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Abstract Repetitive DNA sequences, particularly
satellite DNA (satDNA), are key components of
eukaryotic genomes with important structural and
potential functional roles. In this study, we used long-
read assemblies and short-read sequencing to perform
de novo identification of the most abundant satDNAs
in the sea turtle Caretta caretta. We combined a bio-
informatic approach and chromosome mapping to
describe the distribution of the major tandem repeti-
tive DNA sequences of this species. Additionally, we
mapped major ribosomal DNA clusters, telomeric
sequences and performed Chromomycin A3-DAPI-
after G-banding (CDAG) staining to visualise AT-/

Responsible Editor: Gustavo Kuhn

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10577-026-09794-6.

K. V. Tishakova (<)) - A. A. Proskuryakova -

N. A. Serdyukova - G. I. Davletshina - V. A. Trifonov -
S. A. Romanenko

Laboratory of Diversity and Evolution of Genomes,
Institute of Molecular and Cellular Biology SB RAS,
Novosibirsk, Russia

e-mail: tishakova@mcb.nsc.ru

D. Y. Prokopov
Independent Researcher, London, UK

S. A. Marchenko

Department of Natural Science, Novosibirsk State
University, Novosibirsk, Russia

Published online: 23 February 2026

GC-rich chromatin composition. We found that the
C. caretta satellitome contains at least 18 satDNAs.
Most of the satDNAs are localised in pericentro-
meric regions of chromosomes. We observed a dif-
ferential, non-uniform distribution of repetitive DNA
sequences between chromosomes: while most chro-
mosomes carry blocks consisting of a single chromo-
some-specific satellite, some chromosomes contain
complex heterochromatic blocks composed of multi-
ple satellites. Comparative analysis showed inconsist-
encies between in situ and in silico satDNA mapping.
These new data add to the knowledge about the diver-
sity, distribution, and evolution of satDNA in the C.
caretta genome.
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Introduction

Eukaryotic genomes have a complex and dynamic
structure, where a significant portion is composed
of repetitive DNA sequences (Richard et al. 2008;
Biscotti et al. 2015). Among these, satellite DNA
(satDNA) is a fundamental component, character-
ized by long, head-to-tail tandem repeats that can
span millions of base pairs (bp) (Plohl et al. 2012).
The classification of satDNA is primarily based
on repeat unit length, and these sequences are
divided into microsatellites (repeats 1-9 bp long),
minisatellites (repeats 10-100 bp long), and satel-
lites (repeats hundreds of bp long) with an ongo-
ing discussion about the length limits for each
group (Ruiz-Ruano et al. 2016). Arrays of satDNA
may be organized into high-order repeats (HORs),
where larger repeat units are composed of multiple
basic repeat units (Sujiwattanarat et al. 2015). The
entire collection of satDNAs families in a genome
is referred to as “satellitome” (Ruiz-Ruano et al.
2016).

Historically, satDNA has been categorized as
“junk DNA” and considered a passive, selfish ele-
ment with no discernible function, simply cluttering
genomes (Ohno 1972). This perception was fueled by
the enigmatic characteristics of satDNA: its predomi-
nant localization in genetically silent heterochromatic
regions — specifically centromeres, pericentromeric
regions, and telomeres (Charlesworth et al. 1994).
Advances in genomic and bioinformatic technolo-
gies have revealed the structural and functional role
of satDNA in the genome. As a structural component
of genomes, satellite repeats are crucial for maintain-
ing genomic architecture: they form ribosomal clus-
ters (Davidian et al. 2022), constitute centromeric
region (e.g., human alpha-satellite as a part of HORs)
(Sundararajan and Straight 2022), and make up sub-
telomeric regions (Trofimova and Krasikova 2016).
As a functional component of the genome, satDNA
is required for correct chromosome segregation dur-
ing cell divisions and may influence gene expression
regulation (Klein and O’Neill 2018; Liao et al. 2023).
Transcription of satDNA may produce non-coding
RNAs that play key roles in heterochromatin forma-
tion (Grewal and Elgin 2007) and in the maintenance
of chromosomal integrity (Jacquier 2009); however,
overexpression of satDNA may lead to genomic insta-
bility (Ting et al. 2011).
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SatDNA exhibits high variability in both copy
number and sequence among species, even closely
related, reflecting rapid evolution (Modi et al. 2003;
Bolsheva et al. 2019; Ivanova et al. 2022; De Lima
and Ruiz-Ruano 2022). While, in some cases, nucleo-
tide sequences are preserved for millions of years due
to concerted evolution, homogenization, and selec-
tive pressure (Plohl et al. 2010; Palacios-Gimenez
et al. 2020; Dos Santos et al. 2021), the composition
of satDNA can diverge considerably during specia-
tion. Several models of satDNA evolution have been
proposed to explain this variability. For example,
the library hypothesis suggests that related species
inherit a common “library” or repertoire of many
different satDNA families from a common ances-
tor (Fry and Salser 1977; Mestrovi¢ et al. 1998;
Ugarkovi¢ and Plohl 2002). Following speciation,
different subsets of these families are selectively
amplified in different evolutionary lineages, lead-
ing to the dramatic divergence in satDNA composi-
tion observed between closely related species (Fry
and Salser 1977; Ugarkovi¢ and Plohl 2002). This
process of differential amplification operates in tan-
dem with other mechanisms. The molecular drive
concept explains how non-random mechanisms like
unequal crossing-over and gene conversion lead to
the concerted evolution and rapid homogenization
of the amplified repeats within a species (Ugarkovi¢
and Plohl 2002; Dover 2002). Furthermore, the cen-
tromere drive hypothesis posits that an evolutionary
arms race between centromeric satellites (which favor
transmission in female meiosis) and centromeric
proteins (which suppress this drive) acts as a selec-
tive pressure on which sequences from the library are
amplified and maintained (Henikoff et al. 2001). New
satDNA can originate de novo via tandem amplifica-
tion of specific genomic segments through unequal
crossing-over, slipped-strand mispairing, rolling-cir-
cle replication, and repair processes including non-
homologous end joining and non-allelic homologous
recombination (Ugarkovi¢ and Plohl 2002; Mazurc-
zyk and Rybaczek 2015; Zattera and Bruschi 2022).
In addition, existing satDNA sequences can diminish
or be lost through mutational decay, deletions, and
rapid turnover (Camacho et al. 2022).

Turtles (Testudines), an order of Reptiles, are one
of the ancient amniotic groups (Crawford et al. 2015),
having diverged from other vertebrates approximately
320 million years ago (MYA) (Shaffer et al. 2017).
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Their genomes have a bimodal structure and dem-
onstrate conservative genetic characteristics, such as
relatively low rates of changes in chromosome num-
ber (ranging from 2n=26 to 2n=68), chromosomal
morphology, and G-banding patterns (Badenhorst
et al. 2015; Montiel et al. 2016).

The current knowledge of satDNA in turtle
genomes is exceptionally limited. Excluding the
standard cytogenetic mapping of rRNA genes and tel-
omeric repeats (Henikoff et al. 2001; Martinez et al.
2009; Kawagoshi et al. 2012; Cavalcante et al. 2020;
Machado et al. 2020b; Clemente et al. 2021), satDNA
has been characterized in only a few instances. These
include the PSI-Bgl family in the Chinese soft-shelled
turtle (Pelodiscus sinensis) (Yamada et al. 2005),
the SCR-AIul-09 and SCR-Alul-01 families in the
black marsh turtle (Siebenrockiella crassicollis), with
the latter also found in two other species (Kawag-
oshi et al. 2012). Six major satellite sequences were
revealed in the genome of Trachemys scripta elegans
in our recent study (Romanenko et al. 2025). Non-
telomeric microsatellites have been identified in the
heterochromatin of four sea turtle species (Machado
et al. 2020a).

The loggerhead sea turtle (Caretta caretta) is one
of seven marine turtle species (superfamily Che-
lonioidea), and is found in the Indian, Pacific, and
Atlantic (including Mediterranean Sea) oceans (Wal-
lace et al. 2010). Loggerhead is a vulnerable spe-
cies whose populations have declined sufficiently to
reduce its range, primarily due to bycatch, coastal
development, and poaching (Wallace et al. 2011).
Temperature-dependent sex determination, where
higher incubation temperature promotes female
development, makes it a climate-vulnerable spe-
cies (Yntema and Mrosovsky 1982). The karyotype
of C. caretta has been described using conventional
cytogenetic methods and revealed 12 macrochromo-
some pairs and 16 microchromosome pairs (2n=>56)
(Lopez et al. 2008; Machado et al. 2020b). Previous
C-banding of C. caretta metaphase chromosomes
(Machado et al. 2020a) revealed small heterochro-
matic blocks in pericentromeric regions of several
macrochromosomes and microchromosome pairs,
and in the long arms of three microchromosome
pairs. The genome of C. caretta has been investigated
repeatedly: at least three long-read-based genome
assemblies were published recently (Chang et al.
2023; Arantes et al. 2025; Yen et al. 2025). However,

satellite DNAs in the genome of C. caretta have been
poorly studied, only distribution of several microsat-
ellites has been described in its karyotype using fluo-
rescent in situ hybridization (FISH) (Machado et al.
2020a).

In this study, we aimed to fill the existing gaps in
our understanding of the diversity, distribution, and
evolution of the major fraction of repetitive DNA in
the C. caretta genome using a combination of cytoge-
netic and bioinformatic approaches.

Methods

Sample collection, cell culturing and metaphase
chromosome preparation

Cell cultures of two female specimens of C. caretta
(CCARIf and CCAR2f) were obtained from biopsies.
Samples were obtained under permits Prot. 0004851
PNM (07/03/2016) issued by the Italian ministry
MATTM (Ministero dell’ambiente e della tutela del
territorio e del mare).

Cell lines of both individuals were cultivated
in aMEM (Gibco) supplemented with 15% FBS
(HyClone), 100 mg/L. ampicillin, 100 mg/L strepto-
mycin, and 2.5 mg/L amphotericin B at 28-30 °C in
an atmosphere of 5% CO, and deposited in the “Cry-
obank of cell cultures” IMCB SB RAS. Chromosome
suspensions were prepared from the cell cultures in
the Laboratory of diversity and evolution of genomes,
IMCB SB RAS, Novosibirsk, Russia. Three and half
hours before cell harvesting colcemid (KaryoMAX,
Gibco) to a final concentration of 0.1 pg/ml and eth-
idium bromide to a final concentration of 3.5 pg/ml
were added. Cells were dissociated by 0.25% trypsin
with 0.2% EDTA and centrifuged for 5 min at 0.6 X g.
The pellet was gently resuspended in hypotonic solu-
tion (62 mM KCl with 2% of FBS) and incubated for
1 h at 29 °C. For prefixation 1/20 volume of fresh ice-
cold fixative (methanol:acetic acid, 3:1) was added,
mixed carefully and incubated for 12 min at 4 °C.
Then cells were centrifuged for 5 min at 0.6 x g and
supernatant was discarded. For fixation, the pellet
was covered by ice-cold fixative (—20 °C) and kept
for 30 min at — 20 °C without mixing. Cells were then
centrifuged for 5 min at 0.6X g and resuspended in
ice-cold fixative. The chromosome suspensions were
stored long-term at —20 °C.
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DNA Extraction, Library Preparation, and
Whole-Genome DNA Sequencing

Genomic DNA was extracted from CCAR2f cell cul-
tures using the GeneJET Genomic DNA Purification
(Thermo Fisher Scientific Baltics, Vilnius, Lithu-
ania) according to the manufacturer’s protocol. The
extracted genomic DNA was then fragmented and a
library was prepared for CCAR2f as described previ-
ously (Romanenko et al. 2022). Library sequencing
was performed on a MGISEQ-2000 platform using
the DNBSEQ-G400RS High-throughput Sequenc-
ing Set (FCL PE100) at the SB RAS Genomics Core
Facility ICBFM SB RAS, Novosibirsk, Russia). Data
were deposited in the NCBI SRA database under the
accession number SRR26671777.

Repetitive DNA identification and annotation

In silico identification of putative satDNAs from
short reads was performed using RepeatExplorer2
and TAREAN (Novék et al. 2013, 2017) implemented
on the Galaxy platform (Afgan et al. 2016). We ana-
lyzed publicly available whole-genome sequencing
data for C. caretta (SRR15328383, female) alongside
the sequencing data generated in this study. Reads
were filtered for length and quality using the “Pre-
processing of FASTQ paired-end reads” tool. Filter-
ing by length, adapter presence, and quality scores
was performed as previously described (Novéak et al.
2020). For “RepeatExplorer2 clustering” tool the
“Database of taxon and protein domain” parameter
was set to “Metazoa version 3.0”. The reads were ran-
domly selected and analysed using RepeatExplorer2
and TAREAN. From the 19,954,894 input reads in
SRR15328383, 4,229,461 high-quality reads (150
bp length) were randomly selected (~0.3 X coverage
of the reference genome). From the 11,749,647 input
reads in SRR26671777 (this study), 4,960,258 high-
quality reads (80 bp length) were randomly selected
(~0.2x coverage). These read numbers and coverages
are within the limits recommended by the software
developers (0.01-0.50 x genome coverage) (Novak
et al. 2013, 2017). The selected reads were analyzed
using RepeatExplorer2 and TAREAN.

For in silico identification of putative satDNA
in long-read genome assemblies we used the
publicly available genome data for C. caretta
(GCA_023653815.1 and GCA_965140235.1). The
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analysis was performed using TideCluster (version
1.6) implemented on the Galaxy platform (Novak
et al. 2017; Gao et al. 2019, https://doi.org/10.5281/
zenodo.7885625) with default parameters.

All satellite sequences were annotated using Rep-
Base (Kohany et al. 2006), Tandem Repeat Finder
(TRF) (Benson 1999), BLAST (Johnson et al. 2008),
and the Dfam databases (Hubley et al. 2016). Man-
ual annotation was performed using default param-
eters, except that RepBase searches were performed
with the “Report simple repeats” option and Dfam
database searches were performed with “Other” and
“Chrysemys picta bellii” as query organisms. The sat-
ellite sequences were queried against the ‘core_nt’,
‘nr/nt’, and ‘refseq_reference_genomes’ BLAST
NCBI database. For ‘refseq_reference_genomes’
database, the organism filter was set to ‘Caretta
caretta (taxid:8467)’ and ‘sea turtles (taxid:8456)’.
Each sequence in the search field was iterated 5 times
to prevent edge effects. Sequence cut off was set man-
ually (E-value<0,01; Identity >70%; Query Cov-
erage>70%). All satellites identified for C. caretta
were compared with previously published satDNA
from Trachemys scripta elegans (Romanenko et al.
2025) using BLAST.

RepeatMasker version 4.1.7-pl (Smit et al. 2015)
was used to estimate the abundance for each satDNA
variant. The analysis was run with the options
‘-engine rmblast’, ‘-a’, ‘-s’, ‘-nolow’, ‘-no_is’, and
‘-xsmall’. The input library contained duplicated
consensus sequences of each satDNA. Based on the
RepeatMasker *.out file, the coverage of each masked
region (cov_reg) was calculated as (q_end—q_
begin+ 1)/(length of the consensus sequence).
Data were filtered using cov_reg>70% and perc_
div <30%, meaning only regions with sequence iden-
tity to the consensus exceeding 70% and coverage
exceeding 70% were considered. For each satellite,
its genomic representation was calculated as: (total
cov_reg across all filtered regions) * 100%/(assembly
length). Genomic data was visualized using the Inte-
grative Genomics Viewer (IGV) version 2.18.4 (Rob-
inson et al. 2011; Thorvaldsdéttir et al. 2013).

Diversity and spatial distribution of the detected
satDNA in the assembled C. caretta reference genome
(GCA_965140235.1) was determined using the SatX-
plor pipeline with default parameters (Volari¢ et al.
2025). The assessment of monomer variability and
satDNA organization was conducted based on the
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graphical images generated by the pipeline, in accord-
ance with the authors’ recommendations.

Probes generation

Primers for PCR amplification and labelling of the
satellite probes were designed using the Primer3
web tool and Gene Runner software (version 6.5.52)
(see Supplementary Table 1). PCR amplification was
performed as described previously (Biltueva et al.
2017). The CcarSat-06—50 probe was synthesized and
directly labeled with a Cy3 fluorophore by the Bio-
labmix company (Novosibirsk, Russia).

The telomeric probe was generated by PCR using
the oligonucleotides (TTAGGG)s and (CCCTAA);s
(Ijdo et al. 1991). Clones of human ribosomal DNA
(rDNA) containing a partial 18S rRNA gene, the full
5.8S rRNA gene, a part of the 28S rRNA gene, and
two internal transcribed spacers were obtained as
described elsewhere (Maden et al. 1987).

CDAG-staining, GTG-banding, fluorescence in situ
hybridization (FISH), and image capture

Chromomycin A3-DAPI-after G-banding (CDAG-
banding) was performed as previously described
(Lemskaya et al. 2018).

GTG-banding was performed prior to FISH
according to the method of Seabright (Seabright
1971) with modifications from Graphodatsky and
Radjabli (Graphodatsky and Radjabli 1988). After
microscopic examination, image capture, and record-
ing the coordinates of each metaphase on the micro-
scope stage, the slides were washed to remove the
immersion oil and Giemsa stain as described previ-
ously (Yang and Graphodatsky 2017).

FISH was performed on metaphase plates of
CCARI1f and CCAR?2f as described previously (Yang
and Graphodatsky 2017) with some modifications.
Slides were incubated in 2 X SSC and PBS (RT) for 4
min and then fixed in 0.5% formaldehyde in PBS and
50 mM MgCl12 (RT) for 10 min. Slides were rinsed
in PBS and washed in 2x SSC for 4 min. A 0.01%
RNase A solution in 2XxSSC was applied to each
slide for 40 min at 40 ‘C. Then slides were washed
in 2X SSC (RT) for 4 min, rinsed in distilled water,
and dried with a rubber bulb. Slides were denatured
in 70% formamide with 2 x SSC at 70 °C for 1 min 10
s, immediately quenched in ice-cold 70% ethanol, and

dehydrated in ice-cold 80%, 96% ethanol for 2 min
each. The slides were rinsed with 96% (RT) ethanol
and dried using a rubber bulb.

The hybridization probe mixture containing 50%
formamide, 2x SSC and 20 ng of each probe were
denatured at 96 °C for 5 min, immediately quenched
on a PCR-Cooler (Eppendorf), and applied to the
slides. The slides were covered with coverslips and
the edges of the coverslips were sealed with rubber
glue. Slides were incubated overnight at 40 C in a
wet chamber.

For post-hybridization washing, the slides were
incubated in 2xXSSC (RT) for 4 min, immersed
in 0.4xSSC at 72 °C for 2 min, and rinsed in
4xSSCT (0.05% Triton X-100 in 4xSSC) at RT.
Pre-detection blocking was performed for 15 min
in 0.5% BSA in 4 xSSCT, detection of biotin- and
digoxigenin-labelled probes was performed as pre-
viously described (Yang and Graphodatsky 2017).
Counterstaining was performed with DAPI in
VECTASHIELD Antifade Mounting Medium (Vec-
tor Laboratories).

Images were captured using JenOptic charge-
coupled device (CCD; Jenoptic, Germany) camera
mounted on an Olympus BX53 microscope (Olym-
pus, Japan) and processed VideoTest Karyo 3.1 (ver-
sion 3.1.0.153; VideoTest, Russia) and VideoTest
FISH 3.1 (version 3.1.0.153; VideoTest, Russia)
software.

Results
Karyotype description

The karyotypes of both C. caretta specimens con-
sisted of 56 chromosomes (12 macrochromosome
pairs and 16 microchromosome pairs), corresponding
to the previously described karyotype (Lopez et al.
2008). CDAG-staining (Chromomycin A3-DAPI-
after G-banding) (Lemskaya et al. 2018) revealed
that macrochromosomes were predominantly AT-
rich (DAPI-positive) (Supplementary Fig. 1). Small
DAPI-positive blocks were also detected in the C.
caretta microchromosomes. Intense CMA;-positive
(GC-rich) signals were observed in the pericentro-
meric and telomeric regions of most macrochromo-
somes, and across entire microchromosomes (Sup-
plementary Fig. 1). As expected, we observed bright
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Table 1 Putative satellites revealed in Caretta caretta genome

SatDNA family name  Source SatDNA Method GC-content  Proportion in the
monomer reference genome,
length %

CcarSat-01-2848 SRR15328383 2848 TAREAN 48.6 1.28

CcarSat-02-2869 GCA_965140235.1 2869 TideCluster 48.59 0.472

GCA_023653815.1 2863 TideCluster
SRR26671777 2862 TAREAN
SRR15328383 2869 TAREAN
CcarSat-03-1149 GCA_965140235.1 1149 TideCluster 53.61 0.065
CcarSat-04-1334 GCA_965140235.1 1334 TideCluster 534 0.049
GCA_023653815.1 1334 TideCluster

CcarSat-05-665 GCA_965140235.1 665 TideCluster 61.35 0.048

CcarSat-06-50 GCA_965140235.1 50 TideCluster 68 0.015

CcarSat-07-51 GCA_965140235.1 51 TideCluster 64.71 0.003

CcarSat-08-67 GCA_965140235.1 67 TideCluster 67.16 0.004

CcarSat-09-316 SRR26671777 316 TAREAN, RepeatExplorer2  64.9 0.004

SRR15328383 315 TAREAN, RepeatExplorer2
CcarSat-10-2402 SRR15328383 2402 TAREAN, RepeatExplorer2  46.8 0.035
CcarSat-11-2207 GCA_965140235.1 2207 TideCluster 46.08 0.035
SRR26671777 2168 TAREAN, RepeatExplorer2
SRR15328383 2170 TAREAN, RepeatExplorer2

CcarSat-12-2736 GCA_965140235.1 2736 TideCluster 49.2 0.026

CcarSat-13-2115 GCA_965140235.1 2115 TideCluster 50.26 0.008

CcarSat-14-1917 GCA_965140235.1 1917 TideCluster 50.67 0.007

CcarSat-15-2877 GCA_023653815.1 2877 TideCluster 45.6 0.001

CcarSat-16-1319 GCA_965140235.1 1319 TideCluster 70.66 0.001

CcarSat-17-823 SRR26671777 823 TAREAN, RepeatExplorer2  40.5 0.001

CcarSat-18-27 GCA_965140235.1 27 TideCluster 59.26 0.0003

CcarSat-19-1598* SRR15328383 1598 TAREAN, RepeatExplorer2  53.6 -

* Subsequent bioinformatic and cytogenetic analysis excluded CcarSat-19—1598 from C. caretta satellitome

CMA;-positive signals in the nucleolus organized
region (NOR) (Supplementary Fig. 1). The locali-
zation of ribosomal and telomeric probes was also
performed using FISH (Supplementary Fig. 2a). The
ribosomal probe specific to the major ribosomal RNA
gene cluster was hybridized to the NOR-bearing chro-
mosome pair 13. The telomeric probe marked the dis-
tal parts of all chromosomal arms and did not yield
any clear or reproducible interstitial signals.

Bioinformatics search and analysis of repetitive DNA
Bioinformatic satDNA identification of various
genomic datasets using multiple tools revealed 26

putative satellites. Analysis of long-read assemblies
using TideCluster revealed three putative satDNA
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sequences with consensus lengths of 1334, 2863,
and 2877 bp in the GCA_023653815.1 assembly and
thirteen putative satDNAs (27, 50, 51, 67, 665, 1149,
1319, 1334, 1917, 2115, 2207, 2736, and 2869 bp) in
the GCA_965140235.1 assembly (Table 1).

Analysis of C. caretta short reads (SRR15328383)
using TAREAN within the RepeatExplorer2 pipe-
line identified four putative satellites with consensus
lengths of 315, 1598, 2170, and 2402 bp. A separate
analysis of the same dataset using the standalone
TAREAN tool identified satellites with consensus
lengths of 2170, 2402, 2869, and 2848 bp.

Analysis of CCAR2f dataset (SRR26671777)
using TAREAN within RepeatExplorer2 revealed
three potential satellites (316, 823, and 2168 bp);
additionally, one repeat with a consensus length of
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2402 bp was classified as an LTR element. A separate
analysis of this dataset using standalone TAREAN
identified only the satellites with consensus lengths of
316 and 2862 bp.

SatDNAs sequences discovered in different
genomic data that exhibited>90% query coverage and
percentage identity were grouped into distinct satDNA
families. Following the nomenclature suggested by
Ruiz-Ruano et al. (2016), we numbered the satDNA in
order of decreasing abundance in the reference genome
GCA_965140235.1, as determined by RepeatMasker
(Table 1). A summary file of identified satellite DNAs
in the genomic data of C. caretta is available in the
Zenodo repository (Tishakova et al. 2026).

The satDNA  genomic  proportion  varied
between 0.0003% (CcarSat-18-27) and 1.28%
(CcarSat-01-2848), and the consensus unit length var-
ied from 27 to 2877 bp. The GC-content ranged from
40% (CcarSat-17-823) to 70.7% (CcarSat-16-1319)
(Table 1).

Pairwise BLAST alignment of the identified
satDNAs indicated that several repeats from differ-
ent families share sequence homology. For example,
segments of CcarSat-02-2869 show high similar-
ity to the consensus sequences with CcarSat-17-823
(100% coverage, 99% identity) and CcarSat-19-1598
(96% coverage, 98.7% identity) (Supplementary
Fig. 3). CcarSat-02-2869 and CcarSat-12-2736,
both identified in GCA_965140235.1 using Tide-
Cluster, also exhibit a high homology (96% cov-
erage and 97.6% identity). The sequence of
CcarSat-17-823 showed 90% coverage and 70% iden-
tity with CcarSat-11-2207, while CcarSat-05-665
shares homology (76% coverage, 84% identity)
with CcarSat-03-1149. A 2402 bp long consensus
sequence was identified as an LTR in SRR26671777,
but as a satellite in SRR15328383; we refer to this
sequence as CcarSat-10-2402.

Self-alignments of satDNA sequences revealed
internal repeats within several monomers (Sup-
plementary Fig. 4). CcarSat-09-316, CcarSat-14-
Sat1917, CcarSat-15-2877, CcarSat-16—-1319, and
CcarSat-17-823 (Supplementary Fig. 4b, f-i) con-
tained a relatively small number of internal repeats,
whereas CcarSat-10-2402, CcarSat-11-2207,
and CcarSat-13-2115 (Supplementary Fig. 4c-e)
showed multiple repetitive segments throughout
their lengths. CcarSat-02-2869 contained internal

repeats spanning approximately half of its sequence
(Supplementary Fig. 4a).

BLAST alignment of satDNA
sequences against the C. caretta reference genome
(GCA_965140235.1) mapped most of them to the
assembly, with the exception of CcarSat-18-27,
CcarSat-06-50, and CcarSat-08-67. BLAST analy-
sis also mapped most of the consensus satDNA
monomers to other available sea turtle genomes.

Annotation of the retrieved satellite sequences
revealed no significant similarity to known repeti-
tive elements in Repbase (https://www.girin
st.org/repbase/) or DFAM (https://www.dfam.
org/) databases, except for CcarSat-05-665 and
CcarSat-03-1149. These satellites were identified
as fragments of the Txl non-LTR retrotranspo-
son, previously annotated in the Chrysemys picta
bellii genome. Furthermore, TRF analysis identi-
fied simple repeated units, including (TAA),, in
CcarSat-02-2869, an insertion of (ATGTTGTGG
GTCGTGTTGTGTTGAGTAGTGTGAGTTGTG
ACG), units in CcarSat-19-1598, a simple (T),,
tract in CcarSat-03-1149, and an insertion of
(GCGT)y in CcarSat-16-1319. Comparison of C.
caretta satDNA with previously published major
satellite sequences of Trachemys scripta elegans
revealed homology between TSE-1959 (Romanenko
et al. 2025) and CcarSat-14-1917 (coverage 95%,
identity 74.6%).

We used RepeatMasker to determine the coordinates
of CcarSat-02-2869, CcarSat-08—67, CcarSat-12-2736,
CcarSat-17-823, and CcarSat-19—1598 arrays in avail-
able long-read genome assemblies GCA_023653815.1,
GCA_965117115.1, and GCA_965140235.1. Only
regions with coverage and identity to the consensus
exceeding 70% were considered; these regions were
visualized using IGV (Supplementary Fig. 5). Under
these criteria, CcarSat-19-1598 was not detected
in any dataset, and all detected CcarSat-17-823
arrays were shorter than 2.6 kb. No overlaps were
observed among the arrays of different satDNAs.
An extended array of CcarSat-08-67 was found only
on chromosome 5 in GCA_965140235.1. A single
CcarSat-12-2736 array was identified on chromosome
26. For CcarSat-02-2869, extended arrays were located
on chromosomes 12, 22, and 25, with shorter arrays
on chromosomes 15 and 26. Additionally, scaffolds
NW_027439743.1 and NW_027439744.1 appeared to

consensus
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be composed almost entirely of CcarSat-02-2869 (Sup-
plementary Fig. 5).

Most  satellite  sequences were identified
in the C. caretta reference genome assembly
(GCA_965140235.1) using the SatXplor pipeline,
with the exception of CcarSat-08-67. The pipeline
identified between 6 (for CcarSat-15-2877) and 3731
(for CcarSat-17-823) monomers in the reference
genome assembly. For sequences grouped into indi-
vidual satDNA families, SatXplor identified a similar
number of monomers with identical chromosomes/
scaffolds localization (data not shown). Table 2. sum-
marizes the number of mapped monomers, array
localization, and satellite analysis results.

Similarity plots comparing consensus mono-
mers to their individual mapped monomers, revealed
satDNA with low, moderate, high, and extra-high
monomer variability (Table 2., Fig. la). UMAP-
based clustering of satDNA monomers showed dis-
tinct patterns of monomer clustering. The satellite
CcarSat-02-2869 revealed a high degree of intrachro-
mosomal similarity with limited interchromosomal
mixing (Fig. 1b, Example 1). CcarSat-05-665 and
CcarSat-03-1149 displayed several clusters charac-
terized by high interchromosomal mixing of mono-
mers, alongside several chromosome-specific sub-
groups of monomers (Fig. 1b, Example 4). Repeats
CcarSat-18-27 and CcarSat-06-50 contained both
chromosome specific monomer subgroups and sub-
groups with interchromosomal distribution (Fig. 1b,
Example 2). CcarSat-17-823 represents an example
of an extremely high degree of inter- and intrachro-
mosomal exchange, which prevented efficient cluster-
ing (Supplementary Fig. 6). Other satDNA sequences
exhibited distinct segregation of monomer subgroups
with high or moderate internal similarity (Fig. 1b,
Example 3). Only three satDNAs (CcarSat-18-27,
CcarSat-06-50, and CcarSat-07-51) showed homog-
enous organization of their arrays. In contrast, most
satDNAs exhibited a complex structure of array
and may be organized as a part of HORs (Table 2.,
Fig. 1c¢).

Localization of major repeated sequences on turtles’
chromosomes

Probes of most satDNA sequences were localized on

the metaphase chromosomes of both individuals of
C. caretta using FISH (Fig. 2, Supplementary Fig. 2,
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7). Due to the high sequence similarity between
CcarSat-02-2869 and CcarSat-12—-2736, we could not
design specific oligonucleotides for each satellite sep-
arately; therefore, only a probe for CcarSat-02-2869
was generated and localized (Supplementary Table 1).
We observed no significant differences in hybridiza-
tion patterns between the two individuals, except for
CcarSat-18-27, which produced a brighter signal on
the chromosomes of CCAR2f. Differences in signal
size on homologous chromosomes were observed for
both CcarSat-04-1334 and CcarSat-08—67 in both
individuals (Fig. 2b, d).

Following the FISH results, the probe
CcarSat-09-316 labeled an extended intersti-
tial region of chromosome 13 and partially over-
lapping with the signal of the ribosomal probe
(Fig. 2a). CcarSat-15-2877 produced weak signals
in the pericentromeric region of chromosome 1,
whereas the probe CcarSat-04-1334 labeled peri-
centromeric region of chromosomes 4, 11, and 13
(Fig. 2b). The CcarSat-02-2869 probe colocalized
with the CcarSat-17-823 probe, labeling approxi-
mately seven chromosome pairs (Supplementary
Fig. 2d). CcarSat-02-2869 clearly marked the
p-arm of chromosome 4 and an interstitial region
of chromosome 13 (Supplementary Fig. 2d),
whereas CcarSat-17-823 showed very weak fluo-
rescent signals on these chromosomes. Both probes
labeled the p-arm of chromosome 16 and pericen-
tromeric regions of chromosomes 15, 17, 23, and 26
with the same intensity (Supplementary Fig. 2d).
Additionally, CcarSat-02-2869 colocalized with a
CcarSat-09-316 on chromosome 13 (Supplemen-
tary Fig. 2c¢). The localization of CcarSat-11-2207
and CcarSat-10-2402 was restricted to the peri-
centromeric regions of chromosomes 2 and 3,
respectively (Fig. 2c). The probe CcarSat-08—67
localized to the pericentromeric region of chro-
mosome 4 (Fig. 2d). The probes CcarSat-06-50,
CcarSat-07-51, CcarSat-05-665, CcarSat-03—1149,
CcarSat-16-1319, and CcarSat-13-2115 produced
dispersed signals (Supplementary Fig. 2e and Supple-
mentary Fig. 7a, b, d). However, FISH revealed that
CcarSat-05-665 and CcarSat-06-50 also formed dis-
tinct clusters on chromosomes 27 and 12, respectively
(Supplementary Fig. 7b, d). The CcarSat-14-1917
probe showed signals in the pericentromeric region
of chromosome 19 and the subtelomeric regions
of chromosomes 23 (Fig. 2d). The CcarSat-18-27
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Table 2 The SatXplor pipeline analysis

SatDNA family name

Number of monomers
in GCA_965140235.1

Major arrays localization on chromo-
some/Scaffold in GCA_965140235.1

Monomer variability, SatDNA organization

CcarSat-01-2848

CcarSat-02-2869

CcarSat-03-1149

CcarSat-04-1334

CcarSat-05-665

CcarSat-06-50

CcarSat-07-51

CcarSat-08-67
CcarSat-09-316

CcarSat-10-2402

CcarSat-11-2207

CcarSat-12-2736

CcarSat-13-2115

CcarSat-14-1917

CcarSat-15-2877

CcarSat-16-1319

9769

3490

1164

312

2472

2481

1091

114

223

342

3005

52

54

91

8
19

12
21
22
25
NW027439743.1
NW027439744.1

4
17

11

12
21
22
25
26
NW027439743.1
NW027439744.1

14

21
22

1

Moderate monomer variability
Low monomer variability
Complex array organization

Extremely high monomer variability
Complex array organization

High monomer variability

Complex array organization

Moderate monomer variability
Complex array organization

Moderate monomer variability
Homogeneous array

Moderate monomer variability
Homogeneous array

Low monomer variability
Complex array organization
Low monomer variability
Complex array organization
Moderate monomer variability
Complex array organization
Low monomer variability
Complex array organization

High monomer variability

Complex array organization
Extremely high monomer variability
Complex array organization
Extremely high monomer variability

Low monomer variability
Complex array organization
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Table 2 (continued)

SatDNA family name Number of monomers  Major arrays localization on chromo- Monomer variability, SatDNA organization
in GCA_965140235.1 some/Scaffold in GCA_965140235.1

CcarSat-17-823 3731 12 Moderate monomer variability
21 Complex array organization
22
25
26

NW027439743.1
NW027439744.1

CcarSat-18-27 2133 21 Moderate monomer variability
Homogeneous array
CcarSat-19-1598* 3708 12 Low monomer variability
21 Complex array organization
22
25
26

NW027439743.1
NW027439744.1

* Subsequent bioinformatic and cytogenetic analysis excluded CcarSat-19-1598 from the C. caretta satellitome
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CcarSat-02-2869 CcarSat-06-50 CcarSat-13-2115 CcarSat-03-1149

Fig. 1 Examples of SatXplor reports. a) Monomer variabil- (3) distinct segregation of monomers subgroups, and (4) high
ity plot. Depending on the characteristics of the satDNAs, we degree of monomer interchromosome mixing alongside sev-
observed repeats with low (1), moderate (2), high (3), and eral chromosome-specific monomer subgroups. ¢) Complex
extra-high (4) monomer variability. b) SatDNA monomer clus- satDNA organization. CcarSat-06-50 has homogeneous array
tering using UMAP. Each color represents a certain chromo- (2). In contrast, repeats CcarSat-02-2869, CcarSat-13-2115,
some. The figure shows examples of: (1) monomer subgroups and CcarSat-03—1149 show complex array organisation where
with a high degree of intrachromosomal similarity and lim- satDNA arrays interspersed with other DNA sequences (1,
ited interchromosomal mixing; (2) monomer subgroups with 3-4)

both chromosome-specific and interchromosome distribution;
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GTG-banding Red channel

Fig.2 FISH localization of repetitive DNA probes on C.
caretta 1f chromosomes: a) ribosomal DNA probe (red)
and CcarSat-09-316 (green), b) CcarSat-15-2877 (red)

probe localized closer to the centromere than
CcarSat-14-1917 on chromosome 21 (Supple-
mentary Fig. 2e). The most abundant sequence,
CcarSat-01-2848, produced signals in the subtelo-
meric and pericentromeric regions of most chromo-
somes (Supplementary Fig. 7¢).

CcarSat-11-2207

Green channel Merged channels

CcarSat-09-316
CcarSat-09-316

CcarSat-04-1334 CcarSat-04-1334

CcarSat-11-2207
CcarSat-14-1917

CcarSat-14-1917 -

and CcarSat-04-1334 (green), c¢) CcarSat-10-2402 (red)
and CcarSat-11-2207 (green), d) CcarSat-08-67 (red) and
CcarSat-14-1917 (green). Scale bar 10 pm

Discussion

Repetitive elements continue to be the “dark matter
of the genome”, despite accumulating evidence on
their structural and functional roles. In turtles, how-
ever, knowledge of satellitomes remains still limited
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to only a few species (Yamada et al. 2005; Kawagoshi
et al. 2012; Machado et al. 2020a; Romanenko et al.
2025). In this study, we provided the first descrip-
tion of the loggerhead turtle (Caretta caretta) satel-
litome, based on an integrated analysis of short reads
and long-read assemblies generated here and on data
retrieved from publicly available sources.

The C. caretta satellitome comprises at least eight-
een satDNA families. Fifteen consensus sequences of
satDNAs (e.g., CcarSat-18-27, CcarSat-06-50, and
others) were identified exclusively in a single dataset.
Most of these “unique” satDNA were discovered in
the reference genome assembly GCA_965140235.1
using TideCluster tool (Table 1). At least two sce-
narios could explain this finding. First, the low pro-
portion of these “unique” satDNAs may hinder their
detection in low-coverage short-read data when
using tools like TAREAN. Second, the detection of
“unique” satDNA may reflect interindividual vari-
ation, as we utilized genomic data from different C.
caretta individuals. The highest number of satel-
lites was also identified in the long-read-based refer-
ence genome assembly. However, the most abundant
repeat, CcarSat-01-2848, was initially found only
in short reads (SRR15328383). These results under-
score the importance of using multiple independ-
ent genomic datasets and combining different bio-
informatic approaches to obtain the most complete
satDNA library for a species.

GC-content varied significantly relative to mono-
mer length. Satellites with monomer lengths between
27 and 1334 bp (excluding CcarSat-17-823) were
GC-rich (>50% GC), while the remaining repeats
had either balanced (~50% GC) or AT-rich (<50%
GC) composition. (Table 1). Historically, satDNA
was considered predominantly AT-rich, especially
in centromeres (Fitzgerald et al. 1994). However,
this rule is not universal and GC-rich satDNA have
been described in a wide range of species (Comings
and Mattoccia 1970; Petrovié¢ et al. 2009; Giovan-
notti et al. 2009; Ruiz-Ruano et al. 2016; Peona et al.
2023).

BLAST analysis indicated that CcarSat-17-823
is a component of other satellite units. For instance,
a combination of sequences CcarSat-17-823 and
CcarSat-19-1598 formed CcarSat-02-2869 (Supple-
mentary Fig. 3). However, bioinformatic analysis sug-
gests that CcarSat-19—1598 should not be considered
a separate satellite family. We propose that satellite
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CcarSat-17-823 may exist both as part of a longer
satellite, CcarSat-02-2869, and as an independent
repeat. Arrays composed solely of CcarSat-17-823,
however, are likely too small to be visualized by
FISH. Satellite CcarSat-17-823 also showed homol-
ogy with CcarSat-11-2207 (90% coverage, 70% iden-
tity), yet FISH localization of these probes revealed
no overlap. A similar pattern was observed for sat-
ellites CcarSat-05-665 and CcarSat-03-1149 (76%
coverage, 84.81% identity). These results suggest that
the evolution of tandemly arranged repetitive ele-
ments can involve the merging of distinct sequences
or their components, followed by amplification.

We verified the chromosomal localization of
the analyzed satDNA sequences both cytogeneti-
cally, using FISH on metaphase chromosomes of
C. caretta (Fig. 2, 3, Supplementary Fig. 2, 7), and
bioinformatically, on the reference genome assembly
(GCA_965140235.1) (Table 2.).

FISH mapping of probes, revealed three patterns
of satDNA distribution:

1. Dispersed signals across chromosomes (e.g.,
CcarSat-03—-1149, CcarSat-06-50, CcarSat-07-51,
CcarSat-13-2115, and CcarSat-16-1319) (Supple-
mentary Fig. 2b, 7a, e);

2. Accumulated signals forming distinct clusters
(represented in Fig. 2, 3, Supplementary Fig. 2);

3. Mixed pattern, showing both accumulated
and dispersed signals (e.g. CcarSat-01-2848,
CcarSat-05-665) (Supplementary Fig. 7b).

SatDNA with an accumulated organization were
typically localized in the centromeric and pericen-
tromeric regions of both macro- and microchromo-
somes, consistent with their classic heterochromatic
localization (Charlesworth et al. 1994). For satDNAs
forming distinct accumulated FISH signals, their GC/
AT content partially correlated with CDAG staining
results (Table 1, Supplementary Fig. 1). Specifically,
we detected GC-rich bands on chromosomes 4, 11-13
16, 17, 21, 23, and 27, while AT-rich bands were
identified on chromosomes 1, 3, 16, and 21.

Notably, although no prominent heterochromatic
blocks were detected on chromosomes 2 and 26 by
CDAG staining, FISH revealed accumulated pat-
terns of CcarSat-11-2207 and CcarSat-02-2869
on these chromosomes, respectively This discrep-
ancy may be due to the small size of these satellite
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Fig. 3 Major repetitive DNA probe localization on the GTG-
banded Caretta caretta karyotype. Each cluster of repeated
sequences is assigned a specific color code (shown below
chromosomes). Block sizes roughly represent signal intensity.
When different signal intensities were detected on homologous
chromosomes, the corresponding cluster is depicted separately

clusters, which could fall below the detection thresh-
old of molecular cytogenetic techniques. In this
case, the FISH results were consistent with the bio-
informatic analysis, which confirmed the presence
of the CcarSat-11-2207 array on chromosome 2 in
GCA_965140235.1, and CcarSat-02-2869 arrays on
several microchromosomes in the reference assembly
(Table 2.).

According to SatXplor analysis, most satellites
displayed complex array structures and may be organ-
ized as part of HORs. FISH analysis confirmed this
complexity, revealing the colocalization of distinct
satellite arrays on chromosomes 4, 13, 21, and 23. In
contrast, most other chromosomes (1-3, 15-17, 26,
and 27) harbored single satellite clusters, each com-
posed of sequence from only one satellite family. The
distribution of CcarSat-02-2869 arrays on acrocentric
microchromosomes 15-17, 23, and 26, tended to be
equilocal—that is, occupying analogous position on
nonhomologous chromosomes. It has been proposed

09-316 10-2402 11-2207 14-1917 15-2877 18-27

to the right and left of the chromosome pair. Black dots indi-
cate centromere positions. The satellite CcarSat-01-2848,
which marked all chromosomes predominantly in subtelom-
eric and pericentromeric regions, is not shown on the figure.
Repeats demonstrating dispersed distribution on chromosomes
are also omitted

that such equilocality may be facilitated by telomeres-
mediated interactions and, in the case of acrocentric
chromosomes, centromeric reunion in bouquet at
first meiotic prophase. These interactions could pro-
mote unequal crossing-over and sequence exchange
between non-homologues chromosomes (Ruiz-Ruano
et al. 2016; Guarracino et al. 2023).

UMAP-based clustering analysis of satDNA mon-
omers revealed different scenarios of monomer evo-
lution. Satellites with high intrachromosomal simi-
larity and limited interchromosomal mixing (Fig. 1b,
Example 1) or those with high degree of interchro-
mosome mixing alongside chromosome-specific
subgroups (Fig. 1b, Example 4) may have undergone
several monomer expansion events. Repeats exhibit-
ing both chromosome-specific and interchromosome
distributed monomer subgroups (Fig. 1b, Example
2), likely experienced active and dynamic sequence
exchange within and between chromosomes. SatD-
NAs showing distinct segregation into subgroups
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with high or moderate degree of monomer similar-
ity inside the subgroups (Fig. 1b, Example 3) reflect
sequence variability maintained by concurrent molec-
ular divergence and homogenization mechanisms
(Volari¢ et al. 2025).

Comparative analysis of satDNA localization via
FISH, SatXplor pipeline, and IGV revealed several
discrepancies between in situ mapping and in silico
genome assembly position (Table 2., Fig. 3). While
assemblies often produce scaffolds whose sizes do
not correspond to physical chromosome lengths due
to a focus on euchromatic ordering, some observed
differences cannot be attributed solely to nomencla-
ture issues. The most striking discrepancy involves
CcarSat-09-316, which was localized by FISH to
chromosome 13, but mapped by SatXplor to chro-
mosome 28. This may be explained by the pres-
ence of the nucleolus organizer region (NOR) on
chromosome 13, or by HORs, both of which remain
challenging to assemble accurately even with long-
read sequences (Peona et al. 2023). Notably, probes
CcarSat-04—-1334 and CcarSat-02-2869 were also
localized by FISH on chromosome 13, yet were
not detected on the corresponding assembly scaf-
fold (chromosome 28), as would be expected if the
cytogenetic and assembly-based chromosomes were
congruent.

Further inconsistencies were also observed
for CcarSat-08-67, CcarSat-04-1334, and
CcarSat-02-2869, which were physically localized
on chromosome 4 (Fig. 3). In the GCA_965140235.1
assembly, however, these satellites were either absent
from macrochromosomes in SatXplor and Repeat-
Masker analysis or assigned to a different chromo-
some (CcarSat-08-67 was detected on chromo-
some 5 using IGV). Finally, the previously reported
FISH localization of rDNA probe to chromosome 14
(Machado et al. 2020b) may also reflect a discrepancy
in chromosome nomenclature.

All satellites with dispersed FISH signals were
predicted by SatXplor to have an accumulated organi-
zation (Table 2.). The absence of pronounced cluster
signals for these repeats on metaphase chromosomes
reflect individual variability in satellite accumulation
or the limited resolution of FISH. The standard FISH
protocol can reliably detect regions as small as 30 kb
(Raap 1997), while detecting smaller regions required
specialized modification, such as the tyramide signal
amplification system, oligopaint probes, and so on
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(Raap 1997; Bienko et al. 2013; Maslova and Krasik-
ova 2021).

Satellite CcarSat-14—1917 showed homology with
the previously described satellite TSE-1959 of Tra-
chemys scripta elegans (95% coverage, 74.6% iden-
tity) (Romanenko et al. 2025). The distribution of this
satellite is similar on two homologous microchromo-
somes of these species (our unpublished data), how-
ever satellite TSE-1959 was also localized on five
chromosome pairs in the 7. scripta elegans genome.
The conservation of CcarSat-14-1917 over approxi-
mately 100 MYA (timetree.org) and the identification
of most C. caretta satDNA sequences in other availa-
ble sea turtle genomes suggest that the sea turtle clade
is a promising model for testing the library hypothesis
of satDNA evolution.

In conclusion, this study expands our knowledge
of the diversity and distribution of major satDNA
clusters in the C. caretta genome. A comprehensive
satDNA library is best constructed through the com-
bined long and short reads analysis from the same
species, supplemented by the use of multiple bioin-
formatic tools for repeat detection. Since satDNA
still remains part of the “dark matter of genome”,
studying it solely through bioinformatic approaches
is difficult. The integration of cytogenetic and bio-
informatic methods contributes to linking the physi-
cal chromosomes of C. caretta to its genome assem-
blies. The high-quality assembly of the C. caretta
genome allowed us to bioinformatically map most
satellites to chromosomes, with only a minor frac-
tion assigned to unanchored scaffolds. However,
the discrepancies observed between assembly data
and FISH results highlight the persistent difficulty
in assembling highly repetitive genomic regions. A
comprehensive analysis of the sea turtle satellitome
is now needed to provide new deeper insights into
the evolutionary dynamic and history of satDNA in
this clade.
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