers [13—16]. TRs are not transcriptionally inert [17, 18].
They are highly transcribed during embryogenesis, and
their transcripts are crucial for the overall 3D structure
of the genome. Murine periCEN major satellite (MaSat)
transcripts are responsible for the reorganisation of peri-
CEN DNA into chromocenters [19]. Transcription of
TRs was also detected in amphibian and avian oocytes
at the lampbrush stage of oogenesis [18]. Despite the
functional importance of TR sequences, genome-wide
analyses of TRs have only been performed in a limited
number of species (mostly mammals and some model
organisms). Up to now, most studies of TRs and their
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transcripts employ probes designed from cloned mono-
mers or derivatives after genomic DNA restriction rather
than those based on in silico genome analyses.

Amphibians are good models for TR studies due to
their extraordinary biodiversity, wide range of genome
sizes [20, 21], high amounts of TRs [22] and recogni-
tion of TR transcription during their oogenesis [18]. The
order Anura accounts for over 80% of extant amphibian
species.

However, information concerning the TRs of these
species remains sparse. For example, the only cloned
genus-specific repeat S1 is known for European
brown frogs Rana [23, 24]. There have been almost
no genomic studies of TRs in amphibians. Until
recently, the large genome size and high repetitive
sequence content of many amphibian species have led
to a marked delay in reference genome development
in amphibians compared to other vertebrate species
[25-28]. The sequenced among the first genomes of
Xenopus species [29, 30] are best studied, however,
the extent to which Xenopus species are representative
of anurans remains in question because the Pipidae
group, which contains 41 species [31], diverged early
from the ancestral anurans [32]. Recent technologi-
cal advances in DNA sequencing, along with reduced
sequencing costs, have led to an increase in the num-
ber of amphibian genome assemblies [27, 28]. Ranidae,
a large family of frogs in the order Anura, referred to
as the true frogs, is one of the most studied amphib-
ian families, along with Pipidae and Bufonidae. The
family contains several genera and 455 species [31].
To date, 12 Ranidae genomes have been published
(NCBI genome database records accessed on 19 Febru-
ary 2025), including that of the grass frog Rana tem-
poraria [33], which is native to Europe. Amphibians,
particularly Xenopus and Rana, are model organisms
of developmental biology [34—38] because they offer
significant advantages due to their large oocytes [39],
the large physical size of their chromosomes [40] and
free-living embryos [41, 42]. The paucity of informa-
tion on TR DNA in amphibian species limits develop-
ment in this area.

Oogenesis and embryonic development of the grass
frog R. temporaria are well studied at the morpho-
logical level [34, 35, 37, 43, 44]. Repetitive non-coding
DNA sequence analysis can open up new perspectives
for understanding the molecular basis of development.
The current study aimed to search for TRs in the raw
sequencing data of the R. temporaria genome and in the
genome assembly, to verify the bioinformatic TR pre-
dictions by in situ hybridization (FISH), to map TRs on
pseudochromosomes in silico and to compare with in
situ data.
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Methods
Raw reads and genome assembly
Publicly available Illumina reads from the Biopro-
ject on R. temporaria low-coverage genome sequence
(PRINA294436) of the sample R. temporaria isolate
RtempB1-S22F (common frog) were used for raw reads.
aRanTem]1.1 from the NCBI database with accession
number GCF_905171775.1 and its annotation [33] were
used for assembly analysis. Metrics provided by the
NCBI Assembly Database were used for assembly quality
metrics. The aRanTem1.1 assembly has a size of 4.1 Gb,
an N50 of 481.8 Mb, and an L50 of 4. It is organised into
13 pseudochromosomes and 554 scaffolds. BUSCO anal-
ysis against the tetrapoda_odb10 dataset (5310 BUSCOs)
indicated a completeness of 95.2% (S:92.8%, D:2.4%), with
0.6% fragmented and 4.1% missing BUSCOs.

Search for tandem repeats in raw reads

Tandem Repeat Analyser (TAREAN) [45] and extracTR
(https://github.com/aglabx/extracTR) and raw reads
of R. temporaria (accession: PRJNA294436; 2015)
were used for TR analysis. Prior to analysis, reads were
trimmed from adapters using Trimmomatic v.0.39 [46]
with default parameters. All trimmed reads (147539853
read pairs) were used for extracTR. k-mers (k=23) were
extracted from the dataset of raw reads of R. tempo-
raria (accession: PRJNA294436; 2015) after removing
the Illumina adapters and were sorted according to their
frequency of occurrence. Employing a de Bruijn graph
methodology, circular paths were then assembled from
these k-mers. The most frequently occurring k-mers
within each circular path were identified and sequentially
arranged. To verify extracTR results, an older approach
with TAREAN software [45] was also used after adapter
trimming. A random subset of one million read pairs
was used for TAREAN, run on the RepeatExplorer Gal-
axy server (https://repeatexplorer-elixir.cerit-sc.cz/) with
default parameters. The nomenclature for TR families
combines “Rtem” representing R. temporaria, the length
of the most common monomer (if unspecified), and a
distinguishing letter for families with the same monomer

Table 1 The most abundant families of TRs

Name  The most frequently occurring extracTR ~ TAREAN
k-mers (FISH probe) (reads per (reads per

million) million)

35A ATAGTGGTATAGTGATGTCATAG 5103 5728

32A AGATAGATAGGGAAAGAGAGAGA 2787 2964

47A CCATCAAACGCAGCCACTGTGCC 1615 Not found

494A AACTTGGGGAGCATCTTCCTGAA 1606 5719

(STA)

219A TATCTTCAAGAGAGTTAAGGACA 995 2121

(55

rDNA)

358 TGCAGGGTGCTGTGTAATGTAAA 615 Not found
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length. The species specification “Rtem” was omitted
from all figures and tables, which concerned only one
species. Since the known S1A satDNA of R. temporaria is
not present in the Dfam v.3.7 database [47], we used the
BLAST program v.2.12.0 [48]. with default parameters
and the core nucleotide (core_nt) database to identify
S1A from the nucleotide sequences obtained.

Probe design

The most frequently occurring k-mers with k=23 were
selected for the probe design for the six most abundant
TRs. Short single-stranded oligonucleotide probes were
designed using the extracTR software (https://github.c
om/aglabx/extracTR). Primer3 [49] v.4.1.0 was used to
check for possible discrepancies (the secondary structure
and GC content in the oligonucleotides). The six probes
were synthesised (DNA Synthesis, Russia) as DNA oli-
gonucleotides with 3’ ends labeled with biotin. The
sequences of the probes are listed in Table 1 according
to their abundance in the genome (based on the results
of the extracTR). As the 494A TR contains a relatively
long monomer size and corresponds to the previously
described S1A [24], the additional PCR-amplified probe
was also used (see 2.5).

R. temporaria chromosome plates

Frogs were collected from their natural habitats in the
Leningrad region, Russia. Four male and one female R.
temporaria were anaesthetised by submersion in a 1%
solution of tricaine methanesulfonate (MS 222; Sigma-
Aldrich, Germany) and subsequently euthanised by
decapitation. This procedure complies with the interna-
tional principles for the humane treatment of laboratory
animals. Metaphase chromosomes were obtained from
intestinal epithelial cells and testes according to the pub-
lished protocol [50]. The resulting cell suspension was
dropped on slides, heated on the surface of a water bath
(55 °C), and air-dried.

DNA isolation and PCR amplification

DNA was extracted from frog liver using a standard
method [23]. Primers (S1IA_F 5'-AACTTGGGGAGCA
TCTTCCT-3', SIA_R 5-TCCCATGTTAAACGGTCCA
T-3’) for amplification of ~250 bp fragment of S1IA TR
were designed on the basis of 21 cloned and sequenced
R.temporaria S1A isolates [24]. The S1A FISH-probe was
amplified in the presence of biotin-digoxigenin-11-dUTP
(Roche, Germany) by PCR: 95 °C 2 min and then 95 °C
30s,57°C30s,72°C 30s, 30 circles.

Fluorescence in situ hybridization (FISH)

FISH was performed with single-stranded probes accord-
ing to the standard method [51], with some modifica-
tions. Slides with metaphase spreads were treated with
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RNAse (Sigma-Aldrich, R6513, Merck KGaA, Darm-
stadt, Germany) stock solution (10 pg/mL) diluted 1:200
with 2x SSC buffer (0.3 M NaCl, 0.03 M sodium citrate)
for 45-60 min at 37 °C and washed 3 times for 5 min
with 2x SSC at room temperature. Metaphase spreads
were denatured in solution (70% formamide, 2xSSC) for
3-5 min at 72 °C and dehydrated in an ethanol series at
—20 °C. Then, slides were incubated with the biotinylated
probe diluted in Hybrisol (Molecular Probes, Eugene,
OR, USA), for 16-18 h, at 37 °C. The S1A probe resolved
in Hybrisol buffer was denatured at 80 °C for 7 min and
cooled by immediately placing the mixture on ice for at
least 10 min. Commercially synthesised probes did not
require this denaturation step. After 3x post-hybridisa-
tion washes in 2x SSC, the slides were incubated with
Alexa-488-conjugated streptavidin (Thermo Fisher Sci-
entific, Waltham, MA, USA). Biotinylated anti-strepta-
vidin (Vector Laboratories, Burlingame, CA, USA) was
used to amplify the signal, and then Alexa-488-conju-
gated streptavidin was used again for labelling; all reagent
concentrations were according to the manufacturer’s pro-
tocol. Finally, the slides were mounted in Prolong Gold
Antifade with DAPI (Thermo Fisher Scientific, Waltham,
MA, USA) and stored refrigerated in the dark.

Microscopy and image acquisition

The preparations were analysed using a Leica TCS SP5
(Leica Microsystems, Wetzlar, Germany) laser scanning
confocal microscope in the Institute of Cytology, Russian
Academy of Sciences, St. Petersburg, Russia. Chromo-
some identification was performed according to Guil-
lemin [52]. Approximately 15 metaphase spreads were
analysed for each TR probe.

Search for tandem repeats in genome assembly

TR sequences were extracted from the aRanTem1.1 refer-
ence genome (NCBI accession: GCF_905171775.1) [33].
Initially, the widely utilised Tandem Repeat Finder (TRF)
tool [53] v.4.09, was applied with the following parame-
ters: match (2), mismatch (5), delta (7), PM (80), PI (10),
minscore (50) and maxperiod (2000). To focus on large
TRs, those with an array length of >10 kb were retained,
and TRs within protein-coding genes were excluded.

The monomers of all TRs were converted to dimer
form, and a blastn analysis [48] (v.2.12.0., parameters:
-outfmt 7 -evalue 0.000001 -word_size 10 -perc_identity
0.75 -qcov_hsp_perc 0.45 -dust no -soft_masking false)
was employed for clustering into families.

The DFAM database v.3.7 [47], encompassing only the
curated section, was utilised to determine TR similarity
to transposable elements.

The visualisations of the results ((1) an overview of the
TRs according to their characteristics and a (2) TR arrays
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distribution on pseudochromosomes) were performed
using Python’s Plotly library v.5.22.0 [54].

Compare 219A arrays and 5S ribosomal DNA (rDNA) loci
The 219A probe, 219A monomer and R. temporaria
annotated 5S rDNA gene sequences were aligned using
BLAST program v.2.12.0 [48]. This allowed us to identify
the sequence, which we then used to design the probe
for the 5S rDNA gene. To compare longer sequences, we
aligned 219A arrays with annotated genes based on their
coordinates using a custom Python script, and visualised
the results using Python’s Plotly library v.5.22.0 [54]. For
comparison in situ, the probe (5'-ATCATTCTGAAAGC
GCCCGATCT-3’) corresponding to the part of the anno-
tated R. temporaria 5S rDNA gene labelled at both ends
with FAM (fluorescein) was used.

Search for 47A probe in the genome

Several approaches were used to analyse the distribution
of the 47A probe in the genome. TRF [53] v.4.09 (param-
eters as in 2.8) was used to identify TR arrays>1 kb.
The subsequent part of the work was done using cus-
tom C++scripts or Python scripts (part of the https:
/Ipypi.org/project/RepeatRanger/ framework). A cus
tom C++script was used to identify all entries of the
47A probe sequence within the genome. To visualise
the spatial distribution of the 47A probe, we performed
a density analysis using 10 Mb windows across all chro-
mosomes. All occurrences of the probes for the six most
abundant TRs, both in the genome and within the TR
arrays (=1 kb), were calculated. The 47A probe sequence
entries outside of TR arrays were identified, and the most
abundant nucleotides to the left and right of each entry
were determined. The sequences were then iteratively
extended to obtain highly conserved long sequences.
These sequences were then searched across the genome.
The resulting sequences were aligned with the 1000 bp
flanking regions on either side. Non-conserved regions
were identified and trimmed using a custom Python
script. BLAST search [48] (v.2.12.0., parameters: -out-
fmt 7 -evalue 0.000001 -word_size 10 -perc_identity 0.75
-qcov_hsp_perc 0.45 -dust no—soft masking false) was
then performed to identify similar sequences.

The structures of these sequences were analysed using
Inverted Repeats Finder (IRF) v.3.08 [55] to identify
inverted repeats, TRF [53] v.4.09 (parameters as in 2.8)
to detect internal TR motifs, and SINEBase v.1.1 [56] to
identify target site duplications (TSDs). Similarities with
TEs were assessed using CENSOR from a server on the
GIRI website (http://www.girinst.org/censor/index.php)
[57].

Visualisation was performed using Python’s Plotly
library v.5.22.0 [54].
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Results
TRs search in raw reads
The six most abundant TRs were found in the full
dataset of raw reads from R. temporaria (accession:
PRJNA294436; 2015), and consensus sequences for
these TRs were generated using the extractTR pipe-
line (Table 1). The 494A TR corresponded to the previ-
ously described S1A [24]. In addition to S1A (494 bp),
the homology sequence S1B (285 bp) is present in most
brown frog species but not in R. temporaria [24]. In
agreement with the literature, the S1B sequence was also
not found in our analysis. To verify the extracTR results,
an older approach using TAREAN software [45] was also
used. To estimate the abundance of the detected TRs,
extracTR counted the reads with an exact match to the
most abundant k-mers and TAREAN calculated the size
of the extracted graph community. Two families were
detected by extracTR but not by TAREAN, and the 494A
(S1A) reads per million estimate was lower in extracTR
than in TAREAN. These variations can be attributed to
differences in the input data: extracTR processes all raw
reads, whereas TAREAN uses only a fraction (a random
subset of one million reads or 2.46% of expected genome
size). For further characterisation of the identified TR
families and verification of metaphase chromosomal
localisation, DNA probes were constructed using the
consensus sequences generated by extractTR (Table 1).
The most abundant TRs from the dataset of raw reads
of R. temporaria genome (accession: PRJNA294436;
2015) identified by the extracTR and TAREAN tools are
presented in descending order of abundance. TR abun-
dances were analyzed using two approaches: (1) extracTR
processed all raw sequencing reads, with counts recalcu-
lated as reads per million; (2) TAREAN analyzed a ran-
dom one million reads, reported as reads per million. The
most abundant k-mers (k=23) detected by extracTR and
subsequently used as probes are shown in 5'—3’ orienta-
tion. The names of the homology sequences detected by
BLASTN in the core_nt database are given in brackets.

FISH chromosomal mapping of major TRs

The karyotype of R. temporaria is 2n=26, with 5 pairs
of large metacentric or submetacentric chromosomes
and 8 pairs of small metacentric or submetacentric chro-
mosomes [52, 58]. The six TR probes produced posi-
tive signals on several chromosomes (Fig. 1). All probes
showed intense signals predominantly within the pri-
mary constrictions of all large and some small pairs of
the karyotype. Signals from the 219A probe were also
located within the primary constrictions of all large and
two small (subtelocentric and submetacentric) chro-
mosomes (Fig. 1). Detailed analysis of the 219A and 5S
rDNA loci became possible after in silico mapping (see
below, Sect. 3.4).
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A distinct pattern was observed for the PCR-produced
494A (S1A) probe (Fig. 1). The signals were located on the
short arms of chromosomes 2-5 and on the long arms of
chromosomes 7 and 9 and, in contrast to the oligo probe,
on both arms of chromosome 1, revealing two TR arrays
(Fig. 1, 494A (PCR)). The same pattern of FISH signals
on both arms of some chromosome pairs from PCR-pro-
duced S1 probes has been observed in other brown frog
species and has been interpreted as periCEN [59, 60].
The current TR probes were also periCEN.

TR DNA is predominantly associated with heterochro-
matin regions; however, it has also been found in euchro-
matin [8, 9]. Indeed, second-order hybridisation signals
were visible on chromosome arms with some probes, for
example, 32A and 35B. The most prominent signals on
the arms were obtained with the 47A probe. Ten out of
13 chromosome pairs displayed additional signals along
the arms (Fig. 1, 47A).

The availability of the assembled genome allowed to
determine the position of the TR arrays and probes in
silico. However, the first step was to classify the TRs in
the assembly in order to compare them with the set
extracted from the raw read data.

Search for TRs in assembly and mapping on
pseudochromosomes

The search for TRs is possible on the raw reads (para-
graph 3.1), but the advantage of genome assemblies is TR
arrays detection. 10.23% of the R. temporaria assembled
genome was identified as tandemly repetitive DNA by
TRE. The cumulative length of all large TR arrays (over
10 kb) was only 0.32% of the total genome. This small
proportion of large TRs is related to a limitation of the
approach (see 4.1) and obviously does not reflect the
real TR content of the genome. A total of 768 TR arrays
of more than 10 kb were successfully identified, 415 of
which clustered into 76 distinct families (Additional file
1, Table S1). The remaining TR arrays (314) were classi-
fied as “SING’, denoting singletons — individual mono-
mers that failed to form clusters with any other monomer.
Notably, 129 TR arrays were located within unplaced
scaffolds, while 56 TR arrays were located within unlo-
calised scaffolds spanning different chromosomes. The
remaining 583 TR arrays were distributed across 13
assembled chromosomes. The total length of all TR
arrays was 13.3 Mb. The longest TR array was 100,622 bp
(27A). Repeat unit (TR monomer) lengths ranged from 4
to 1930 bp. Four out of 6 most abundant families of TRs
in raw reads were among the first 12 families of TRs in
the genome assembly (Table 2, bold italic).

Some discrepancies were noted between the FISH
probes (Table 1) and the new TR classification; the probe
name and the TR family name sometimes did not corre-
spond. In cases where a FISH probe was detected in more
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494A (PCR)

) |
@

Fig. 1 R temporaria metaphase plates and karyotypes after FISH with the indicated TR probes. The most frequently occurring k-mers corresponding to
the most conserved parts of the monomer sequences for the six most abundant TRs were used as labelled oligonucleotide probes for in situ mapping
(Table 1). The additional probe (494A PCR) was prepared from genomic DNA by PCR because of its relatively long monomer (494 bp). The probe names
are given in the upper left corner for each image. Hybridisation signals (green) from all TR probes were observed in the periCEN regions of some chromo-
some pairs, and the chromosomes were counterstained with DAPI (blue). Bar 10 um

Table 2 First 12 families of TRs in the R. temporaria genome assembly

N TR Number of arrays  Mean GC,%  Max_array length,bp ~ Chromosome Dfam TE % in genome
1 1149A 62 37.21 24,814 All'but 9, Unpl 0.022
2 138A 35 46.36 62,988 1,2,3,4,5,8,9, Unpl U5 snRNA, U4 snRNA 0.018
3 27A 29 484 100,622 Allbut 1,3,5,9, Unpl 0.015
4 35A 27 38.04 62,152 2,4,11,13,Unpl 0.014
5 494A 21 46.83 57,784 1,2,3,4,58,9 Unpl 0.012
6 219A 20 50.75 57,710 8,13, Unpl 5S rRNA 0.013
7 44A 13 472 38,448 1,2,3,5,8,10,13, Unpl 0.006
8 31A 10 47.36 17,669 1,2,4,8,12,Unpl 0.004
9 140A 9 56.47 19,368 1,2,3,4,512,13 0.003
10  44B 9 41.74 44,868 1,4,5,6,8,9,10 0.004
11 1099A 7 48.83 32,032 3,4, Unpl tRNA 0.003
12 32A 7 44.55 77,222 1,3,4,6,Unpl 0.004

GC% - average GC content in TRs in percent; TR similarity by Dfam database; TR chromosome positions predicted in silico. TRs for which FISH was performed on
metaphase plates (Fig. 1) are shown in bold italic. Unpl - unplaced scaffolds
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than half of the TR arrays within a family, the entire fam-
ily was named accordingly. The 47A probe occurred in
three TR arrays (=10 kb) across different families —27A,
54A and “SING” Within these families, the 47A probe
occurred in either single or double copies per TR array.
Consequently, naming these families based on the probe
was impractical. Similarly, the 35B probe was detected in
a single TR array, albeit with a significant copy number
of 62. The formation of a family around a single TR array
also seemed to be impractical. The search in the Dfam
database did not reveal any similarity between TR con-
sensus monomers and TEs. Some TR families showed
chromosome specificity in silico. But most of them were
also located in the unplaced scaffold and their localisa-
tion on other chromosomes cannot be ruled out.

An overview of the identified TRs is shown in a
3D-graph by monomer length, the degree of monomer
similarity within the family and GC content (Fig. 2). An
interactive image with a description of each family can
be found in Additional file 2. Note that the majority of
TR arrays were located in the region of relatively short
monomer units, although some were scattered through-
out the entire plot, including the region of long mono-
mer units (Fig. 2). Some of the arrays in the region of the
long monomer units corresponded to TRs of n higher
order repeats (HORs), i.e. copies consisting of TRs of n
head-to-tail monomers (for example, see 44A and 27A
in Additional file 2). TR monomers within the families
varied considerably in length, GC content and nucleotide
composition (Fig. 2). The 494A (S1A) arrays were also not
uniform (Fig. 2, 494A).

The assembly was expected to have many gaps, which
are usually associated with large TRs [61, 62]. Indeed,
numerous gaps were observed in this context, as visu-
ally depicted (Fig. 3a). The largest number of gaps was
observed in terminal regions of chromosomes, indicat-
ing an enrichment of subTEL regions with repetitive

\GC %

. P Y
2 ®. P R -
E P Be £ 3
5. L ae 5 9; R
=) 4%, “+ © f
£ . -f"- J 2 £
2 \J iy .
B ay £l
g- i, . 3 :“ ; .
€. s - - 13 ’ 8
Moy G of * b
"omey © 0 monomer

Page 7 of 18

sequences. An incorrect orientation of the chromosome
arms also cannot be ruled out.

The TR 10 kb arrays were mapped on chromosome
scaffolds to analyze the distribution of different TR
families along the genome (Fig. 3b and c, Additional file
3 Figure S1, see Additional file 4 for interactive image).
Terminal (subTEL) regions of almost all chromosomes
were enriched with TRs (Additional file 3 Figure S1,
Additional file 4), as expected. Most of these were vari-
able TRs classified as “SING” Some TR arrays were also
localised throughout the chromosome arms.

TRs localised by FISH (Fig. 1) were mapped separately
on the assembly (Fig. 3c). 47A and 35B were not mapped
on pseudochromosomes because corresponding TR fam-
ilies with arrays longer than 10 kb were not detected (see
above). The main discrepancies between in situ and in
silico observations were the clear periCEN localisation of
all mapped TR families and an excess of periCEN signals
for almost all TR families in situ as compared to in silico
predictions. For example, the 35A and 32A probes were
located in situ on all large chromosomes (Fig. 1). The in
situ mapped TR families that were found in the genome
assembly were also located in silico in the unplaced scaf-
fold (Table 2), and their location on other chromosomes
was quite expected. In some cases, signals predicted
in silico were not observed in situ. For example, signals
from the 219A probe were observed on seven chromo-
somes in situ but not on chromosome 13 (Fig. 1, 219A),
whereas in silico signals were predicted on only two
chromosomes, including chromosome 13. These results
may reflect incomplete and incorrect genome assembly,
especially for chromosomes 2 and 13.

PeriCEN position

The large TR arrays are generally extremely poorly rep-
resented in reference genomes, including the R. tempo-
raria genome, reflecting the complexity of assembling
these types of sequences. The assembly with many gaps

SING « 188 * 28A * 328
= 1149A 965A 228 » 31C
138A * 23A + 1095A © 87A
31 1158A 1014A 298

B . a0aa 584A 1516A 1166A
. aa 103A 615A 154A
l k?
© 35A 6778 1099 1073A
. 278 1654A 889A 290
’Z '8, B . 219A 1217 15A a1A
)
2o o * 34A . s4A . 278 . aa
J‘
P34 . 16A . 318 + 7024 . 188
ailhe X ® 29¢ 36A * 855A + 135A

* 1079A « asA * 1040A * 33a
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717A 338 452 55A
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Fig. 2 Three-dimensional analysis of R. temporaria TR array properties. Graphical representation shows: X - monomer length (bp); Y — GC content (%);
Z - degree of monomer similarity in the array (match %). Each data point represents a TR array, with color-coding by TR family. The colour legend is on the
right. Arrows highlight cloned 494A (S1A) TR, the only previously characterized TR in Rana species (purple) and 219A TR family (lime green)
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(Fig. 3a) provided limited data for the repetitive sequence
analysis. Nevertheless, it was still possible to make some
predictions. PeriCEN regions were enriched for TRs,
which were identifiable in genomic assemblies by analys-
ing sequence features such as high repeat density, e.g.,
chromosomes 1, 6-8 and 10-13 (Additional file 3 Fig-
ure S1). No significant enrichment of TRs in the puta-
tive periCEN regions was observed on the remaining
chromosomes. These results indicate an insufficiency of
genome assembly, as the periCEN regions of all chromo-
somes are the most prominent C-bands in the grass frog
[58].

Since the signal from the long 494 A probe was located
on the short arm of chromosome 5 in situ (Fig. 1, 494A
(PCR)), it was assumed that pseudochromosome 5 was
upside down. An in silico prediction also located several
494A arrays to the small chromosomes 8 and 9, whereas
in situ signals were located in chromosome 7 and 9.
These chromosomes are similar in size and could not be
separated during sorting. The same was true for 219A:
in silico analysis localised the arrays to chromosome
8, while the in situ signals were localised to small chro-
mosomes 7 and 9. Taking into account the discrepancies
between in situ (Fig. 1) and in silico (Fig. 3c) signals for
494A and 219A probes (Fig. 1), as well as the position of
periCEN markedly enriched with TRs (Additional file 3
Figure S1) on pseudochromosome 8, it can be assumed
that pseudochromosome 8 corresponds to chromosome
7 of the karyotype.
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Discrepancies between in silico and in situ data at
poorly assembled areas are expected. The only case of
complete agreement between in silico and in situ data
was observed for the long 494A probe (all large and two
small chromosomes were labeled with the probe). TR
32A was located in between two 494A arrays (Fig. 3, b,
c). Based on the in silico prediction (Fig. 3), verified by
in situ FISH (Fig. 1), it can be concluded that the peri-
CEN of chromosome 1 is localised in the region of 338—
422 Mb (Fig. 3, c. arrows).

219A and 5S rDNA attitude

In light of the similarity between the 219A and 5S rDNA
sequences (Tables 1 and 2), the sequences were com-
pared in detail. The 5S rDNA consisted of multiple copies
of a highly conserved 119-bp coding sequence and a non-
transcribed spacer (N'TS) of variable length and nucleo-
tide composition (Fig. 4a). The 219A probe, defined as
the most abundant k-mer of the 219A TR (Table 1), was
placed within the NTS region (Fig. 4a, red). The 219A
probe-mapped signals were observed in silico on pseudo-
chromosomes 8 (chromosome 7 of the karyotype) and 13
(Fig. 3c). Comparison of the long arrays of 219A in the
genome assembly with the annotated 5S rDNA genes
showed that these sequences were located in the same
regions of the pseudochromosomes and partially over-
lapped (Fig. 4b, see Additional files 5 and 6 for interac-
tive images). The 219A array on pseudochromosome 8
largely overlapped with numerous annotated 5S rDNA
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Fig. 4 Genomic relationship between 219A TR and 5S rDNA in R. temporaria genome. a —5S rDNA organization: diagram of tandem repeat structure
showing 119-bp coding sequences (blue arrows) and nontranscribed spacers (NTS, white arrows). The 219A probe target within NTS is highlighted (red);
b - Comparative genomic mapping: gray rows represent pseudochromosomes with 55 rDNA loci (blue) and 219A arrays (red) (see legend); ¢ - Cytogenetic
validation: FISH of 55 rDNA gene probe (green signals) on metaphase chromosomes (DAPI counterstain, blue). The single chromosomal pair containing
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genes, whereas the 219A arrays located on pseudochro-
mosome 13 differed significantly from the standard 5S
rRNA sequence, but contained the NTS portion (the
219A probe) and a smaller amount of 55 rDNA gene in
this region (Fig. 4b).

Since earlier cytological studies detected the single
5S rDNA site using the probe containing the poten-
tially transcribed region of the 55 rDNA [63], localisa-
tion was tested using an oligonucleotide corresponding
to the 5S rDNA gene. This 5S rDNA probe stained the
single chromosome pair (Fig. 4c), in agreement with the
previous finding. However, the hybridisation pattern was
not consistent with that obtained with the 219A probe
(Fig. 1). It is assumed that the signals from the 5S rRNA
probe detected in previous studies [63] and in the pres-
ent study (Fig. 4c) correspond to the long arrays detected
in in silico on pseudochromosome 8 (chromosome 7 of
the karyotype) (Figs. 3b and c¢ and 4b). In contrast, the
219A TR family with similarity to 5S rDNA (Tables 1 and
2) hybridised to the periCEN regions of several chro-
mosomes - all large and two small (Fig. 1, 219A), i.e. the
219A probe showed a similar pattern to ordinary TR
(Fig. 1). PeriCEN regions, with the exception of chromo-
some 7, were not detected by the 5S rDNA gene probe
(Fig. 4c). Thus, despite the observed similarity between
the 219A sequence and 5S rDNA (Tables 1 and 2), the
219A arrays belong to the other TR sequence type.

47Ais a part of a new dispersed element - frog element
dispersed organised repeats (FEDoR)

An intriguing phenomenon related to the 47A probe was
observed in TR arrays derived from the genome assem-
bly. Although the probe produced a strong signal in FISH
(Fig. 1, 47A) and was identified as one of the most rep-
resented TRs in raw reads (Table 1), it was present in
only three long TR arrays and only one or two TR array
copies. Searching the genome assembly for the 47A
probes revealed that they occur at a high number of loci
dispersed throughout the genome (Fig. 5a). The aver-
age number of copies per 10 Mb was calculated to be
106, with a minimum of 4 and a maximum of 589. The
highest densities of 47A probes were found in the ter-
minal regions (subTEL) of the majority of chromosomes
(Fig. 5a).

As the 47A probe was detected at very low copy num-
bers in large TR arrays (=10 kb), a search for shorter
arrays (=1 kb) containing 47A probe was then per-
formed. Short tandem repeat arrays (shTR47) were
mapped on pseudochromosomes (Fig. 5b, red). 27 arrays
were longer than 3 kb and some of which were located in
the periCEN regions (Additional file 3 Figure S2). Short
arrays were also scattered throughout the genome, with
notable enrichment in subTEL regions (Fig. 5b, red).
PeriCEN localisation was also observed on 7 of the 13
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pseudochromosomes (Fig. 5b, red), in agreement with
the periCEN signals (Fig. 1, 47A).

The identified short arrays with the 47A probe could
still not explain its wide distribution of the 47A probe
across the genome (Fig. 5a). Examination of the fre-
quency of probes in the genome and their occurrence in
TR arrays>1 kb identified probe 47A inside TR arrays
in only 20% of the cases and outside TR arrays in 80% of
the cases (Table 3). The 35B probe showed the same ten-
dency, albeit with a less dramatic dichotomy. Both probes
showed additional hybridisation signals outside periCEN
regions (Fig. 1, 47A, 35B). Thus, fractions of 47A and 35B
sequences (~20-40%) form TR arrays and produce peri-
CEN signals, while the remainder of the probes labelled
an unknown element scattered throughout the genome.

Probe 47A was recognised as one of the most abun-
dant in the genome (Table 1) and poorly represented
in TR arrays (Table 3). Conserved sequences of ~1 kb
in length were found by analysing nucleotide neigh-
bourhoods characteristic of the genomic environment
in which 47A probes were localised. Regions of homol-
ogy were revealed by alignment of the ~1 kb flanking
regions on either sides. Overall, 43 highly conserved
sequences were identified (Additional file 3 Figure S3).
The average size of an element, which was termed Frog
Element Dispersed organised Repeats (FEDoR), was
~ 3.5 kb. Almost all of the elements displayed similar
organisations (Fig. 6 and Additional file 3 Figure S4).
All FEDoRs contained four inner TR motifs. The 1st
and the 2nd repeats were formed of a shTR47 fam-
ily monomer and were separated from each other
by a short insert (Fig. 6). On average, a 22-bp-long
TR monomer occurred 41 times in the 1st repeat
and 8 times in the 2nd repeat. The 3rd and the 4th
repeats differed from shTR47 and from each other;
their monomers occurred on average 20 and 5 times,
respectively. These repeats have no similarities with
any of the TR families found with arrays larger than
10 kb (Table S1). The FEDoR core consisted of internal
TR motifs flanked on either side by pairs of inverted
repeat sequences (IRSs) 91 and 49-bp-long, respec-
tively. Among the 43 FEDoR sequences, the starting
IRSs had a similarity of 94%, and the ending IRSs of
84%. The starting IRSs were close together, while the
ending ones were typically separated by a distance of
292 bp. Additionally, TSDs were identified at both ends
of the FEDoR sequences; TSDs were not the same for
the different elements and may reflect the difference of
the insertion sites. Still, TSDs were identified at both
termini of all FEDoR elements. In most FEDoRs, 47A
probes with complete matches occurred only once in
each shTR47 repeat. The distance between 47A probes
inside the TR array was identical for all elements.
The short insertion in the shTR47 array was also of
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Table 3 Frequency of TR probes in TR arrays > 1 kb

Name Number of oc- Number of occurrenc- % of
currences in the esinTRarrays>1kb, probes
genome, counts counts inTR

arrays

494A 1052 1031 98.00

219A 2971 2962 99.70

32A 2774 2746 98.99

35A 10,185 9894 97.14

35B 33,369 16,099 48.25

47A 44,003 9107 20.70

Quantification of probe occurrences for the most abundant tandem repeats
(TRs) identified in raw sequencing reads: (1) total occurrences in the genome
assembly, (2) occurrences within TR arrays (= 1 kb), and (3) percentage of probes
located within TR arrays

constant length (Fig. 6, seq0) and AT-rich (72%); while
the FEDoR AT content was 52%, and AT content for
the whole genome was 56%. In some cases, the short
insert was recognised as a reverse IRS similar to the
initial reverse IRS (Additional file 3 Figure S5); in the
remaining elements, the inserts are degenerate reverse
IRSs with different degrees of similarity. Such a struc-
ture may indicate a composite FEDoR origin.

Alignment of all elements revealed the same structure
and orientation of flanking regions (Additional file 3
Figure S6) and sequences in between TR motifs (Addi-
tional file 3 Figures S7, S8, S9), highlighting the regular-
ity of the organisation pattern. No extended regions with
significant similarity to any known TE were found in
FEDoR (Additional file 1 Table S2). In addition, even an
incomplete open reading frame (ORF) was also absent. In
the flanking region, there were two short areas of simi-
larity with DNA-TEs: ~ 150 bp with hAT and ~200 bp
with Mariner (Additional file 1 Table S2). FEDoR is the
definite dispersed element, as shown in silico (Fig. 5a)
and in situ (Fig. 1), with a distinct structure enriched
with TR motifs and with TDSs and IRSs at precise posi-
tions (Fig. 6), which could be the evidence of a former
transposition.

Page 12 of 18

Discussion

Genome-wide detection of TRs

Repetitive DNA sequences are the most difficult part of
the genome to assemble and annotate [61, 62, 64, 65].
TR DNA is characterised by tandemly arranged repeat
copies that form contiguous arrays up to megabases
in length that cannot be efficiently resolved with short-
read sequencing [64—66]. Even the rapid development
of genome sequencing and assembly techniques has not
provided a complete picture of the composition of CEN/
periCEN and subTEL regions [67-70]. These are usu-
ally underrepresented in genome assemblies [62, 71, 72].
Tandemly repetitive DNA occupies 10.23% of the R. tem-
poraria genome as identified by TRF. This proportion is
consistent with the amounts typically observed in other
amphibian genomes using bioinformatic approaches.
Tandemly repetitive DNA makes up approximately 9.47%
of the genome of the closely related species R. kukuno-
ris [73]. However, this proportion includes low complex-
ity and simple repeat sequences, short arrays, tandemly
or segmentally duplicated genes. The cumulative length
of all large TR arrays (over 10 kb) was only 0.32% of the
total genome. Many of large TR arrays are found on the
unplaced scaffold (Table 2, Table S1) or near gaps in
pseudochromosomes (Fig. 3a, b), highlighting the diffi-
culty of accurately assembling the regions rich in repeti-
tive sequences.

Nowadays, the assemble-free approaches, including
TAREAN [45], k-mer frequency statistics from unas-
sembled sequence reads are widely used [22, 74]. These
approaches are more robust for detection of highly
abundant TRs and for monomer reconstruction, but
are not suitable for detection of low-copy TRs, simple
repeats and TE-based short dispersed TR arrays. Addi-
tional challenges are posed by low genome coverage.
TAREAN requires only 0.01-0.50X genome coverage
to detect TRs. It is noted that TAREAN is sensitive to
abundant TR sequences, while it may miss less common
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or difficult-to-detect repeats formed by short tandem
arrays [45]. The requirement for minimal input data is
offset by the high computational resources and time. In
contrast, extracTR can process the entire batch of reads
within a reasonable amount of time and may provide
more accurate results. This work demonstrated that some
TR sequences (47A, 35B) were undetectable by the TAR-
EAN tool (Table 1), probably due to low input data. Using
the entire batch of reads as input for the extracTR tool
enabled the detection of two TRs that were undetected
in the TAREAN analysis (Table 1). The reliability of the
bioinformatics-based identification of TRs from raw data
was experimentally confirmed by successful FISH detec-
tion of all 6 TRs on R. temporaria chromosomes (Fig. 1).
However, a large number of R. temporaria TR families
identified in the genome assembly (Table S1) were not
detectable by assemble-free approaches, likely due to
their monomer size and low copy number. This highlights
the need to use all available tools to exhaustively charac-
terise repetitive elements in a new genome.

R. temporaria TRs

A total of 76 TR families and 314 single TR arrays were
identified in the grass frog genome (Fig. 2; Table S1). TRs
with shorter monomers (<100 bp) generally predomi-
nate over long ones (>1000 bp) (Table S1, Fig. 2). In Pro-
ceratophrys boiei, one of the very few Anura species for
which a genomic analysis of TR content and subsequent
FISH mapping were performed, the monomer sizes of
highly abundant CEN/periCEN TRs were about 170—
180 bp [22]. A more recent study of this research group
has shown numerous other TRs with short monomers
(<100 bp) in the P boiei genome [75]. Therefore, TRs
with short monomer lengths may be a distinctive feature
of Anuran genomes.

According to the classical view of TR, the size of the
monomers can correspond to the size of a nucleoso-
mal DNA (about 140-170 bp) or two nucleosomal unit
lengths (about 340 bp) [76, 77]. However, it is not a uni-
versal rule, as the sizes of TR monomers are not con-
served [78]. Most TR families identified in the current
study did not have the monomer size of the centromere
protein A (CENP-A) nucleosome, except for 138A,
140A and three low-copy TRs (149A, 154A, 373A). In
fact, none of the TRs with the possible CEN localisation
(Fig. 1) had a monomer size typical for a single nucleo-
some. The FISH technique did not enable clear identifi-
cation of probe localisation in metaphase chromosomes
(distinguish CEN from periCEN locations) and none of
the probes produced signals on all chromosomes; there-
fore, their positions are described as periCEN. All in
situ-mapped TRs stained only a subset of chromosomes
(Fig. 1). A similar situation was shown for CEN RrS1-
like satDNA of water frogs (genus Pelophylax) [79, 80]
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and for centromere repeat 1 (Fcrl) in X. laevis [81]. It is
known that some species, such as Drosophila, chicken
and X. laevis, do not contain CEN sequences common to
all chromosomes [82—84]. In X. tropicalis, a 205-bp con-
sensus monomer was placed as a CEN TR in all chromo-
somes. A 205-bp TR was annotated as CEN based on its
ability to precipitate with CENP-A and central chromo-
some position in silico; no functional test with artificial
chromosomes has been reported [85]. The distinction
between CEN and periCEN TR requires a separate study.

The monomer lengths of the 14 frog TRs exceeded
1000 bp (Fig. 2; Table S1). Long monomers often origi-
nate from parts of TEs, such as the LTRs (long terminal
repeats) and UTRs (untranslated regions) [86]. The pres-
ence of TRs with large monomers (>1000 bp) is a fea-
ture of avian genomes [87, 88] and has been observed in
other groups, such as Tenebrionidae beetles [89], some
plant species [90], Megaleporinus elongatus fish [91].
The largest monomer size was identified for BamHI-800
sequences in Bufotes [92]. TR monomers of longer length
had not been identified in amphibians before the current
study.

None of the identified TRs showed any homology with
TEs (Table S1). However, some TR families shared a cer-
tain degree of similarity with transfer RNA (tRNA) and
small nuclear RNA (snRNA) (Table 2, Table S1). Most
non-autonomous non-LTR retrotransposons SINEs
(short interspersed nuclear elements) are derived from
tRNA, 7SL RNA (signal recognition particle RNA), or
5S rRNA [93]. SINEs derived from either the Ul or U2
snRNA have been reported among crocodilians [94].
Some amphibian TRs with similarities to tRNAs are
known (e.g. OAX repeat in Xenopus [95], Rana/pollll
in Rana esculenta [96], Pollll/TAN in the newt Cynops
pyrrhogaster [97]) and their SINE-derived origin has
been suggested [95, 96] but not yet confirmed. Interest-
ingly, SINEs seem to be underrepresented in amphibian
genomes (0.01-2.69% of genome) [98]. SINE-derived TRs
have been described in scaled reptiles, but no significant
correlation has been found between the abundance of
SINEs and the presence of SINE-derived TRs in genomes
[99]. However, SINEs are indeed more abundant in scaled
reptile genomes (1.4—6.9%) [100] than in amphibians. In
addition, it is worth noting that, the identification of new
SINEs is challenging due to their weak structural signals
and rapid sequence diversification and requires special-
ised approaches [56, 101, 102], and therefore the actual
SINE content in genomes may be underestimated by
tools such as RepeatMasker [102]. Therefore, TE-based
TRs in the grass frog genome cannot be excluded, and
the careful verification of such TRs existence is the sub-
ject of future work.

In eukaryotic genomes, the multigene families for
rRNA genes are tandemly arrayed in clusters. In the R.
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temporaria genome, the only 5S rDNA site located close
to the CEN on the short arm of chromosome 7 was
found by FISH, with a probe that contained the poten-
tially transcribed region of the 5S rDNA [63]. The cur-
rent work also confirmed this observation by FISH with
a probe that corresponded to the annotated 5S rDNA
gene sequence (Fig. 4c). However, in this study we found
that the signals from the 219A probe corresponding to
the NTS sequence occur on more chromosomes (Fig. 1).
Based on the FISH results (Fig. 1, 219A) and the com-
parison of 219A arrays with annotated 5S rDNA genes
(Fig. 4b), we suggest that 219A is a satDNA (non-coding
TR) derived from 5S rDNA. SatDNA sequences derived
from rDNA have been described for some plant [103,
104], fish [105, 106] and frog species [107]. In frogs,
PcP190 satDNA derived from 5S rDNA is assumed to
be ancient and has been described in Leptodactylidae,
Hylodidae (Hyloidea) [107—109]. The PcP190 repeat unit
consists of a conserved region that is highly similar to the
5S rDNA gene, and a hypervariable region [108, 109].
No similarity was found between any NTS of 5S rDNA
and hypervariable regions of PcP190 satDNA [108]. But
probe 219A based on the most conservative part of the
TR family (see Materials and Methods 2.4), corresponded
to the NTS portion (Fig. 4, a, b). Taken together, the 219A
associated with the periCEN regions is other satDNA
(TR) derived from 5S rDNA loci.

The chromosome assignments (Table 2, Table S1) and
the locations of the TR arrays (except for arrays from
unplaced scaffolds) on the chromosomes (Fig. 3b, Addi-
tional file 3 Figure S1) were determined for all TR fami-
lies. However, it should be noted that several variants
of R. temporaria karyotypes have been published [52,
58]. Differences between karyotypes concerned chro-
mosomes 7-9. These chromosomes are of a similar size
and are therefore difficult to resolve by sorting, and some
pseudochromosomes may not correspond to karyotype
chromosomes. For example, pseudochromosome 8 cor-
responds to chromosome 7 of the karyotype (see Sect. 3.4
for details).

A significant number of TR families were predicted
in the distal subTEL regions in silico (Fig. 3b). The sub-
TEL region is supposed to be the repository of TRs to
be spread over the periCEN region during speciation
[110]. A clear preferences of TRs in subTEL regions was
observed (Fig. 3b, Additional file 3 Figure S1), although
these TRs were not among the most abundant in raw
reads. X. tropicalis featured a high density of TR in sub-
TEL regions and unusually long subTEL, which may
indicate that unequal crossing over during meiotic
recombination mediates TR expansions in these highly
recombinogenic chromosome regions [85]. The enrich-
ment of TRs in subTEL regions is likely a common phe-
nomenon in the amphibian karyotypes.
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In silico analysis of the genome assembly revealed some
TRs in the chromosome arms, i.e., euchromatin part of
the genome not corresponding to the heterochromatic
regions detected by C-banding (Fig. 3b). Euchromatic
TRs have been found in several species [9, 111, 112] and
have been suggested to play a role in gene expression
modulation [14, 113]. The functional significance of the
TRs along chromosome arms requires in depth research
[14].

FEDoR

In contrast to mammalian genomes, DNA-TEs predomi-
nate over retrotransposons in amphibian genomes [29],
including in R. temporaria (Additional file 3 Figure S10).
However, our knowledge of TEs in amphibians remains
fragmentary and progressing slowly, as can be seen from
the abundance of unknown TEs (Additional file 3 Figure
S10, gray).

We suppose, that the FEDoR observed in the current
work is the new non-autonomous DNA-TE. Its struc-
ture is reminiscent of that described for the miniature
inverted-repeat transposable elements (MITEs). MITEs
were first described in the maize genome and are the
most abundant group of DNA-TEs [114]. MITEs tend
to be small in size (~100 to 800 bp), lack protein coding
potential, are interspersed and can reach high copy num-
bers with high uniformity between copies [115]. MITEs
are non-autonomous, truncated versions of autonomous
DNA-TEs and their transposition requires the activity
of a class II DNA transposase acting via a cut-and-paste
mechanism. However, this mechanism cannot account
for the high copy number of MITEs in genomes and the
mechanism by which MITEs amplify remains unknown.
MITEs have the structural characteristics of a typi-
cal DNA-TE, with conserved IRSs flanked by TSDs. A
peculiar Tcl/mariner MITE called miDNA4-Xt from X.
tropicalis exhibits typical MITE features but is unique in
that it contains a TR motif. Most (61%) miDNA4s con-
tain only one TR motif, although some contain multiple
TRs [116]. Notably, miDNA4 sequences with multiple
TR motifs localize to subTEL regions, similar to the 47A
probe (Fig. 5a and b).

Despite the similarity of some of its features to those of
MITE, FEDoR is suggested here to be an entirely separate
new DNA-TE element. Its peculiarities include its size
(~3.5 kb), which exceeds the size of miDNA4 by no less
than 5 times (300-600 bp). In addition, it is not AT-rich,
with 52% AT as compared to 56% AT in the R. tempo-
raria genome, while miDNA4 is comprised of 63.0% AT
compared to a whole-genome AT content of ~60% in the
X. tropicalis genome. Further, FEDoR could not be attrib-
uted to Tcl/mariner or any other known TE family, as
the extended regions of significant similarity are absent.
Moreover, FEDoR bears three conservative regions
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around TR arrays which lack similarity with any known
elements. Future analysis of these sequences may lead
to identification of new autonomous DNA-TE, as the
non-autonomous DNA-TEs of the same class generally
contain the remnants of the helper. Lastly, the principal
organisation scheme of MITE is [IRS forward - (TR), —
IRS reverse], while FEDoR is built of [IRS forward — IRS
reverse - (TR) - IRS forward — IRS reverse]. Namely, the
essential difference lies in the duplication and proximity
of the forward and reverse IRS sites. This feature could
influence the transposition mechanism.

DNA-TEs containing TR motifs lead to consideration
in the evolutionary realm, regarding the TR enrichment
in genomes [116, 117]. The links between DNA-TEs and
TRs are supported by the current work. The combination
of a DNA-TE and TRs could be a driving mechanism to
accumulate DNA and increase genome size. Both MITE
and FEDoR can use similar mechanism for the dissemi-
nation of TRs.

Conclusions

This study characterised the TRs content in R. tempo-
raria, a representative of one of the largest Anuran fami-
lies, Ranidae, for which a complete dataset had never
previously been explored. The results confirmed that
the grass frog genome has a great diversity of TRs. Cur-
rent work provides number of TR monomer consensus
sequences, which will be useful for the future investiga-
tions into the significance, origin, and evolution of TRs
in anurans during speciation. Despite the high quality of
the assembly, several distinct inaccuracies were noted.
The identification of FEDoR, in addition to the previously
described miDNA4-Xt (MITE), provides further evidence
of relationships between TEs and TRs in amphibians.
Future studies investigating associations between TRs
and TEs across species could reveal some new aspects of
the mechanisms of genome evolution and function and
could provide some new explanations for the variation in
genome size in amphibians.
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