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Abstract

In this study, we examined how repetitive DNAs influence chromosomal diversification and
genome architecture in New World vultures (Cathartidae), a lineage distinguished by
exceptional karyotypic stability (2n = 80). We examined five species and three distinct
populations of Coragyps atratus using a combination of low-coverage genome sequencing,
satellite DNA and repetitive DNA profiling, and in situ and in silico mapping. We found
significant diversity in repeat composition between species and populations despite consistent
chromosome structure, primarily due to lineage-specific amplification of transposable elements
and satellite DNAs. The repeatome was primarily composed of retroelements, particularly
LINEs and LTRs, whereas satellitomes exhibited both conserved and rapidly evolving families.
Some satellite DNA groups exhibited population-specific divergence, indicating rapid turnover,
whereas others were common across all species. The predominant occurrence of satellite DNAs,
evidenced by in situ and in silico mapping, in centromeric and pericentromeric regions suggests
their structural role in chromosome organization. However, changes in repeat distribution and
abundance occurred without notable chromosomal rearrangements, indicating a disjunction
between karyotypic evolution and repeat dynamics. Our findings emphasize the necessity of
integrating genomic and cytogenetic methodologies to understand genome evolution,
illustrating that repetitive DNA serves as a principal catalyst for genomic diversity in birds and
demonstrating that substantial genomic innovation can transpire within conserved

chromosomal structures.

Key words: Cytogenetics; Comparative cytogenomics; Repeatome; Satellite DNA;

Transposable elements.



Resumo

Neste estudo, analisamos como os DNAs repetitivos influenciam a diversificacdo
cromossOmica e a arquitetura gendmica em abutres do Novo Mundo (Cathartidae), uma
linhagem que se distingue por uma estabilidade cariotipica excepcional (2n = 80). Examinamos
cinco espécies e trés populagdes distintas de Coragyps atratus utilizando sequenciamento
gendmico de baixa cobertura para realizar a caracterizagdo de seus DNAs repetitivos, e
executamos mapeamento in situ e in silico. Encontramos uma diversidade significativa na
composi¢do de repeticdes entre espécies e populagdes, apesar da estrutura cromossdmica
consistente, principalmente devido a amplificagdo especifica de elementos transponiveis e
DNA: s satélites. O repeatoma foi composto principalmente por retroelementos, particularmente
LINEs e LTRs, enquanto os satelitomas exibiram familias conservadas, mas também de rapida
evolucdo. Alguns grupos de DNA satélite apresentaram divergéncia especifica da populacao,
indicando répido turnover, enquanto outros foram comuns a todas as espécies. A ocorréncia
predominante de DNAs satélites, evidenciada pelo mapeamento in situ € in silico, em regides
centroméricas e pericentroméricas sugere seu papel estrutural na organiza¢do cromossdmica.
Contudo, as alteracdes na distribuicdo e abundancia de repeti¢des ocorreram sem rearranjos
cromossOmicos notaveis, indicando uma disjuncdo entre a evolucdo cariotipica e a dindmica
das repeticdes. Nossos resultados enfatizam a necessidade de integrar metodologias genomicas
e citogenéticas para compreender a evolugdo do genoma, ilustrando que o DNA repetitivo atua
como um catalisador principal para a diversidade gendmica em aves e demonstrando que
alteracdes gendmicas substanciais podem ocorrer dentro de estruturas cromossomicas

conservadas.

Palavras-chave: Citogenética; Citogendmica comparativa; DNA satélite; Elementos

transponiveis; Repeatoma.
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INTRODUCTION

1.1 Repetitive DNAs

Population geneticists such as Hermann J. Muller had already inferred around 1966 that
most of DNA was non-coding (Muller., 1966) based on the idea that too many genes could
impose a burden of deleterious mutations. However, it was not until the development of Sanger
sequencing (Sanger et al., 1977) that these predictions were gradually verified throughout the
next decades in large-scale studies such as the human genome project (Collins; Fink, 1995).
Initially, those sequences were termed “junk DNA” (Ohno et al., 1972), and the view that they
lack utility was maintained for the following years. However, evidence started to pile up on
multiple non-coding regions serving biological functions. These include regulatory elements
such as TATA box (Lifton et al., 1978), enhancers (Mulligan; Berg., 1983), as well as RNAs
capable of relevant functions like gene silencing through siRNAs e miRNAs (Fire et al., 1998).

Simultaneously, cytogenetic studies highlighted the structural importance of non-coding
DNA in key chromosomal components like telomeric and centromeric regions (Mitchel et al.,
1992) which are largely composed of repetitive DNA, more specifically satellite DNA
(satDNA) (Heller et al., 1996). satDNAs are highly repetitive sequences arranged in tandem,
whose name derived from their distinct banding in density gradient centrifugation (Kit., 1961).
It can be one of the most abundant components of a species repertoire of repetitive DNA
(repeatome) not only playing a structural role (Dudka et al., 2025) but also contributing to
processes that are not yet fully elucidated such as its capacity to act selfishly during meiosis,
biasing its transmission to daughter cells (Courret et al., 2024). Despite their widespread
occurrence, the evolutionary mechanisms governing repeatomes and their functional roles in
genome architecture remain poorly understood, particularly in lineages marked by limited

cytogenomic investigation.

Currently, the term “junk DNA” is considered outdated and misleading, as it fails to
reflect the diverse functions of what is now more accurately referred to as non-coding DNA,
while an increasing body of research continues to refine our understanding of its biological

significance.

1.2 Role of cytogenetics and genomics in understanding repetitive DNAs

Before the genomic era, cytogenetic analysis of satellite DNA and other repetitive

elements relied heavily on restriction fragment length polymorphism (RFLP) analysis, followed
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by Southern blot hybridization (Keyser et al., 1996). This process allowed researchers to
identify some satellite DNA families and other tandem repeats, revealing their strong
association with constitutive heterochromatin, a chromosomal component typically enriched in
repetitive DNAs and commonly located in centromeric, pericentromeric, and telomeric regions
(Charlesworth et al., 1994; Garrido-Ramos, 2017). In addition, repetitive sequences have been
shown to play an important role in the differentiation and evolution of sex chromosomes, where
the accumulation and diversification of satellite DNAs and other repetitive elements are
frequently associated with recombination suppression and structural divergence between sex-

specific chromosome pairs (Bachtrog, 2013).

it was fundamentally constrained by its dependence on prior knowledge: researchers
had to predict which restriction enzymes would be informative and design specific probes for
the sequences of interest, or attempt ones that had been previously tested in closely related
species, which yielded unpredictable or limited results. This limitation meant that novel
repetitive sequences often went unnoticed, and the method provided only partial views of the
total repetitive DNA landscape within a genome. Therefore, by identifying and quantifying only
part of these repetitive DNA classes through these restriction-based methods, researchers could
make limited cross-species comparisons, and only for those sequence families for which probes
had been designed.

Over the following decades, advances in molecular biology, DNA sequencing
technologies, and bioinformatics progressively expanded researchers’ ability to investigate
repetitive genomic regions at larger scales and with greater resolution. The development of
high-throughput sequencing platforms paired with the sharp reduction in sequencing costs and
the emergence of computational tools capable of clustering and annotating repetitive reads, took
repeatome analysis from targeted to genome-wide. These developments ultimately culminated
in the emergence of high-throughput sequencing approaches specifically suited for repeatome
analysis. Subsequent advances in next-generation sequencing and computational pipelines have
enabled the full characterization of the repeatome using low-coverage genomic data (Novak et
al., 2020). Short-read sequencing revolutionized the field by allowing massive parallel
sequencing of millions of DNA fragments simultaneously, significantly reducing both
sequencing costs and time-to-results from months to days. This increased throughput allowed
researchers to generate sufficient coverage of repetitive sequences even at low genomic

coverage, while computational algorithms improved accuracy in assembling and classifying
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reads derived from highly similar repetitive families. By identifying and quantifying the major
repetitive DNA classes, these methods enabled cross-species comparisons and the identification
of amplification patterns unique to particular lineages. The research on the collection of
satDNAs withing a genome (satellitomes), specifically has yielded novel insights on tandem
repeat evolution and chromosomal function (Ruiz-Ruano et al., 2016). The library hypothesis
proposes that closely related species might share a suite of satellite DNA families from a
common ancestor (Fry and Salser., 1977; Camacho et al., 2022), reflecting phylogenetic
relationships. On the other hand, comparative studies have revealed that repeat landscapes may
differ significantly between closely related species, suggesting that lineage-specific repeat
turnover (the gain, loss, and replacement of repetitive DNA sequences over time) is a major
driver of genome diversification (Garrido-Ramos et al., 2017; Camacho et al., 2022).
Although a powerful tool, sequence-based analysis alone is not capable of fully
resolving the functional roles of repetitive DNAs in genome organization. Even with
chromosome-level genome assemblies, repetitive DNA remains a major challenge for complete
and accurate assemblies of sequencing reads (Peona et al., 2018). In this scenario, cytogenetics
provides a powerful framework to fullfil the gaps in novel technologies. In silico methods such
as Rldeogram and karyoploteR enable the mapping and visualization of repetitive DNA reads
across assembled genomes, but an accurate, high-resolution assessment of the physical
distribution of these sequences along the chromosome can only be achieved through in situ
mapping of repeats, thereby linking sequence composition to genome architecture (Hao et al.,
2020; Gel and Serra, 2017; Peona et al., 2018; Veseljak et al., 2026). The integration of
repeatome profiling and fluorescent in situ hybridization (FISH) facilitates a multi-scale
comprehension of genome evolution, elucidating the spatial arrangement of repetitive elements
and their contributions to structural and functional genomic features, such as centromeres,
telomeres, and sex chromosomes (Deakin et al., 2019). Overall, cytogenetic analyses contribute
substantially to understanding evolutionary relationships in several vertebrate groups, including
crocodilians and bats, particularly through the chromosomal mapping of repetitive DNAs and
the identification of conserved and lineage-specific genomic patterns (Sales-Oliveira et al.,
2024; Deon et al., 2025). Other techniques such as Chromosome Painting (WCP) for example,
uses fluorescently labeled DNA probes across entire chromosomes (Pety et al., 2025) which
can be useful to detect chromosomal rearrangements. This technique can also be used to identify
avian sex chromosomes using glass-microdissected Z chromosomes derived even from

phylogenetically distant species such as the red-legged Seriema Cariama cristata (Souza et al.,
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2025). Besides being a useful tool, this also provides additional evidence for the high level of

chromosomal conservation within Aves (Kretschmer; Ferguson-Smith; De Oliveira., 2018)

1.3 Bird Genomes and the Cathartidae family

Bird genomes are generally characterized by long-term conservation of genome
organization, punctuated by episodic structural changes (revised in Degrandi et al., 2020), and
relatively low proportions of repetitive DNA compared to other vertebrate groups (Ellegren.,
2010; Zhang et al., 2014). Yet despite this genomic stability, tandem repeat clusters, such as
satellite DNAs (satDNAs) and transposable elements (TEs), serve as key mediators of structural
variation, promoting insertions, deletions, and chromosomal rearrangements that fuel adaptive
evolution (Schrader & Schmitz., 2019). Beyond structural dynamics, they also shape
centromere and heterochromatin evolution via satellite repeat turnover and drive speciation
through rapid population divergence (Raskina et al., 2008; Garrido-Ramos et al., 2025).

The New World vultures (Cathartidae) represent a notably appealing yet poorly analyzed
model for the study of genomic evolution in avian species. Vulture taxonomy has undergone
significant reclassifications over two centuries and is still somewhat debated. Originally, Old
World and New World vultures were grouped together in a single genus due to morphological
and behavioral similarities between them. Soon, genetic evidence led to the realization that
these resemblances were due to evolutionary convergence rather than shared phylogenetic
ancestry, and the Cathartidae family was created to allocate the New World vultures while the
Old-World vultures were kept in the family Accipitridae (Wink., 1995). Simultaneously, Sibley
and Ahlquist's DNA-DNA hybridization studies suggested that New World vultures were more
closely related to storks, (Avise et al., 1994; Sibley and Ahlquist., 1990) possibly belonging to
Ciconiiformes, which led to the reallocation of vultures to this group. Their conclusion,
however, was misleading: the fact that Storks and Vultures’ genomes hybridizing is insufficient
evidence for close genetic relatedness, and the authors overestimated the resolution of DNA-
DNA hybridization. A more plausible explanation involves the conserved karyotypes of New
World vultures probably accumulated fewer mutations over time, creating false genetic
similarity to equally conserved stork lineages despite their substantial evolutionary separation.
Their phylogenetic distance was then clarified through genomic (Jarvis et al., 2014) and
cytogenetic (Tagliarini et al., 2010) studies, which provided enough evidence to leave New
World vultures within Accipitriformes. More recently however, given the divergence time of

Cathartidae from Accipitriformes, Cathartidae has been progressively treated as its own order:
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the Cathartiformes specially by ornithology societies such as the American Ornithological
Society (AOS).

This small group of Afroaves, which includes seven extant species found in the Americas
(being widely distributed across the continent, from temperate North America to the southern

regions of South America) exhibits unique ecological and evolutionary features (Figure 1).

A B C
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Year-round distribution of five New World vultures here analyzed (Cathartidae) throughout the American Continent

Figure 1: Year-round geographic distribution of the five New World vulture species here analyzed across
the Americas: (A) Coragyps atratus, (B) Vultur gryphus, (C) Cathartes aura, (D) Gymnogyps californianus,
and (E) Sarcoramphus papa.

These species present several unique physiological adaptations, such as being obligate
scavengers, enhanced visual and olfactory capabilities, and remarkable tolerance to pathogens
associated with carrion consumption (Lisney et al., 2013). Together, these traits enable them to
locate and rapidly eliminate carcasses, accelerating the flow of energy and nutrients through
the food web and also reducing the proliferation of pathogenic microorganisms in the
environment. These features make them stand out from other birds. Cytogenetic studies
consistently demonstrate conserved 2n = 80 chromosomes for all analyzed Cathartidae species
(revised in Degrandi et al., 2020), closely reflecting the hypothesized ancestral bird karyotype,
first proposed by Borgaonkar (1969) and subsequently supported by comparative cytogenetic
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studies (revised in Kretschmer et al., 2018). Despite this apparent karyotypic stability, very little
is known about the organization, diversity, and evolutionary dynamics of repetitive DNA in
these species. This knowledge gap is intensified in the black vulture (Coragyps atratus), a
species whose populations are genetically structured across North, Central, and South America
(Erikson et al., 2022). Using genome-wide population analyses based on reduced-representation
sequencing data, the authors identified three major genetic clusters (K = 3), indicating restricted
gene flow and partial evolutionary differentiation among geographic regions. This population
structuring is likely associated with the species’ predominantly non-migratory behavior, which
limits long-distance dispersal and promotes regional genetic divergence over time (Winker,
1995). Such structuring has important evolutionary implications, as geographically
differentiated populations may accumulate distinct genomic features, including variation in
repetitive DNA content and chromosomal organization, potentially contributing to lineage-
specific patterns of genome evolution. Since satellite DNAs evolve rapidly, the characterization
of satellite DNA families in geographically distinct populations of Coragyps atratus may
provide valuable insights into patterns of genomic and chromosomal organization across the

Americas.

2. OBJECTIVES

This work aimed to investigate the evolution and genomic organization of repetitive
DNA in New World vultures (Cathartidae) through an integrative approach combining genomic
and cytogenetic analyses. Specifically, it seeks to (1) characterize the repeatome and satellitome
of five representative species, (2) identify patterns of repeat composition, diversification, and
lineage-specific amplification, (3) evaluate repeat dynamics across geographically distinct
populations of Coragyps atratus, and (4) map selected repetitive elements onto chromosomes
using fluorescence in situ hybridization (FISH). By integrating sequence-based and
chromosomal data, this study intends to shed light on the role of repetitive DNA in shaping

genome architecture and evolution in a group with conserved karyotypes.
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3. MATERIAL AND METHODS

3.1 Sampling

Two black vulture (Coragyps atratus) individuals were sampled: one male at the
Municipal Zoo of Guarulhos, Guarulhos, Sao Paulo, Brazil (23°26'35.533"S, 46°33'04.036"W),
and one female on the campus of the Universidade Federal de Sdo Carlos (UFSCar), Sao Carlos,
Sao Paulo, Brazil (21°58'S, 47°52'W). All sampling procedures were conducted under a permit
issued by the Brazilian Environmental Agency (ICMBIO/SISBIO) (license 100206-1) and
followed the ethical guidelines approved by the Animal Experimentation Ethics Committee of
the Universidade Federal de Sao Carlos (CEUA-UFSCar - 7994170423). To enable
comparative genomic analyses across geographic and phylogenetic scales, additional genomic
data were retrieved from publicly available NCBI's sequence read archive (SRA), including
two other C. atratus populations from Central America (CA) and North America (NA), as well
as four additional Cathartidae species with reference genomes assembled at the chromosomal

level currently available (Table 1).

Table 1: Species included in this study, with their diploid chromosome number (2n) and corresponding
NCBI accession codes. Populations of C. afratus are distinguished by geographic location: South
America (SA), Central America (CA), and North America (NA).

Species 2n Reference Short-.read NCBI . Assembly
accession accession

Cathartes aura 80 Willians & Benirschke (1976) SRR954276 GCA_000699945.1

Coragyps atratus 80 - - GCA _055772195.1

Coragyps atratus (CA) 80 - SRR19050532

Coragyps atratus (NA) 80 - SRR19050562

Coragyps atratus (SA) 80  Tagliarini et al., (2007); present study  present study

Gymnogyps californianus 80 Raudsepp et al., (2002) SRR14067634 GCA _018139145.2

Sarcoramphus papa 80 Takagi & Sasaki (1974) SRR19167646 GCA_037962945.1

Vultur gryphus 80 Takagi & Sasaki (1974) SRR33697495 GCA_039700855.2




19

3.2 Conventional cytogenetics, DNA extraction, and Genome sequencing of C. atratus

Fibroblast cell cultures were established from feather pulp samples obtained from a male
C. atratus and from an embryo of a female C. atratus, both from the South American (SA)
population. Mitotic chromosomes were then obtained from those cell cultures following the
protocol described by Sasaki et al., (1968) and Cioffi et al., (2026). Genomic DNA (gDNA)
was extracted using a commercial kit from Cellco (Brazil, Sdo Carlos — SP) based on silica
column purification, following the manufacturer’s instructions. Detection of constitutive
heterochromatin was performed using the C-banding protocol described by Sumner (1972) with
adaptations from Lui et al (2012) , which involves acid treatment, alkaline denaturation, and
saline incubation of chromosome preparations followed by staining with propidium iodide,
allowing the visualization of highly condensed heterochromatic regions enriched in repetitive
DNA. From the female sample, paired-end libraries with a 150 bp read length were constructed
and subjected to low-coverage sequencing on the BGISEQ-500 platform at BGI (BGI Shenzhen
Corporation, Shenzhen, China). The sequencing produced a total of 18.7 GB of raw reads,
currently deposited in the Sequence Read Archive (SRA) under accession number

SRR38244970.

3.3 Repeatome characterization

Repeatome analysis integrated the newly generated data for C. atratus (see above) with
short-read datasets from two other populations (Panama, Central America - CA, and United
States, North America - NA), as well as from four other Cathartidae species (Table 1).
Characterization of satellite DNA was performed via graph-based clustering of repetitive
elements using RepeatExplorer and TAREAN pipelines (Novak et al., 2020), implemented on

the Galaxy server (https://repeatexplorer-elixir.cerit-sc.cz/galaxy/). Quality assessment (Q <

20) and trimming of sequencing reads were performed with Trimmomatic v.3.0 (Bolger et al.,
2011) wusing the parameters LEADING:3, TRAILING:3, SLIDINGWINDOW:4:20,
MINLEN:100, and CROP. A subset of 2 x 500,000 paired reads from the three populations of
C. atratus and the remaining Cathartidae species was produced and individually loaded into
TAREAN. SatDNAs were selected based on their circular topography graph and filtered from
trimmed reads using Deconseq v0.4.3 (Schmieder and Edwards., 2011). For each library, 2 X
500,000 paired reads were subsampled and iteratively run through TAREAN and Deconseq

until no new satDNAs emerged. This process is known as the satminer protocol (Ruiz-Ruano


https://repeatexplorer-elixir.cerit-sc.cz/galaxy/
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et al., 2016), which is a toolkit used to characterize underrepresented satDNAs in the original
raw reads, but detectable after the filtrage of found satellite sequences (Figure 2). Finally, each
satellitome dataset was screened for non-satellite repetitive DNAs (e.g., multigene families and
transposable elements). Satellite DNA catalogs are available in GenBank under accession

numbers PZ325739-PZ325831, PZ244963-PZ244975 and PZ407887-PZ407897.

A

~ ACGCT |

TAGGC OCGlCTT
A A

TTACG~ ~—~ GCTTA

Figure 2: SatMiner protocol workflow. Genome short reads (A) are submitted to TAREAN for putative
satDNA identification through graph-based sequence clustering (B), generating consensus sequences.
Identified satellite sequences are then filtered out from the original FASTA reads (C), and the remaining
reads are resubmitted for iterative detection of additional satDNA families until no new satellites are
found.

Transposable elements (TEs) were characterized using DNApipeTE v1.4 (Goubert et
al., 2015), a pipeline designed for comprehensive repeat analysis from low-coverage short-read
sequencing data. Single-end forward reads from each trimmed library were used as input, and
the pipeline was run with default parameters under a 0.1x genome coverage setting. To estimate
the proportion of the genome occupied by each repetitive DNA class, we used a reference
genome size of 1.3 Gb, based on prior genome assemblies of closely related species
(GCA _018139145.2; GCA _037962945.1;  GCA _039700855.2;  GCA _055772195.1;
GCA_000699945.1).
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3.4 Estimating the abundance, divergence, and homology of satellite DNAs

The relative abundance of each satellite DNA was calculated as the proportion of
satDNA-derived nucleotides relative to the total number of genomic nucleotides analyzed. For
this purpose, 2 % 5,000,000 paired-end reads were sampled from each genome. Alignments of
the isolated satDNAs against their respective genomes were performed using the "cross-match"
tool in RepeatMasker v.4.16 (Smit et al., 2017), together with a custom Python script

(https://github.com/Dfam-consortium/RepeatMasker). Genetic distances were estimated using

the Kimura-2-parameter model, with calculations being performed through the
calcDivergenceFromAlign.py script in RepeatMasker (Smit et al., 2017). This parameter is
important to account for substitution rates in DNA bases over time (transversions and
transitions) which is a natural occurence. The resulting values estimated by Kimura-2 can then
be used to account for repeat changes and homogenitization dynamics within the genome.
Satellite DNAs were numbered according to decreasing genomic abundance and named
following the criteria proposed by Ruiz-Ruano et al.,, (2016). Accordingly, species
abbreviations were assigned as follows: C. aura (Cau), C. atratus (Cat), G. californianus (Gca),
S. papa (Spa), and V. gryphus (Vgr). For C. atratus, an additional sufix denoting its geographic
origin was added for populations from South America (SA), Central America (CA), and North
America (NA). To assess the conservation of satDNA sequences across species and track the
homology groups of each satellite, similarity searches were conducted using a custom Python
script, rm_homology.py
(https://github.com/fjruizruano/satminer/blob/master/rm_homology.py) (Ruiz-Ruano et al.,
2016), followed by additional inspection through manual sequence alignments. Classification
followed the criteria established by Ruiz-Ruano et al., (2016), using identity thresholds of >80%

for variants and <80% for superfamilies/Groups.

3.5 Primer Design and Probe labelling

Based on the South American (SA) population of C. atratus, eleven primer sets were
manually designed for selective satDNA amplification for further in situ chromosome mapping
(Supplementary Table 1). A minimum sequence length threshold of >30 bp was applied to
each satDNA family to ensure reliable primer design. Designing primers for repetitive
sequences requires special attention to avoid non-specific amplification. This is particularly

important for satDNAs, which often share highly similar sequence regions, increasing the risk
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that poorly designed primers amplify multiple satellite families. Due to its short repeat unit
length, CatSASat06-30 was synthesized directly with biotin molecules incorporated at the 5’
end. The PCR amplification protocol consisted of an initial denaturation step at 95 °C for 5
minutes, followed by 32 cycles of 95 °C for 20 seconds, annealing at 56 °C for 40 seconds, and
extension at 72 °C for 50 seconds, with a final extension step at 72 °C for 5 minutes.
Amplification was confirmed by agarose gel electrophoresis (2%), and PCR products were
quantified using a NanoDrop spectrophotometer (ThermoFisher Scientific, Branchburg, NJ,
USA). For probe construction, amplicons were labeled via nick translation using Atto488-dUTP
and Atto550-dUTP nucleotides (Jena Biosciences, Jena, Germany) following the
manufacturer's instructions. The resulting probes were subsequently applied for Fluorescence

In Situ Hybridization (FISH) performed following the protocol of Kretschmer et al., (2026).

3.6 In situ Mapping of repetitive DNAs

Besides the satDNA families, we also in situ mapped other repetitive DNA classes,
including the 18S rDNA, which can give us insight into chromossomal rearrangements, and
seven microsatellites (An, CAn, CAGy, CATn, GAn, TAAn, and TAC,) that can highlight the
distribution of repeat regions. While the 18S rDNA fragments were obtained by PCR following
the method described in Cioffi et al., (2009), the microsatellites were labeled directly with Cy3
at the 5° end during synthesis (VBC Biotech, Vienna, Austria) and used for FISH.

3.7 Comparative Genome Hybridization (CGH) and Whole Chromosome Painting
(WCP)

To properly distinguish the Z and W sex chromosomes of C. atratus, whole
chromosome painting experiments (WCP) were performed in addition to intra-specific
comparative genome hybridization (CGH). CGH was first utilized to map sex-specific
sequences by co-hybridizing differentially labeled male and female genomic DNA onto female
metaphase spreads. Male and female gDNAs were labeled using a nick-translation kit (Jena
Biosciences) according to manufacturer’s instructions with Atto488-dUTP and Atto550-dUTP,
respectively. To block repetitive sequences and reduce nonspecific hybridization, 2 ug of
unlabeled species-specific COT-1 DNA (produced according to Zwick et al., 1997) was added
to the hybridization mix. COT-1 is commonly used to suppress nonspecific hybridization
signals in FISH experiments, and is undispensable when doing CGH due to the high volume of

repetitive sequences. This technique consisted of applying male-derived COT-1 DNA to female
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metaphase spreads. The final hybridization mixture contained 500 ng each of labeled male and
female gDNA, 2 pg of COT-1 DNA, and 20 pl of hybridization buffer (50% formamide, 2x
SSC, 10% SDS, 10% dextran sulfate, and Denhardt's buffer, pH 7.0), which was applied to
female mitotic chromosome spreads and hybridized for 72 h. The probe-to-COT-1 DNA ratio
was selected based on previous investigations (Kretschmer et al., 2024; Oliveira et al., 2024;
Souza et al., 2025). Whole chromosome painting experiments were conducted using a Z
chromosome-specific probe derived from Cariama cristata (Souza et al., 2025), as well as
whole chromosome-specific probes derived from Pseudastur albicollis (formerly Leucopternis
albicollis) corresponding to pairs homologous to chicken chromosomes. 1 (LAL 6, LAL 7, LAL
15, and LAL 18), chrm. 2 (LAL 2 and LAL 4), chrm. 3 (LAL 17) and chrm. 5 (LAL 5) obtained
from Oliveira et al., (2010) in order to detect rearrangements using the White Hawk as proxy.
Using degenerate oligonucleotide-primed PCR (DOP-PCR), the probes were labeled with
Spectrum-Orange-dUTP. The labeling reaction consisted of 28 amplification cycles and utilized
1 pL of original DNA template (Yang and Graphodatsky., 2009). All hybridization procedures
followed the conditions described in Kretschmer et al., (2026).

3.8 Statistics and reproducibility

At least 20 metaphases were examined to confirm the diploid number (2n) and the FISH
results. The best metaphases were captured using an Olympus BX50 microscope (Olympus
Corporation, Ishikawa, Japan) coupled with the CoolSNAP capture system and Image Pro Plus
4.1 software (Media Cybernetics, Silver Spring, MD, USA).

3.9 In silico Mapping of satDNAs

Comparative in silico mapping of six satDNA families was performed using
chromosome-level assemblies of G. californianus (GCA_018139145.2), S. papa
(GCA_037962945.1), and V. gryphus (GCA_039700855.2) (Table 1). Selected satellite DNAs
that exhibited high sequence similarity and were broadly distributed across nearly all species
analyzed. To assess the chromosomal distribution of these repeats, satDNAs were queried
against chromosome-level genome assemblies using BLASTn. Resulting alignments were
rigorously filtered to retain only high-confidence matches based on strict criteria for e-value,
percent identity, and alignment lengths. The coordinates of filtered hits were then converted to

BED format to facilitate downstream visualization. Genomic mapping was carried out with the
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karyoploteR package in R, which generates chromosomal ideograms and enables precise
localization of sequence hits. For each species, a “.genome” file specifying chromosome names
and sizes was used alongside the BED files to evaluate the abundance, spatial arrangement, and

distribution patterns of satellite DNAs across chromosomes.

4. RESULTS

4.1 Karyotype description and characterization of sex chromosomes in C. atratus

All the C. atratus specimens analyzed consistently revealed a diploid number of 2n =
80 (Figure 3). The karyotype likely resembles the proposed avian ancestral karyotype,
comprising ten distinguishable pairs of macrochromosomes and remaining dot-like
microchromosomes. This conservatism was further corroborated by whole-chromosome
painting (WCP) experiments using Leucopternis albicollis (LAL) probes, which revealed
homology patterns consistent with the ancestral avian chromosomal organization (Figure 4).
While the W chromosome is a small metacentric element, the Z chromosome is slightly larger
and submetacentric, ranking among the fifth- to sixth-largest macrochromosomes (Figure 3).
However, despite such morphological divergence, intraspecific comparative genomic
hybridization (CGH) did not reveal any accumulation of female-specific sequences on the W
chromosome (Figure 5) Coragyps atratus are still poorly differentiated at the sequence level.
Sequential whole-chromosome painting (WCP) and C-banding further highlighted the
heterochromatic content of both sex chromosomes, confirming the moderate enrichment of
heterochromatin on the W chromosome alongside its relatively lower abundance on the Z

chromosome (Figure 6).
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Figure 3: Female Giemsa-stained karyotype of the South American Coragyps atratus collected in
Brazil. The ZW sex chromosomes are boxed. Scale Bar = 20um
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Figure 4: (A) Female metaphase of Coragyps atratus hybridized with different LAL WCP-probes (B)
Homology map between chicken macrochromosomes and white hawk paints based on Furo et al., 2020.
Scale bar = 20 pm.
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Figure 5: Intraspecific genomic hybridization using male (red) and female (green) genomic DNA
probes from Coragyps atratus hybridized on female metaphase chromosomes. (A) DAPI-stained
metaphase; (B) Hybridization pattern of the male-derived probe (red); (C) hybridization pattern of the
female-derived probe (green); and (D) merged images of both genomic probes and DAPI staining. The

ZW sex chromosomes are indicated. Bar: 20 um.
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Figure 6: Female chromosomes of Coragyps atratus

hybridized with WCP-FISH using a Z

chromosome-specific probe from Cariama cristata (A), sequentially C-banded (B). The ZW sex

chromosomes are indicated. Scale bar =20 pm.
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4.2 Characterization and comparison of Cathartidae repeatomes

The repeatome profiling of five Cathartidae species demonstrated different
amplifications of the two major TE classes: DNA transposons and retroelements, such as Long
Interspersed Nuclear Elements (LINEs) and Long terminal repeats (LTRs) (Figure 7,
Supplementary Table 2). Retrotransposons were the most abundant component across all
genomes, ranging from 13% in C. aurea to 18% in V. gryphus. Consistently, V. gryphus
exhibited the highest overall repetitive DNA content (23%), whereas the remaining species
ranged from 16% to 20.1% (Figure 7, Supplementary Table 2). A detailed survey of
retroelements demonstrated that L2/CR1/Rex and retrovirus-related elements are the
predominant contributors, accounting for a substantial proportion of the repeatome variation

observed among the five species (Supplementary Table 2).

Intraspecific comparisons among C. atratus lineages revealed pronounced population-
specific repeat landscapes (Figure 8, Supplementary Table 2). The North American (NA),
Central American (CA) and South American (SA) populations showed comparable repeat
contents (~16%), dominated by LINEs and LTRs, indicating a more typical retroelement-driven
genomic architecture (Figure 8, Supplementary Table 2). However, it is important to note
that satellite DNA is often underrepresented in DNApipeTE analyses, as a single satDNA can
account for up to 5.63% of the genome (Supplementary Table 3) when using pipelines

specifically designed to characterize satellitomes.
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Figure 7: (A) Phylogeny of the five Cathartidae species here analyzed, showing their divergence times (Modified from Johson et al., 2016 (B) The genome
sizes and (C) repeat content of each species are also displayed. The mean divergence time is labeled at each node.
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4.3 General features and homology of Cathartidae satellitomes

Characterization of satDNA families in C. atratus revealed population-level variation
in satellitome composition, with 12, 20, and 23 families identified in SA, NA, and CA
populations, respectively (Supplementary Table 3). A subset of satDNA families (Groups 2,
4, 5, and 8) was shared across all populations, supporting the presence of a conserved
satellitome core in C. atratus. Within this core, four sets of variants are present in every
population (sequences with more than 80% of similarity) (Table 2, Supplementary Table 4).
In comparison, across other species examined, satellitome sizes were comparable, comprising
seven families in G. californianus, nine in C. aura, 10 in V. gryphus, and 11 in S. papa. Repeat
unit length (RUL) varied from 16 bp to 5021 bp, while GC content was similar among the
satDNA families, with most sequences exceeding 50%. However, the C. atratus NA population
diverged from this pattern, as most satDNA families exhibited higher A+T content, indicating
population-level differences in base composition (Supplementary Table 3). Kimura-2
substitution (K2P) profiles were largely consistent across species, indicating a recent expansion
of satDNAs, as denoted by low divergence values. An exception was CatSASat02-180, which
showed markedly elevated divergence, with K2P values reaching ~30% (Figures 8 and 9).
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Figure 8: Repeat landscapes showing the Kimura 2-parameter (K2P) divergence of satellite DNA families

in three geographic populations of Coragyps atratus: (A) Central America (CA), (B) North America (NA),
and (C) South America (SA).
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Figure 9: Repeat landscapes showing the Kimura 2-parameter (K2P) divergence of satellite DNA families
in four New World Vultures (Cathartidae): A) Vultur gryphus, B) Cathartes aurea, C) Gymnogyps

californianus, and D) Sarcoramphus papa.
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Cross-species comparisons identified nine satDNA groups (Groups 1-9) across the five
analyzed species, with sequence similarity ranging from 67.5% to 100% (Table 2). Groups 2
and 4 were the most broadly conserved, each comprising multiple variants shared among all
five species (Table 2, Supplementary Table 4). Within Group 2, four satDNA families
(CauSat08-176, CatSASat11-176, SpaSat09-175, and VrgSat09-176) formed a distinct cluster
that showed no substantial similarity to other members upon alignment (Table 2,
Supplementary Table 4). This divergence suggests that, although these sequences exhibit
detectable homology with another Group 2 satDNAs, they likely followed a distinct
evolutionary trajectory. To emphasize these differences, we designate them as subgroup 2B
(Table 2). Group 5 was identified in all species except G. californianus, with variants exhibiting
exceptionally high sequence similarity (95.3 - 100%) and a relatively stable repeat unit length
of 7146 bp (Table 2, Supplementary Table 4). Similarly, Group 1 was absent only in the NA
population of C. atratus and in G. californianus. In contrast, Groups 3 and 9 displayed the most
restricted distribution among the identified groups: Group 3 was shared exclusively between C.
aura (CauSat03-1882) and G. californianus (GecaSat04-1868), whereas Group 9 was detected
in G. californianus, S. papa, and V. gryphus, with sequence similarity ranging from 91.4% to

100% (Table 2, Supplementary Table 4).



Table 2: Homology groups and sequence similarities among five Cathartidae satellitomes.
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Group Cathartes Coragyps Coragyps Coragyps Gyl.nnog.ips Sarcoramphus Vultur Similarity

aura atratus (CA) atratus (NA) atratus (SA) californianus papa Gryphus (%)
Group 1 CauSat01-1035  CatCASat14-1205 CatSASat09-1205 SpaSat04-1034  VgrSat04-1033  82.4-93.3
Group 2 CauSat02-180 CatCASat01-177 CatNASat01-177  CatSASat01-177 GcaSat01-180 SpaSat01-177 VerSat01-180

CauSat04-177 CatCASat02-181 CatNASat02-181 SpaSat03-177 74.5-100

CatNASat03-177

Group 2B*  CauSat08-176 CatSASatl1-176 SpaSat09-175 VgrSat09-176 89.8-94
Group 3 CauSat03-1882 GceaSat04-1868 90.7
Group 4 CauSat05-419 CatCASat07-422 CatNASat09-346  CatSASat04-414 GcaSat05-418 SpaSat05-416 VerSat08-417 70.1 - 94
Group 5 CauSat06-146 CatCASat18-146 CatNASat20-146  CatSASat08-146 SpaSat10-147 VerSat10-147 95.3-100
Group 6 CauSat07-595 CatCASat09-506 CatNASat14-569 67.5-85.2
Group 7 CauSat9-206 CatSASat12-195 92.23%
Group 8 CatCASat12-36 CatNASat16-36 CatSASat06-30 77.8 -100
Group 9 GcaSat02-3606  SpaSat02-4208  VgrSat03-3094  70.6 - 82.3
Group 10 CatCASat13-34 GceaSat07-34 SpaSat06-34 VgrSat06-34 91.4-100
Group 11 CatCASat08-2998 CatSASat03-3477 VgrSat02-3650

83.5-90.7
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4.3 Chromosome mapping of 18S rRNA gene, microsatellites, and CatSatDNAs

In situ mapping of 18S rRNA genes revealed positive FISH signals on a
microchromosome pair. Of the nine microsatellites evaluated, only (CA), and (CAG), yielded
detectable signals, localizing to the second-largest metacentric and a medium-sized acrocentric
pair, respectively (Figure 10). Most CatSASatDNAs exhibited a predominantly centromeric or
pericentromeric distribution, being located in the centromeric regions across all (or multiple)
chromosome pairs (e.g., CatSASat2-180, CatSASatl-177, CatSASat3-3477, CatSASat4-414,
CatSASat5-357, CatSASat6-30, CatSASat8-146, CatSASat9-1205, and CatSASat11-176) or ii)
were confined to one or a few specific chromosome pairs (e.g., CatSASat5-357, CatSASat6-
30, CatSASat8-146, CatSASat9-1205, and CatSASatl1-176). CatSASat7-541 and
CatSASat12-195 deviated from this predominant pattern, being localized to interstitial and

terminal regions, respectively, on chromosome pair 2 (Figure 11).

18S rDNA

Figure 10: Female metaphases of Coragyps atratus showing hybridization signals of distinct repetitive
DNA probes. The name of each repeat is detailed in the bottom-right corner in red (ATTO-550-dUTP
labeled) or green (ATTO-488-dUTP labeled). The ZW sex chromosomes are indicated. Scale bar = 20
pm.
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Figure 11: Female metaphases of Coragyps atratus showing hybridization signals of CatSatDNAs as
probes. The names of each satellite DNA family are detailed in the bottom-right corner in red (Atto-
550-dUTP labeled) or green (ATTO-488-dUTP labeled). The ZW sex chromosomes are indicated. Scale
bar =20 um.

4.4 In silico profiling of conserved satDNAs across genome assemblies

Genome-wide mapping of six conserved satDNA families (two representatives of
Group 2 and one each of Groups 4, 5, 9, and 10) (Table 2) displayed significant distribution
patterns in the genome of S. papa (Figure 12). These satDNA families were predominantly
clustered in pericentromeric regions across all chromosomes, with occasional subtelomeric
signals, consistent with the FISH patterns observed in C. atratus (Figure 11). In contrast, in
silico mapping in the two other available chromosome-level assemblies of New World vultures
(G. californianus and V. gryphus) yielded only very faint, dispersed signals without evident
clustering, likely reflecting the incomplete assembly of repetitive DNA regions (Figure 13).



36

M spaSat01-177 1

M SpaSat02-4208
SpaSat03-177 )
SpaSat05-416

M SpaSat06-34
[l SpaSat10-147

= 12.5 Mbp 13 Mbp 13.5 Mbp 14 1bp 14.5 Mbp 15 Mbp AN

P-4t H—HHH— \

Hﬂﬂﬂﬂ 0faen . _

0111213141516 17 18 19 20 21 22 3 4 5 6 27 28 930313233343536373839ZW

™ [
w [
Rl
o
Sl
~
©

Figure 12: A) In silico mapping of highly conserved satDNAs in the Sarcoramphus papa genome.
Colors denote individual SatDNA families, as indicated in the upper legend. B) Close-up view of the
spatial organization of SpaSat01-177 and SpaSat03-177 within their shared genomic locus.
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Figure 13: /n silico mapping of highly conserved satDNAs in the Gymnogyps californianus (A) and
Vultur gryphus (B) genomes.
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5. DISCUSSION

Repetitive DNAs are a major driver of genome evolution, yet their contribution to
genome architecture remains poorly understood in lineages with conserved karyotypes. Here,
by integrating repeatome profiling with cytogenetics, we show that New World vultures
combine remarkable chromosomal stability with dynamic and lineage-specific repeat
landscapes. This apparent contradiction demonstrates that significant genomic diversity may
happen without major karyotypic changes, mostly owing to satellite DNA turnover and variable
transposable element activity. New World vultures diverged around 15 million years ago, and
the difference in repeat content within Cathartidae reflects unique evolutionary pathways of
repeated elements subsequent to lineage splitting. The variations among C. atratus populations
indicate that repeatome evolution might also occur on a minor scale, considering the constraints
on gene flow and the specialized nature of demographic history. The primarily sedentary habit
of black vultures (Jackson, 1988) likely leads to restricted gene exchange among continental
populations, thus providing a foundation for the observed difference in repetitive DNA profiles.
Such population-level differentiation supports the view that repetitive DNA evolves rapidly and
can reflect recent demographic and evolutionary processes (Belyayev, 2014). Considering that
repetitive elements can follow distinct evolutionary paths after lineage separation, variation in
repeat composition is predicted even among closely related species (Biscotti et al., 2015).

The composition, structure, and evolution of repetitive DNA across species
diversification remain a central topic in genome biology. Despite their structural and functional
roles, repetitive sequences are often referred to as the “dark matter of the genome.” Avian
genomes have historically been considered to contain low proportions of repetitive DNA,
typically around 10%, with only a few species deviating from this pattern (e.g., Piciformes
(Zhang et al., 2014) and Accipitriformes (Canesin et al., 2024; Mota-Souza et al., submitted).
This percentage is comparably low to other vertebrates, whose genomes often contain more
than 40% of repetitive DNA (Reichwald et al., 2009; Kapusta et al., 2017; Kosch et al., 2024;
Moreira et al., 2025). However, as non-model species have been increasingly analyzed, the
complexity of the structure and distribution of repetitive DNA in avian genomes has become
more evident. In particular, centromeric regions and sex chromosomes are enriched with diverse
repetitive sequences, especially satellite DNAs, which show high rates of diversification even
among closely related species (Crepaldi et al., 2020; Courret et al., 2024; Lisachova et al.,
2025). Within this dynamic and context-dependent landscape, certain satDNA families
nevertheless exhibit remarkable conservation, raising questions about the forces that constrain

their evolution.
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FISH experiments using LAL probes (Figure 4) revealed a high degree of chromosomal
stability, as the hybridization signals in Coragyps atratus corresponded to chromosomal regions
previously described in Gallus gallus. Because the chromosomal organization of these loci is
well established in chicken, the conserved distribution pattern observed here suggests the
maintenance of the putative ancestral caryotupe and a low rate of large-scale chromosomal
rearrangements during the evolutionary history of this species. The following FISH
experiments (Figure 11) revealed a clear enrichment of CatSASat02 in pericentromeric regions
across all chromosomes, indicating a recurrent spatial association with centromere-proximal
domains. Among the conserved satellites identified, this satellite from group 2 is particularly
noteworthy due to its consistent presence across the analyzed taxa. Complementary in silico
mapping in S. papa (Figure 12) further supports this distribution pattern, and although faint,
the genome mapping signals in G. californianus and V. gryphus also follow this trend (Figure
13). This contrast in resolution highlights how repetitive DNA is often underrepresented in
genome assemblies. Both genomes present a significant amount of unplaced scaffolds, while S.
papa has very few, which could indicate how a more precise genome-assembly might avoid

this underrepresentation.

In addition, the remaining satellites within group 2 (Table 2) correspond to the most
abundant repeats in the other species examined, reinforcing a pattern of high genomic
representation. This observation aligns with previous studies in birds showing that highly
abundant satellite families are often located at or near centromeric regions (Talbert & Henikoff,
2020; Peona et al., 2021; Kretschmer et al., 2024; Souza et al., 2024; Pozzobon et al., 2025).
Taken together, the combination of high abundance, conservation across species, and recurrent
localization in pericentromeric regions suggests that group 2 satellites may be associated with
centromere-related genomic compartments. However, given the dynamic nature of avian
centromeres and the absence of direct functional assays, additional evidence is required to more
accurately resolve the nature of this association. By identifying satellite families conserved
across multiple species, our results challenge the expectation of rapid and unconstrained
turnover of centromeric repeats. This suggests that, despite the well-established epigenetic
determination of centromere identity (Henikoff et al., 2001; Talbert & Henikoff, 2022),
sequence-level constraints may operate within specific lineages. Although the convergence of
cytogenetic and in silico evidence supports a consistent association of these sequences with
centromere-proximal regions, an important question remains as to whether they are integral

components of the functional centromere or instead predominantly located within adjacent
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pericentromeric heterochromatin. Three non-mutually exclusive mechanisms may explain this
conservation: (i) structural roles in pericentromeric heterochromatin organization, potentially
playing roles in chromatin compaction, cohesion, or the establishment of a genomic
environment conducive to proper centromere function (Garrido-Ramos 2012; Saksouk et al.,
2015; Hartley & O’Neill 2019; Thakur et al., 2021); (ii) linkage to functionally constrained
centromeric regions under reduced recombination, where reduced recombination and linked
selection can limit sequence turnover (Zafar et al., 2017; Giunta et al., 2021); and (iii)
involvement in maintaining centromere identity through epigenetic interactions, such as CENP-
A deposition or by delimiting centromeric boundaries (Plohl et al., 2012; Talbert & Henikoff,
2022; Andrade Ruiz et al., 2024).

However, against this background of broadly conserved repeat landscapes, notable
deviations emerge within Cathartidae. The absence of highly conserved satellite families in G.
californianus is particularly striking given their persistence across other Cathartidae lineages.
One plausible explanation lies in the species’ well-documented demographic history: a severe
population bottleneck reduced its effective population size to fewer than 20 individuals, from
which the current population descends (U.S. Fish and Wildlife Service, 2026). Under such
extreme conditions, genetic drift is expected to override selection, accelerating both the
stochastic loss and fixation of repetitive elements. This process can profoundly reshape
satellitome composition over relatively short evolutionary timescales, as previously
demonstrated for centromeric repeats in other bottlenecked or inbred systems (Schneider et al.,
2016). In this context, the apparent erosion of shared satellite families in G. californianus may
not reflect lineage-specific innovation but rather the outcome of drift-driven homogenization
and repeat turnover. More broadly, this observation highlights the sensitivity of satellite DNA
landscapes to demographic perturbations. Unlike coding regions, which are constrained by
functional requirements, satellite DNAs may respond rapidly to changes in effective population
size, recombination regime, and genomic architecture (Belyayev, 2014; Plohl et al., 2012). In
Cathartidae, the contrast between G. californianus and the remaining species suggests that
repeat evolution is not solely shaped by phylogenetic divergence but can be profoundly
modulated by species-specific demographic trajectories. This finding reinforces the view that
repeatomes are dynamic genomic compartments in which drift, selection, and molecular drive

interact to produce lineage-specific outcomes (Plohl et al., 2012; Schneider et al., 2016).

6. FINAL REMARKS
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Overall, our integrative approach reveals that repetitive DNA evolution can be unrelated
to karyotypic stability, generating substantial genomic diversity without altering chromosome
number or structure. Our findings highlight satellite DNA as a key component of genome
evolution in birds and emphasize the necessity of combining sequence-based and cytogenetic
approaches to resolve the functional organization of complex genomic regions. The
predominant pericentromeric localization of satellite DNA families in C. atratus could be
presumed across other species like S. papa, based on homology and in silico mapping,
demonstrating that cytogenetic analysis provides consistent support for genomic predictions.
Repetitive DNA regions present challenges for genome assembly, evidenced by weak dispersed
signals in Gymnogyps californianus and Vultur gryphus versus clear pericentromeric clusters
in S. papa, which is a discrepancy that reflects incomplete assembly rather than biological
differences. This highlights the importance of cytogenetic validation for genomic predictions,
as computational methods alone remain limited in resolving the physical distribution of
repetitive sequences within chromosomes. The population-level differences in satellitome
composition within Coragyps atratus and the apparent loss of conserved satellite families in
the bottlenecked Gymnogyps californianus show that population structuring and genetic drift
could heavily influence repeat landscapes, even if lacking phylogenetic divergence. For future
studies, we highlight genome evolution research should integrate cytogenetic and genomic
methodologies. Cytogenetics has been historically essential for understanding the chromosomal
distribution of non-coding DNA when it was still referred to as “junk DNA”, and it continues
to gain relevance through its integration with modern sequencing technologies. When we
combine modern bioinformatic tools with classical cytogenetic approaches, we achieve a more
accurate understanding of genome organization, reducing errors that arise from genome-

assembly limitations, and take full advantages of the strengths of novel technologies.
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