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1  |  INTRODUC TION

Satellite DNA (satDNA) comprises homogeneous tandemly re-
peated genomic sequences that can extend for megabases (Plohl 

et al., 2012) while repetitive units (monomers) range from hundreds 
to thousands of base pairs. satDNA monomers are commonly ar-
ranged in a head- to- tail fashion but can also form more complex 
structures like higher- order repeats where the tandemly repeated 
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Abstract
Satellite DNA (satDNA) is a fast- evolving portion of eukaryotic genomes. The homo-
geneous and repetitive nature of such satDNA causes problems during the assembly 
of genomes, and therefore it is still difficult to study it in detail in nonmodel organ-
isms as well as across broad evolutionary timescales. Here, we combined the use of 
short-  and long- read data to explore the diversity and evolution of satDNA between 
individuals of the same species and between genera of birds spanning ~40 millions 
of years of bird evolution using birds- of- paradise (Paradisaeidae) and crow (Corvus) 
species. These avian species highlighted the presence of a GC- rich Corvoidea sat-
ellitome composed of 61 satellite families and provided a set of candidate satDNA 
monomers for being centromeric on the basis of length, abundance, homogeneity and 
transcription. Surprisingly, we found that the satDNA of crow species rapidly diverged 
between closely related species while the satDNA appeared more similar between 
birds- of- paradise species belonging to different genera.
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unit consists of multiple different monomers. Arrays of satDNA 
monomers are mainly distributed in heterochromatinised areas of 
the chromosomes like (peri)centromeres and telomeres, and less 
often in euchromatin (Brajković et al., 2012; Kuhn et al., 2012; 
Larracuente, 2014; de Lima et al., 2017; Palacios- Gimenez et al., 
2017; Ruiz- Ruano et al., 2016). Centromeric satDNA is involved in 
the recognition of the centromere itself and the establishment of 
the correct heterochromatin profile that guides the kinetochore as-
sembly and attachment of the spindle during cell division (Leclerc 
& Kitagawa, 2021). The transcription and the potential to form sec-
ondary structures seem to be key for the establishment, recogni-
tion, and maintenance of centromeres (Grenfell et al., 2017; Hartley 
& O’Neill, 2019; Leclerc & Kitagawa, 2021). While some satDNA ar-
rays outside the centromeres have been shown to participate in mei-
otic drive or chromosome segregation (Ferree, 2014; Joshi & Meller, 
2017; Larracuente, 2014), most have not been linked to any function 
and probably evolve under relaxed selective constraints, leading to 
fast sequence divergence between species (Lower et al., 2018; Plohl 
et al., 2012). satDNA sequences can diverge so fast that no similarity 
can be found at all between the satellitomes (collection of all the 
satDNA sequences in a genome, species, or group) of different taxo-
nomic groups (Ruiz- Ruano et al., 2018). Though on shorter evolution-
ary timescales (e.g., between species of the same genus), it may be 
possible to retrieve shared satDNA sequences (i.e., satDNA families) 
(Smalec et al., 2019). Even satDNA arrays without any function can 
exert several effects at genomic and evolutionary levels (Pezer et al., 
2012). The presence/absence of arrays and their population varia-
tion in length can lead to different genome- wide epistatic effects 
by modulating the heterochromatin landscape (Jiang et al., 2010). 
Upon hybridisation, a different satellite composition between the 
two parental species’ chromosomes can lead to heterochromatic in-
stability (Ferree & Barbash, 2009), epistatic effects, problems in the 
correct establishment of centromeres (Dion- Côté & Barbash, 2017), 
the establishment of aberrant chromocenters with repercussions on 
chromosome segregation and cell death at meiosis (Jagannathan & 
Yamashita, 2021), and in general to genetic incompatibilities (Dion- 
Côté & Barbash, 2017).

satDNA arrays are thought to originate, expand, and diverge 
through mechanisms of unequal crossing- over (Smith, 1976), rolling- 
circle replication (Charlesworth et al., 1994), and polymerase slip-
page (Charlesworth et al., 1994; Raz et al., 2019). The origin of new 
satDNA families is often linked to transposable elements (TEs) (Dias 
et al., 2014; Hartley & O’Neill, 2019; Meštrović et al., 2015; Plohl 
et al., 2012). Since some TEs already contain tandem repeats within 
their sequences, active TEs can scatter these satDNA seeds across 
the genome where they can subsequently expand (Cheng & Murata, 
2003; Dias et al., 2014). It has also been observed that when active 
TEs insert directly adjacent to one another, they can rapidly form di-
mers that could further expand into arrays, turning the TE itself into 
a satDNA as in the case of the DNA transposon hobo in Drosophila 
melanogaster (McGurk & Barbash, 2018).

The characterisation of satDNA solely from genomic data is still 
very challenging because sequencing technologies are not able to 

produce genomic reads long enough to span entire satDNA arrays 
(Miga, 2020; Peona et al., 2018). Typical next- generation sequencing 
(NGS) short reads are much shorter than the lengths of arrays and 
often of individual monomers. Therefore, satDNA arrays collapse 
during the assembly process, leaving arrays significantly fragmented 
into only a few or even single satDNA monomers (Peona, Blom, 
et al., 2021; Peona et al., 2018). Although short reads are not partic-
ularly useful to assemble satellite DNA, they can be useful to char-
acterise a great part of the diversity and quantity of satellite DNA. 
Because of the incomplete assembly of satDNA arrays, cytogenetic 
verification is still necessary to understand the chromosomal loca-
tions (e.g., centromeric, telomeric) of the satDNA families of interest 
(Deakin et al., 2019). In the past few years, thanks to telomere- to- 
telomere complete assemblies of human chromosomes, the first 
complete investigation of satDNA (and other repetitive elements) 
became possible in a vertebrate (Jain et al., 2018; Logsdon et al., 
2021; Miga, 2020; Sergey et al., 2022). This is not feasible yet for 
the vast majority of species because most genome assemblies, even 
those of model organisms, are not even close to being telomere- to- 
telomere (Peona et al., 2018). Since some satDNAs can have signifi-
cant genomic and fitness effects on the organisms, it is important to 
fully describe their sequences, abundance, structure, and evolution 
across the Tree of Life. To investigate such elusive genomic regions 
in the absence of telomere- to- telomere assemblies, the combination 
of different types of genomic data and bioinformatic approaches is 
essential.

While some cytogenetic (Brown & Jones, 1972; Cacciò et al.,1994; 
Deryusheva et al., 2007; Liangouzov et al., 2002; Saifitdinova et al., 
2001; Tsuda et al., 2007; Yamada et al., 2002, 2004) or bioinformatic (Liu 
et al., 2021; Vontzou, 2021; Weissensteiner et al., 2017; Westerberg, 
2020) studies of satDNA familes have been done, our understanding of 
satDNA evolution in birds remains relatively limited given that they are 
the most species- rich group of land vertebrates. In this study, we focus 
on the sequence and structure characterisation of satDNA evolution in 
multiple species of Paradisaeidae (birds- of- paradise, BOPs) and Corvus 
spp. (crows and relatives) that both belong to the songbird superfamily 
Corvoidea (Jønsson et al., 2016; Oliveros et al., 2019). Paradisaeidae 
is a family of about 40 species that started to diversify from a crow- 
like ancestor ~20– 25 million years ago (Ma) in the Australo- Papuan 
region which is divided into a small clade of monomorphic crow- like 
species and a core clade that includes the colourful species (Irestedt 
et al., 2009) (core BOPs; Figure 2). Indeed, BOPs are a prime example 
for species that evolved under strong and prolonged sexual selection 
(Irestedt et al., 2009). Despite the strong sexual selection, careful eval-
uation of museum specimens suggests that hybridization may be wide-
spread among birds- of- paradise even between species of different 
genera (Frith & Frith, 1996a, 1996b; Fuller, 1979; Mayer & Peckover, 
1991; Scott, 2013). The genus Corvus encompasses 40– 44 species 
that started to diversify about 18 Ma (Jønsson et al., 2016) and their 
species are spread all over the world. Although the exact extent of hy-
bridisation among BOPs is still unknown, hybridisation in the Corvus 
genus seems to occur only between a few species (Ottenburghs et al., 
2015) but these hybrids became an important model for speciation in 
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evolutionary biology. The Corvus genus presents one of the most fa-
mous examples of hybrid zones following post- glacial recolonization 
of Europe between the black carrion crow (Corvus corone corone) and 
the black- and- grey hooded crow (Corvus corone cornix) (Meise, 1928).

Given the contrasting evolutionary paths that Corvus spp. and BOPs 
experienced, and the vast availability of genomic data for many of their 
species, we chose these groups to carry out the, to our knowledge, 
first broadscale comparative analysis of the avian satellitome. This 
sampling encompasses species across multiple evolutionary timescales 
with comparisons between closely related species where we expect 
the satellitome to be rather similar, and more distantly related and mor-
phologically differentiated species where we expect the satellitome to 
be rather different. We collected genomic libraries and genome assem-
blies for 16 species of BOPs (16 short- read or linked- read libraries and 
two long- read libraries) and eight species of Corvus (8 short- read librar-
ies). Moreover, the sampling included multiple individuals of Lycocorax 
pyrrhopterus, Corvus corone cornix, Corvus corone corone, and Corvus 
corone cornix × corone hybrids. This large multispecies data set allowed 
us to investigate and compare the evolution (presence/absence, abun-
dance, and array structures) of satDNA families ranging from species 
that rapidly differentiated into a kaleidoscope of dimorphisms and be-
haviours (i.e., BOPs) to monomorphic species that maintained a largely 
similar morphology throughout their evolution (i.e., Corvus spp.). We 
did so by combining a well- established method to detect satellite DNA 
from raw short reads (RepeatExplorer2; Novák et al., 2020) and a new 
long- read assembly- based approach. Thanks to this combination of ap-
proaches and additional simulations, we found that the satellitome of 
these birds looks more GC- rich than the genomic average (contrary to 
what usually happens in other organisms; Talbert & Henikoff, 2020), 
and that the monomers are mostly arranged in a head- to- tail confor-
mation and lack apparent secondary structures. Interestingly, despite 
a long history of sexual selection in BOPs, these birds share more 
similar satellitomes than the more recently diverged Corvus spp. and 
we hypothesise this similarity has been maintained in BOPs because 
of either a satDNA reservoir on the female- specific W chromosome 
or the possible gene flow between species (Blom et al., 2021). To our 
knowledge, this is the first study that reveals avian satellite evolution 
across deep and recent evolutionary timescales while integrating both 
short- read and long- read sequencing technologies.

2  |  MATERIAL S AND METHODS

2.1  |  Samples

To search for satDNA in BOPs and Corvus spp. genomes, we col-
lected genomic data for 16 species of birds- of- paradise (BOPs) and 
eight Corvus spp. as (linked) short- read libraries, long- read libraries, 
linked- read genome assemblies and long- read genome assemblies, 
together with RNA- seq libraries for one species of BOPs and two 
Corvus spp.

First, we gathered 10X Genomics Chromium linked reads (bar-
coded short reads for haplotype phasing; Weisenfeld et al., 2017) 

and corresponding Supernova2 pseudohaploid linked- read genome 
assemblies of 13 BOPs from a previous study (Peona et al., 2022). 
Cicinnurus magnificus, Cicinnurus regius, Paradisaea rubra, Astrapia 
rothschildi, Epimachus meyeri, Ptiloris intercedens, Ptiloris magnificus, 
Parotia helenae, Parotia lawesi, Manucodia keraudrenii, and Manucodia 
chalybata were females; Drepanornis albertisi and Paradigalla brevi-
cauda were males. We also collected the 10X Genomics Chromium 
linked reads and genome assemblies of four females and one male of 
Lycocorax pyrrhopterus (Peona, Blom, et al., 2021; Peona, Palacios- 
Gimenez, et al., 2021) together with an RNA- seq library of pecto-
ral muscle for one of the females (Peona, Blom, et al., 2021), and 
Illumina short- read resequencing libraries for Astrapia stephaniae 
and Paradisaea raggiana (Blom et al., 2021; Xu et al., 2019). Finally, 
we used the multiplatform chromosome- level genome assembly of 
Lycocorax pyrrhopterus (Peona, Blom, et al., 2021), the PacBio long- 
read genome assembly of Ptiloris intercedens (Peona et al., 2022), and 
the corresponding raw long reads (subreads) from each data set.

Regarding the Corvus spp., we collected publicly available Illumina 
short- read resequencing libraries from Kutschera et al. (2020) and 
Weissensteiner et al. (2017) for Corvus brachyrhynchus, Corvus cor-
one cornix (3 individuals of unspecified sex), Corvus corone corone (3 
individuals of unspecified sex), Corvus corone cornix × corone (3 hy-
brid females and 3 hybrid males), Corvus dauuricus, Corvus monedu-
loides, Corvus splendens, and Corvus woodfordi. Finally, one RNA- seq 
library for Corvus corone cornix (forebrain) and one for Corvus cor-
one corone (brain hypothalamus and pituitary) were retrieved from 
Poelstra et al. (2014). All the accession numbers for the libraries and 
assemblies of Corvus spp. and BOPs are given in Table S1.

2.2  |  De novo satellite DNA characterisation

To de novo characterise satellite DNA sequences from the 
(linked) short- read libraries of BOPs and Corvus spp., we ran 
RepeatExplorer2 (Novák et al., 2020) on the Galaxy server (https://
repea texpl orer- elixir.cerit - sc.cz). Reads from each genomic library 
were filtered for quality (Q > 30), trimmed for low- quality bases, 
and adapters were removed following the recommended procedure 
from the RepeatExplorer2 protocol (Novák et al., 2020). Then, the 
processed libraries were randomly sampled to generate sublibrar-
ies of one million paired- end reads corresponding to ~0.2X genomic 
coverage using seqkt (https://github.com/lh3/seqtk). The subsam-
pled libraries were uploaded onto the Galaxy server online, and the 
RepeatExplorer2 analysis was then run separately for each species 
selecting the REXdb Metazoa version 3.0 database (collection of TE- 
related proteins) and providing a custom avian repeat library (Peona, 
Palacios- Gimenez, et al., 2021). This avian repeat library included cu-
rated consensus sequences of TEs from birds- of- paradise and crows.

The candidate satDNA consensus sequences generated by 
RepeatExplorer2 were downloaded and manually curated when a 
genome assembly was available for the species of interest following 
the procedure described in Peona, Blom, et al. (2021). If a genome 
assembly was not available for the species (i.e., Astrapia stephaniae, 

https://repeatexplorer-elixir.cerit-sc.cz
https://repeatexplorer-elixir.cerit-sc.cz
https://github.com/lh3/seqtk
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Paradisaea raggiana, Corvus splendens, Corvus dauuricus, Corvus cor-
one corone), the monomers were not further curated after generation 
by RepeatExplorer2. The curation procedure consisted in aligning 
the consensus sequences back to the genome from the same spe-
cies with BLAST (Camacho et al., 2009) collecting the best 20 hits, 
and manually inspecting the final alignments produced with MAFFT 
(Katoh et al., 2018) to better determine the sequence and length of 
the satellite monomers. Sequences that were not found tandemly 
repeated in the genome assemblies were discarded from the library. 
Similarities with TEs were detected by running RepeatMasker on 
the satDNA monomers with the avian repeat library from Peona, 
Palacios- Gimenez, et al. (2021).

The curated consensus sequences were divided into different 
families by aligning all sequences versus all with BLAST. Sequences 
that shared 80% of their length with others with at least 85% of 
identity were considered belonging to the same family. All the sat-
ellite families were named as “sat” followed by a number (identifier 
of the family) and a suffix of the six- letter abbreviation of the spe-
cies where the consensus was found (e.g., sat1_astRot). When two 
or more consensus sequences from the same family were found 
in the same species, a letter was added as further suffix after the 
family name (e.g., sat1_a_lycPyr and sat1_b_lycPyr), thus defining 
subfamilies.

The nomenclature of crowSat and bopSat monomers followed a 
different naming system. Three different crowSat monomers were 
previously described in Weissensteiner et al. (2017, 2020) and be-
long to three separate families. Two of the three different bopSat 
monomers (bopSat1 and bopSat2) were first found in Peona, Blom, 
et al. (2021) and they are part of the same family as crowSat1. bop-
Sat3 found in this study belongs to the same family as bopSat1 and 
bopSat2.

Long satellite DNA arrays are one of the major causes for assem-
bly (contig) fragmentation (Peona, Blom, et al., 2021; Peona et al., 
2018), therefore contig extremities even of long- read assemblies 
are expected to be enriched for satDNA sequences and this feature 
can be useful to characterise otherwise overlooked satDNAs. With 
this in mind, we designed PipeSat, a Snakemake (Köster & Rahmann, 
2012) pipeline that collects the 1- kb sequences directly adjacent to 
contig and scaffold extremities or to gaps longer than 10 "N" nu-
cleotides. PipeSat then runs a de novo repeat annotation on this 
set of gap- adjacent sequences using RepeatModeler2. PipeSat is 
available on GitHub (https://github.com/Valen tinaB oP/Corvi desSat  
/PipeSat). Note that while we expect PipeSat to work on any ge-
nome assembly of interest, we recommend running it on long- read 
assemblies where gaps can be expected to be enriched for satDNAs 
and other large tandem repetitive regions (Peona, Blom, et al., 2021; 
Peona et al., 2018).

The consensus sequences resulting from PipeSat can contain 
any type of sequences that are enriched at contig extremities, 
therefore we removed all sequences with homology to genes or 
TEs after aligning them to the NCBI nonredundant nucleotide da-
tabase with BLAST (Camacho et al., 2009; Wheeler et al., 2003) 

and masking them with the Repbase library on the CENSOR 
webserver (Bao et al., 2015). Then, we aligned the rest of the se-
quences back to the genome to produce an alignment of the 20 
best hits for each raw consensus sequence as described above 
for the consensus sequences produced by RepeatExplorer2. Each 
alignment was carefully inspected for evidence of tandem repeti-
tions homologous to the raw consensus, and a curated consensus 
sequence was generated after determining the precise sequence 
and length of the satDNA monomer.

Self- dotplots of the satDNA monomers were generated with 
Flexidot (Seibt et al., 2018) and the plots were annotated with the 
results of a further alignment between the monomers and the avian 
transposable element library. Finally, the phylogeny of the mono-
mers was produced by the alignment- free clustering tool Alfpy 
(Zielezinski et al., 2017).

2.3  |  Secondary/tertiary structures

All satDNA consensus sequences were analysed for the presence 
of palindromes (sequences that potentially can form secondary 
structures), potential folding structures and for the presence of G- 
quadruplex motifs (Sahakyan et al., 2017).

EMBOSS palindrome (Rice et al., 2000) was run to find palin-
dromes using the same parameters as in Kasinathan & Henikoff 
(2018) (minimum palindrome length 5; maximum palindrome 
length 100; maximum gap length between repeated regions 20 
and allowing for overlapping results). The curated consensus se-
quences were also analysed with RNAfold 2.4.17 (Gruber et al., 
2008; Lorenz et al., 2011) to find secondary structures with the 
same options used in Kasinathan & Henikoff (2018) (– noGU 
– noconv – noPS – paramFile=dna_mathews2004.par – p – g). Finally, 
Quadron (Sahakyan et al., 2017) was run to find G- quadruplex mo-
tifs with default settings and filtering for G- quadruplex motifs with 
a score higher than 19 as suggested by the developers of the tool 
(Sahakyan et al., 2017) and as implemented before in birds (Peona, 
Blom, et al., 2021).

2.4  |  Structure of satellite DNA arrays in long reads

To investigate the structure of satDNA arrays, we directly searched 
for arrays in the PacBio long subreads available for Lycocorax pyr-
rhopterus and Ptiloris intercedens. To do so, we masked the long reads 
with RepeatMasker (Smit et al., 2015) using the custom satDNA li-
brary produced here and filtered the RepeatMasker output for reads 
where >80% of their length were homologous to the satDNA library. 
Afterwards, we counted the number of monomers in each read and 
classified the arrays on the basis of the monomer content. Then, we 
calculated the frequency of occurrence of each type of array in the 
two species within the satDNA- containing reads (3,388 reads for L. 
pyrrhopterus and 12,192 reads for P. intercedens).

https://github.com/ValentinaBoP/CorvidesSat
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2.5  |  Abundance, divergence, and transcription of 
satellite DNA

To investigate the satDNA content in all sampled species, we ran 
RepeatMasker with the custom satDNA library (consensus se-
quences in form of satDNA dimers) on (linked) short- read libraries, 
linked- read genome assemblies, and long- read genome assemblies.

First, we masked the sampled (linked) short- read libraries of all 
the 24 avian species used for the analysis with RepeatExplorer2, 
calculated the abundance of each satDNA family as the proportion 
of base pairs masked in the reads over the total size of the sam-
pled libraries. Then we also ran RepeatMasker on the 10X Genomics 
linked- read genome assemblies, PacBio long- read libraries, and 
PacBio long- read genome assemblies of Lycocorax pyrrhopterus and 
Ptiloris intercedens.

The RepeatMasker output was then processed with the calcDi-
vergenceFromAlign.pl script from the RepeatMasker suite (https://
github.com/rmhub ley/Repea tMask er/blob/maste r/util/calcD iverg 
enceF romAl ign.pl) to recalculate the 2- parameter Kimura distance 
(divergence from consensus) by correcting for the presence of CpG 
sites. The processed RepeatMasker output was then visualised as 
divergence landscapes by calculating the abundance (percentage of 
reads) of each satDNA family at the different levels of divergence 
(bin size of 1%). Only satDNA families that masked more than 50 kb 
of reads in at least one species were kept for the abundance analysis. 
Pairwise comparisons between the sets of abundances estimated 
in Lycocorax pyrrhopterus and Ptiloris intercedens with different se-
quencing technologies were conducted by calculating linear regres-
sion models to understand if the abundances estimated with one 
technology can predict the abundances found by another.

Finally, we investigated the presence of satDNA families in the 
transcriptome by mapping one RNA- seq library each of Lycocorax 
pyrrhopterus pectoral muscle, Corvus corone cornix forebrain, and 
Corvus corone corone brain hypothalamus and pituitary (Table S1) to 
the satDNA consensus sequences with BWA (Li & Durbin, 2009). 
The mapping was performed on dimers rather than on monomers 
to allow reads to map at the interface of two monomers. Then, we 
filtered the resulting BAM file for alignments with a quality score 
higher than 30 using samtools (Li et al., 2009) and quantified the 
transcribed satDNA by calculating the reads per kilobase million 
(RPKM) value for each satellite DNA consensus sequence.

2.6  |  Simulations

To test the robustness of the satellite DNA quantification using 
short reads, we simulated genomes with controlled diversity and 
percentages of satellite DNA. We also simulated short- read se-
quencing on those genomes. The simulated sequencing data were 
used to characterise and compare observed and expected satDNA 
quantifications.

First, we simulated three genomes with 1%, 3%, and 5%, respec-
tively, of satellite content using the Lycocorax pyrrhopterus satDNA 

library and its genome assembly as baseline. All the satDNA se-
quences annotated in the genome assembly by RepeatMasker were 
hard- masked as N nucleotides and subsequently all the N nucleo-
tides, including assembly gaps, were removed. This assembly de-
void of satDNA and gaps, together with the Lycocorax pyrrhopterus 
satDNA library of monomers, were used as input for the script ge-
nomeSimulation.R (https://github.com/Valen tinaB oP/Corvi desSat) 
that introduced satDNA arrays of random lengths at random loca-
tions until reaching the established percentage of the genome occu-
pied by satDNA (1%, 3%, 5%).

Then, we simulated short- read sequencing data at 30X of each of 
the three simulated genomes with wgsim (https://github.com/lh3/
wgsim). The three simulated short- read libraries were subsampled at 
0.3X, 0.5X, 1X and 2X coverage to be used by RepeatExplorer2 for 
de novo characterisation of satDNA monomers (as done for the real 
genomic data). In total, we collected 12 libraries of satDNA mono-
mers, one for each percentage of satDNA present in the genome 
and for each level of library coverage. This way, we were able to test 
whether the coverage of the short- read libraries influenced satDNA 
identification and abundance estimations. The coverages of 0.3X 
and 0.5X were selected because these values lie within the coverage 
range suggested by the authors of RepeatExplorer2 (Novák et al., 
2020), while the rest was chosen to further test the analysis steps.

Finally, we annotated satDNA of each subsampled library with 
their respective satDNA monomers (as found by RepeatExplorer2) 
and with the original Lycocorax pyrrhopterus library (used for sim-
ulating the genomes). In addition to the subsampled libraries, we 
also annotated satDNA in the simulated genomes using each of the 
12 satDNA libraries separately as well as the original satDNA library.

3  |  RESULTS

3.1  |  Sequence characteristics of the avian 
satellitome

We ran RepeatExplorer2 (Novák et al., 2020) on raw (linked) short 
reads and our new PipeSat pipeline on long- read assemblies to get an 
as complete as possible de novo characterisation of the satellitome 
of the 24 sampled Corvoidea species. We obtained, in total, 165 
consensus sequences of candidate satDNAs from RepeatExplorer2 
and 20 from PipeSat. All consensus sequences were manually in-
spected to ensure that satDNA monomer sequences were correctly 
identified. The manual inspection was an important step for both 
RepeatExplorer2 and PipeSat outputs. RepeatExplorer2 bases its 
classification on a graph- based clustering of sequencing reads, which 
resulted here in the occasional misclassification of LTR retrotrans-
posons as satDNA. PipeSat relies on RepeatModeler2 (Flynn et al., 
2020) repeat prediction of only sequences at the contig extremities 
of an assembly, therefore its output often contained sequences of 
multicopy genes and interspersed repeats. After the curation pro-
cess, 150 out of 165 RepeatExplorer2 consensus sequences and 
four out of 20 PipeSat consensus sequences were kept as satellite 

https://github.com/rmhubley/RepeatMasker/blob/master/util/calcDivergenceFromAlign.pl
https://github.com/rmhubley/RepeatMasker/blob/master/util/calcDivergenceFromAlign.pl
https://github.com/rmhubley/RepeatMasker/blob/master/util/calcDivergenceFromAlign.pl
https://github.com/ValentinaBoP/CorvidesSat
https://github.com/lh3/wgsim
https://github.com/lh3/wgsim
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monomers in the Corvoidea satellite library (Table S2) while the rest 
was discarded as probably being multicopy genes or interspersed 
repeats. We merged this collection of satDNA consensus sequences 
with three satDNA consensus sequences already characterised in 
Lycocorax pyrrhopterus (Peona, Blom, et al., 2021) and three in Corvus 
corone cornix (Weissensteiner et al., 2017), for a total of 160 se-
quences. Of the 154 new consensus sequences detected here, 69 
were first found in Corvus spp. and 85 in BOPs. The satDNA con-
sensus sequences that shared more than 85% similarity over 80% of 
their lengths were clustered, obtaining 61 distinct satDNA families 
(Table S2) that were named numerically and with a suffix indicating 
the species they were first identified in Methods.

After the detection, curation, and clustering steps, we investi-
gated sequence characteristics of the monomers of satDNA consen-
sus sequences such as their length distribution, base composition, 
potential presence of palindromes, and secondary structures. The 
length of the obtained monomers ranged from 20 bp to 4 kb, and 
most showed a length ranging between 130 and 200 bp (Figure 1a,b). 
The previously characterised bopSat1, bopSat2 and bopSat3 mono-
mers shared a high degree of similarity with the crowSat1 monomer. 
The crowSat1 consensus sequence was previously reported to be 
>14 kb long (Weissensteiner et al., 2017) but actually represented 
a heterologous higher- order repeat in which the smallest monomer 
was ~1.4 kb (Figures S1– S3). The three monomers bopSat1, bop-
Sat2, and bopSat3 were part of the same family but their nomen-
clature differs from the rest of the monomers curated here because 
the family was previously described elsewhere (Peona, Blom, et al., 
2021). The homologous regions between the three different bop-
Sat monomers and crowSat1 corresponded to a rearranged version 
of the crowSat1 monomer (Figure S2). The three different bopSat 
monomers present in Lycocorax pyrrhopterus were 1.2– 4.7 kb long 
but only bopSat1 was found throughout the BOP phylogeny (with 
different levels of abundance; Figures 2 and 3).

Regarding base composition, all the satDNA consensus se-
quences had a GC content equal or higher than the mean genomic 
GC content (40%– 42%) of the sampled genomes of Corvus spp. and 
BOPs (dotted lines in Figure 1c, Table S3). 119 out of 160 consen-
sus sequences had a GC content between 50% and 60%, while the 
remaining ranged from a minimum of 43% to a maximum of 70%. 
We then checked for the presence of palindromes and secondary 
structures within the monomers with EMBOSS palindrome (Rice 
et al., 2000), RNAfold (Gruber et al., 2008; Lorenz et al., 2011), and 
Quadron (Sahakyan et al., 2017). These analyses did not reveal the 
presence of either palindromic sequences or secondary structures 
due to the nonsignificant scores for stable secondary structures and 
G- quadruplexes (Figure S4). However, it must be noted that solely 
bioinformatic approaches may fall short in properly detecting such 
structures.

Afterwards, we explored the structure of the satDNA arrays in 
species with available long reads (Lycocorax pyrrhopterus and Ptiloris 
intercedens). We did so by running RepeatMasker on the PacBio sub-
reads with the satDNA library and filtering for those reads masked 
as satDNA for at least 80% of their length. From this approach, we 

found that the most common arrays in Lycocorax pyrrhopterus were 
made up of bopSat1, a composite unit of sat1+sat13, bopSat2, and 
a composite unit of sat6+sat15 (Table S4) which formed arrays up 
to 33, 36, 27, and 18 kb length in the reads, respectively. In Ptiloris 
intercedens, the most common arrays were made of a composite unit 
of sat1+sat13, sat6, and bopSat1 (Table S4) which formed arrays up 
to 55, 43, and 41 kb length, respectively. The lengths of these arrays 
are bound to the maximum length of the long reads, therefore they 
may not reflect the true maximum lengths of the arrays. Note that 
the read length N50 for the PacBio libraries was 20 kb for Lycocorax 
pyrrhopterus (Peona, Blom, et al., 2021) and 10 kb for Ptiloris inter-
cedens (Peona et al., 2022). All the arrays found had a head- to- tail ar-
rangements of the monomers (Table S5). In addition to this, we also 
annotated the PacBio reads of Corvus corone cornix (Weissensteiner 
et al., 2017) to check for the presence of satDNA arrays showing an 
association between crowSat1 and other monomers that could indi-
cate a transition between the candidate pericentromeric crowSat1 
and the centromeric repeats. We found a common association of 
crowSat1 with several monomers: sat17, sat20, sat30, sat34, sat35, 
sat37, sat50, sat53 and, sat55 (here listed in alphabetical order; 
Table S6).

Finally, we looked for homology between the satDNA se-
quences and previously described TEs of birds (Peona, Blom, 
et al., 2021; Peona, Palacios- Gimenez, et al., 2021; Prost et al., 
2019; Weissensteiner et al., 2020). We found that many satDNA 
sequences contained pieces of retrotransposons, namely Chicken 
Repeat 1 long interspersed elements (CR1 LINEs) and endogenous 
retroviruses (ERVs; Table S7, Figure S3).

3.2  |  Abundance, divergence, and 
transcription of the satellitome

To detect the presence and abundance of each satDNA family in 
Corvus spp. and BOPs, we ran RepeatMasker (Smit et al., 2015) with 
our satDNA library on subsampled short- read libraries for all spe-
cies, either in the form of 10X Genomics Chromium linked reads 
(i.e., short reads linked by unique barcodes; Methods) or short reads 
from Illumina resequencing. The abundance of every satellite DNA 
family detected in raw reads (Figure 2, Table S8) ranged from 0% 
to 3%. There were 17 satDNA families shared between Corvus spp. 
and BOPs (sat1, sat9, sat17, sat30, sat32, sat35, sat36, sat37, sat47, 
sat50, sat54, sat55, sat57, bopSat1, crowSat1, crowSat2, crowSat3). 
In addition, 14 families were present only in BOPs or some species 
thereof (sat2, sat6, sat8, sat13, sat14, sat15, sat16, sat24, sat26, 
sat28, sat56, sat58, bopSat2, bopSat3) and 10 families were specific 
to the Corvus genus (sat18, sat19, sat20, sat36, sat38, sat39, sat44, 
sat45, sat49, sat60). Only those satDNA families that occupied at 
least 50 kb of reads in at least one species were reported (41 fami-
lies; Figure 2) while the remaining (20 families) were discarded from 
the abundance analysis. All these families are widely present on all 
chromosome models of Lycocorax pyrrhopterus with a few exceptions 
that can be found only on a couple of chromosomes (Table S9).
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The total satDNA content in the (linked) short reads of each 
species ranged between a minimum of 1.12% in Paradisaea 
raggiana and a maximum of 9.7% in Corvus splendens, with an 
average content of 3.8% (Figure 3 and Table S10). Using the 
RepeatMasker output, we visualised the landscape of divergence 
of the total satDNA content as bins of Kimura two- parameter dis-
tance between the repeat copies and their consensus sequences 
(Figure 3). Corvus spp. (Figure S5) showed a landscape dominated 
by crowSat1, sat20, and sat37 especially at low levels of diver-
gence (0%– 5%). BOPs (Figure S5) instead showed a landscape 
dominated by sat1 and sat6, while crowSat families appeared at 
low abundance and high levels of divergence. The landscapes of 
Manucodia chalybatus and Lycocorax pyrrhopterus showed a high 
proportion of bopSat1 repeats at low divergence levels. In gen-
eral, the landscapes of Corvus spp. were left- skewed while BOPs 
(except for the left- skewed Lycocorax pyrrhopterus) had similar 

relative abundances of satDNA families with a range of diver-
gence levels.

Finally, we used RNA- seq libraries of Lycocorax pyrrhopterus, 
Corvus corone cornix, and Corvus corone corone to investigate 
whether any satellite DNA monomers were transcribed and in 
what quantity. Since centromeric satellite DNA is actively tran-
scribed in cells (Lyn et al., 2012), RNA- seq data may provide an 
additional hint to identify candidate satellite DNA monomers that 
constitute the centromeres. After mapping the RNA- seq data to 
the satellite DNA library and filtering for mapping quality, we 
found evidence of transcription for sat1 in Lycocorax pyrrhopterus 
pectoral muscle (RPKM value of 123.31), sat1, sat9, sat20, and 
sat54 in Corvus corone corone brain hypothalamus and pituitary 
(RPKM values of 5.7, 50.7, 2.9, and 11.1), and sat1, sat9, sat20, and 
crowSat1 in Corvus corone cornix forebrain (RPKM values of 4.31, 
30.7, 10.88, and 0.7; Table S11).

F I G U R E  1  Sequence and length characteristics of monomers of the satDNA consensus sequences detected in crow and birds- of- paradise 
species. (a) Size distribution of monomers shorter than 1000 bp (bin size of 50 bp). (b) Size distribution of monomers longer than 1000 bp 
(bin size of 500 bp). (c) GC content distribution of the monomers (bin size of 3%). The black dotted lines represent the range of the mean 
genomic GC content in crow and birds- of- paradise species. (d– f) Self- dotplots and clustering of the consensus sequences of the satDNA 
families annotated for at least 50 kb in at least in one species divided by shared (d), birds- of- paradise- specific (e), and Corvus- specific (f) 
families
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3.3  |  Satellite DNA abundance variance within 
species, hybrids, and sequencing technologies

After investigating the presence, absence, and abundance of 
satDNA families between species, we focused on detecting 

abundance differences thereof between individuals of the same 
species, that is, in (linked) short- read sequencing libraries of five 
Lycocorax pyrrhopterus, three Corvus corone cornix, three Corvus 
corone corone, and five Corvus corone cornix × corone individuals 
(Figure 4, Table S12).

F I G U R E  2  Presence/absence and 
abundance of the different satDNA 
families across crow and birds- of- paradise 
(BOPs). Abundances were calculated 
as the proportion of raw (linked) short 
reads masked as satellite DNA over the 
total length of the sampled reads. The 
satDNA families that are completely 
absent are marked with a grey circle on 
a white background. Only the 41 out of 
61 satDNA families that occupied at least 
50 kb of reads in at least one species are 
shown. BOP species belonging to the 
core BOP clade are marked by a vertical 
black line. Dated phylogeny obtained from 
Timetree.org (Kumar et al., 2017)

F I G U R E  3  Divergence landscapes of the satDNA families detected in the raw short reads of a selection of crow species (a) and birds- of- 
paradise (b). Only 41 out of 61 satDNA families that occupied at least 50 kb of reads in at least one species are shown. The divergence between 
the masked satellite sequences and their consensus is shown on the x- axis as a Kimura two- parameter distance and the genome proportion of 
the satellite sequences is shown as percentage of the sampled reads on the y- axis. The percentage reported over each plot indicates the total 
satDNA content for that genome. The landscapes of individual satDNA families in all sampled species can be found in Figure S5
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satDNA abundance differences between Lycocorax pyrrhopterus 
individuals were mostly limited to sat1, bopSat1, and crowSat1. 
The families sat14 and sat54 were present at low frequencies in 
only one or two individuals and completely absent in the others 
(Figure 4a) suggesting satDNA presence/absence between individ-
uals. In Corvus spp. (Figure 4b), the Corvus corone cornix (corCon) 
individuals appeared to be homogeneous for the presence and abun-
dance of satDNA families, except for six families present in only a 
subset of individuals and at very low abundances. Corvus corone cor-
one (corCor) individuals showed a similar pattern where the majority 
of satDNA families were present in all individuals in similar quan-
tities, but six low- abundance families showed a patchy distribution 
among the individuals. Finally, the satellitome of hybrid individuals 
appeared similar to their parental species with only minor differ-
ences in quantity (Figure 4b).

Since we had 10X Genomics linked- read libraries, 10X Genomics 
linked- read assemblies, PacBio long subreads, and PacBio long- read 
assemblies for both Lycocorax pyrrhopterus and Ptiloris intercedens, 
we were also able to detect differences in satDNA presence and 
abundance in the same individual depending on the sequencing 
technologies adopted (Figure 4c, Table S13). In both species, the 
number and types of satDNA families largely agreed between the 
subsampled linked short- read libraries (“lycPyr F1 reads” and “ptiInt 
reads”) and the PacBio assemblies (“lycPyr F1 PB” and “ptiInt PB”), 
even though the relative abundances varied. On the other hand, the 
10× Genomics assemblies (“lycPyr F1 10X” and “ptiInt 10X”) showed 
a drastically lower relative abundance for most of the satDNA fami-
lies. Some families were masked at very low abundance in the PacBio 
assemblies while they were absent in the linked short reads, namely 
sat2, sat10, sat18, sat23, sat31, sat32, sat 37, sat47, sat54 in “ly-
cPyr F1 PB” versus “lycPyr F1 10X reads”, and sat12, sat28, bop-
Sat2, bopSat3 in “ptiInt PB” versus “ptiInt 10X reads”. In other cases, 
families were more represented in the PacBio assembly (sat1, sat13, 
sat30, sat37) or in the linked short reads (sat1, sat58, crowSat1) of 
Lycocorax pyrrhopterus. Instead, in Ptiloris intercedens, five families 
(sat6, sat13, sat30, sat37, sat50) were more abundant in the PacBio 
assembly and sat1 was more present in the linked short reads. In ad-
dition, sat1 and bopSat1 were more present in the PacBio subreads 
than in the respective PacBio assemblies, suggesting that these 
satDNA families probably collapsed during the assembly process. In 
general, the sets of abundances found by the different technologies 
do not show significant correlations (R2 ~ 0 and p > 0.5; Table S14) 
between one another.

Given that the comparisons of the proportions of the satDNA 
families with different sequencing technologies showed that there 
were discrepancies (Figure 4c), we carried out simulations with the 
objective of testing how reliable our quantifications with short reads 
are (Figure 5, Table S15). Briefly, we simulated three Lycocorax pyr-
rhopterus genomes with 1%, 3%, and 5% of satDNA from which we 
simulated short- read sequencing data (compare to ~4% identified 
in the empirical L. pyrrhopterus genome). The short reads were sub-
sampled to 0.3X, 0.5X, 1X, and 2X depth of coverage and satDNA 
monomers were identified using RepeatExplorer2. We annotated 

the simulated genomes and short reads with the satDNA libraries 
derived from each of the subsampled simulated data. We found that 
the satDNA abundance in the subsampled short- read libraries was 
underestimated in the annotation when using the new satDNA li-
braries (Figure 5a) but the use of the complete and original satDNA 
library yielded the correct abundances (Figure 5b). A similar pat-
tern was observed when the genome assemblies were annotated 
(Figure 5c).

After estimating the proportions of the satDNA families in 
16 species of BOPs and seven Corvus spp., we carried out a principal 
component analysis (PCA) to summarise the genomic differentiation 
of satDNA abundances in these species (Figure 6). We found that 
BOP species and Corvus spp. were well differentiated on the first 
principal component (PC1). All the BOP species clustered together 
on the PC1, though Lycocorax pyrrhopterus was separated from the 
rest of the BOPs on the PC2 (Figure 6a). While Corvus spp. were sep-
arated from the BOP cluster, they were scattered more along both 
principal components and no geographical clustering was observed 
for Corvus spp. and BOPs (Heads, 2001; Jønsson et al., 2016), ex-
cept for Corvus corone corone and Corvus corone cornix that share 
a hybrid zone (Figure 6a). To detect possibly significant differences 
in the general satellitome between parental and hybrid species, the 
same analysis was carried out for Corvus corone cornix, Corvus corone 
corone, and hybrids thereof (Figure 6b). In this sampling, corCor_I1 
was from Spain, corCor_I2 and corCor_I3 from Germany; corCon_I1 
and corCon_I2 from Poland, and corCon_I3 from Sweden. All the 
hybrids were sampled from Ireland (Table S1). The parental individ-
uals used here came from allopatric populations far from the hybrid 
zones, therefore on the basis of SNP diversity, the two species were 
expected to cluster separately (Vijay et al., 2016). Furthermore, the 
Spanish individual was expected to differ from the German individ-
uals because of the higher degree of population differentiation (FST) 
previously found between the two populations (Vijay et al., 2016). 
In line with these expectations, in the PCA Corvus corone cornix in-
dividuals clustered closely together in the first two principal compo-
nents while Corvus corone corone individuals were spread along both 
components. The two German Corvus corone corone individuals were 
close on the PC1 and farther from the Spanish individual. The hybrid 
individuals were clustered into two smaller groups at the extremities 
of the spread of the parental species along PC1, while remaining one 
cluster on PC2. The two hybrid clusters did not separate based on 
sex.

4  |  DISCUSSION

The repetitive genomic portion represented by satDNA still re-
mains vastly unexplored in non- model organisms. This under- 
characterisation is mostly due to the fact that satellite DNA is a 
main component of the so- called “genomic dark matter”, therefore 
largely missing from genome assemblies (Peona, Blom, et al., 2021; 
Peona et al., 2018; Thomma et al., 2016) including, as we quantified 
previously, avian genomes (Peona, Blom, et al., 2021). The study of 
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satDNA in birds so far has been limited to individual species or in-
dividual satDNA families (Brown & Jones, 1972; Deryusheva et al., 
2007; Liangouzov et al., 2002; Vontzou, 2021; Weissensteiner 
et al., 2017; Westerberg, 2020; Yamada et al., 2002, 2004), thus 
an evolutionary perspective on the avian satellitome is currently 
lacking. In this study, we widen the characterisation of satellite 
DNA sequences and their evolution to over 40 million years of bird 
evolution by analysing genomic data from 24 Corvoidae species 
from the Corvus genus and the family Paradisaeidae, by compar-
ing within- genus and within- species data using complementary 
sequencing data, and by combining existing and new satDNA de-
tection tools.

We applied two orthogonal methods to de novo character-
ise the satellitome of the 24 species by running RepeatExplorer2 
(Novák et al., 2020) on (linked) short- read libraries and PipeSat on 

long- read genome assemblies. RepeatExplorer2 is a tool to that 
uses graph- based clustering of next- generation sequencing reads 
for assembling and characterisation of repetitive DNA. PipeSat is a 
newly developed pipeline that runs directly on the genome assem-
blies and takes advantage of current assembly limitations to find 
satDNA sequences. satDNA is one of the main causes for assembly 
fragmentation and therefore it is likely that satDNA sequences are 
found enriched at contig extremities in long- read genome assem-
blies (Peona, Blom, et al., 2021; Peona et al., 2018). PipeSat collects 
the flanking regions to contig extremities (“N” gaps or scaffold start/
end positions) and runs RepeatModeler2 (Flynn et al., 2020) on such 
an enriched sequence library. The output of the pipeline consists of 
consensus sequences for repetitive regions that, due to their gap ad-
jacency, probably cause assembly fragmentation including satDNA. 
We manually curated all the consensus sequences predicted by 

F I G U R E  4  SatDNA abundance differences between individuals and data types. Abundance was calculated as the proportion of the 
genome (either raw reads or genome assembly) masked as satDNA. satDNA families that are completely absent in a given data set are marked 
with a grey circle on a white background. (a) Abundance of satDNA families in four females and one male of Lycocorax pyrrhopterus (“lycPyr”). 
(b) Abundance of satDNA families in individuals of Corvus corone corone (“corCor”), Corvus corone cornix (“corCon”) and Corvus corone cornix × 
corone (hybrids between the former two subspecies; “Hybrid”). The sex of the individuals is indicated as F (female), M (male), or I (unspecified 
sex). (c) Abundance of satDNA families in different types of sequencing data produced for the same individual of Lycocorax pyrrhopterus 
(“lycPyr”) and Ptiloris intercedens (“ptiInt”), respectively. 10X reads: subsampled raw 10X Genomics linked short reads; 10X: genome 
assemblies based on 10X Genomics linked reads; PB reads: PacBio long subreads; PB: genome assemblies based on PacBio long reads

F I G U R E  5  Satellite DNA abundances retrieved from simulated and empirical genomic data of Lycocorax pyrrhopterus (lycPyr). Three 
genomes were simulated with 1%, 3% and 5% satellite DNA content. Short- read sequencing libraries from the simulated genomes were 
produced at 0.3X, 0.5X, 1X and 2X coverage from which satDNA libraries were generated that were in turn used to annotate the simulated 
genomes and sequencing libraries. (a) Percentages of satellite DNA masked in the simulated sequencing libraries using the respectively 
derived satellite DNA libraries. (b) Percentages of satellite DNA masked in the simulated sequencing libraries using the lycPyr satellite DNA 
library used to simulate the genomes. (c) Percentages of satellite DNA masked in the simulated genomes using the lycPyr satellite DNA 
library. (d) Percentages of satellite DNA masked in the empirical genome assembly and sequencing libraries of lycPyr
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RepeatExplorer2 and PipeSat to make sure that they were part of 
the satellitome and not other types of repetitive elements.

The two methods combined yielded distinct consensus se-
quences for a total of 154 new satDNA monomers that were merged 
with satDNAs previously detected in Lycocorax pyrrhopterus (Peona, 
Blom, et al., 2021) and Corvus corone cornix (Weissensteiner et al., 
2017), respectively, for a total of 160 consensus sequences which 
clustered into 61 distinct satDNA families. The length of satDNA 
monomers ranged from 20 bp to 4 kb (Figure 1a and b) and most 
had sizes between 130 and 200 bp (Figure 1a). The longest mono-
mers (>1000 bp) were mostly identified in Corvus spp. (Figure 1b) 
while BOPs show monomers <500 bp with the exception of the 
three different bopSat monomers. Many of the monomers showed 
homologies to TEs suggesting that TEs could have acted as seeds 
for the formation of new satDNA. The crowSat1 monomer was first 
discovered in Corvus corone cornix (Weissensteiner et al., 2017) and 
found to be arranged in tandem for megabases (estimated from op-
tical mapping data) at genomic locations corresponding to valleys 
of recombination rate, suggesting these arrays are associated with 
(peri)centromere positions. However, in absence of ChIP- seq data 
for centromeric proteins (e.g., CENP- A), it remains unclear whether 
crowSat1 arrays form the actual centromere or are rather part of the 
pericentromere. We hypothesise that the best candidate for being 
a centromeric satDNA in Corvus spp. is sat20 because it is the most 
abundant satellite at low divergences after crowSat1 and it is 190 bp 

long, therefore close to a nucleosome length (~147 bp) as found 
in centromeric satDNA from other organisms (Luger et al., 1997; 
Melters et al., 2013; Talbert & Henikoff, 2020). The association be-
tween crowSat1 and sat20 is one of the most commonly associations 
found in the Corvus corone cornix long reads, suggesting a possible 
transition from pericentromeric to centromeric regions. However, 
cytogenetic experiments need to confirm this hypothesis. In BOPs, 
sat1 (179 bp) and sat6 (76 bp) are the most abundant satDNA fami-
lies and present at low levels of divergence. In long- read data, long 
(>20 kb) satDNA arrays (arranged in a head- to- tail fashion) formed 
by sat1 and sat6 are the most frequent in both L. pyrrhopterus and P. 
intercedens. In addition, sat1 is the only satDNA sequence found to 
be transcribed in the RNA- seq data for Lycocorax pyrrhopterus. For 
these reasons, we consider the two satDNA families sat1 and sat6 as 
the best candidates for being centromeric in BOPs.

All the satDNA consensus sequences identified here showed a 
GC content higher (>50%) than the mean genomic GC content (40%– 
42%), which is unusual for satDNA that generally tends to be AT- rich, 
especially if centromeric (e.g., in humans, mice, rice, Neurospora fungi) 
(Garrido- Ramos, 2015; Talbert & Henikoff, 2020). For example, the 
centromeric satDNA candidates sat1 and sat6 show a GC content of 
55% and 56%, respectively. Similarly to Corvus spp. and BOPs, the 
centromeric repeats found in chicken (Shang et al., 2010) are not AT- 
rich but very balanced in their base composition with a GC content 
around 50%, yet higher than the mean genomic GC content of 42%. 

F I G U R E  6  Principal component analysis (PCA) based on abundance estimates of satDNA families. (a) Comparison of birds- of- paradise 
(BOPs) and crow species and (b) comparison of individuals of Corvus corone corone (“corCor”), Corvus corone cornix (“corCon”), and hybrids 
thereof (“Hybrids”). Arrows indicate the direction of each variable (satDNA family abundance)
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From the chicken data and our new satellite DNA library it seems 
that avian satDNAs have different sequence features (Vontzou, 
2021) with respect to organisms like plants, fungi and nonavian ver-
tebrates (Talbert & Henikoff, 2020) (but see Naish et al., 2021) for 
very recent evidence of GC- rich centromeric satellites in Arabidopsis 
thaliana). A gradual increase in AT of individual satDNA monomers 
over time would be expected as a consequence of the heavy state 
of heterochromatinization, especially of methylation (deamination of 
cytosine into thymine), of the arrays (Ruiz- Ruano et al., 2016, 2019). 
The tendency of avian satDNA to maintain a high GC content may be 
linked to the pronounced GC- biased gene conversion phenomenon 
observed in bird genomes (Bolívar et al., 2019; Mugal et al., 2013, 
2015) that could contrast the gradual loss in GC content given by 
time and methylation. In the Japanese quail (Brown & Jones, 1972), 
satellite DNA has been found to be highly enriched in microchromo-
somes (defined as chromosomes <20 Mb) that are in turn the most 
affected by the GC- biased gene conversion phenomenon mentioned 
above because of their increased recombination rate with respect to 
bigger chromosomes (Burt, 2002; Griffin & Burt, 2014). This accu-
mulation pattern has yet to be studied at a broad phylogenetic scale, 
so it remains unknown if it holds for any avian species other than 
quail, but it could be considered as a potential explanatory factor for 
the high GC content of satDNAs observed in birds here.

In this study, we uncovered satellitome diversity of avian species 
at different evolutionary timescales and taxonomic levels. The find-
ings showed that birds belonging to closely related families showed 
vastly different percentages of total satDNA content and satellitome 
landscapes (Figure 3 and Figure S5). Corvus spp. showed a higher 
satDNA content range (2.43%– 9.71%) than BOP species (2.41%– 
4.82%), but the latter presented a higher similarity of landscapes 
between species (Figure 3). The satellitome landscapes of Corvus 
spp., in general, were dominated by fewer satDNA families with lon-
ger monomers which were largely absent in BOPs (e.g., crowSat1, 
sat20, sat37). In BOPs, our results suggest that bopSat1 replaced 
crowSat1 monomers and remained at a relatively high abundance 
in Lycocorax pyrrhopterus and Manucodia spp., but only very few 
monomers were present in the core BOP species (Figures 2 and 3). 
Indeed, while bopSat1 arrays were commonly found in Lycocorax 
pyrrhopterus long- read data, crowSat1 monomers in Lycocorax pyr-
rhopterus were found as short fragments scattered within other 
satDNA arrays (Tables S4 and S5) and thus might be remnants of 
ancient arrays. The Lycocorax pyrrhopterus satDNA divergence land-
scape appears more similar to the landscape of Corvus spp. than to 
the ones of the other BOPs (Figure 3) because of its left skewedness 
and low number of satellite families present. The Manucodia and 
Lycocorax genera contain species that much resemble crows in 
morphology and lack the mating behaviours and colourful plumage 
typical of core BOPs (Marshall, 1951). It is possible that these mono-
morphic and crow- like species, especially Lycocorax, have retained 
both morphological and genomic features similar to the last com-
mon ancestor of the Paradisaeidae family that is considered to have 
looked like a crow (Marshall, 1951). However, considering the results 
of the PCA (Figure 6a), the total satellitome of Lycocorax pyrrhopterus 

separates from the other BOPs on the second principal component 
but without clustering with Corvus spp., suggesting that the two 
Corvoidea groups are well differentiated. This difference between 
Lycocorax pyrrhopterus and Corvus spp. is probably due to the large 
difference in presence/absence of satDNA families, that is, of the 
24 satDNA families present in L. pyrrhopterus, nine are not shared 
with any of the Corvus spp. (Figure 2).

One of the classic models of satellite DNA evolution is described 
by the “library hypothesis” (Fry & Salser, 1977; Palacios- Gimenez 
et al., 2020; Ruiz- Ruano et al., 2016; Salser et al., 1976), which states 
that related species share a common pool of satDNA sequences 
that expands or contracts (even to the point of disappearing) inde-
pendently during the species’ evolution. According to the library 
hypothesis, one can expect to see drastic changes in abundance 
and even the disappearance of satDNA families with increasing 
time. Instead, in the core BOP species the satDNA landscape plots 
(Figure 3 and Figure S5) showed similar diversity and divergence of 
satDNA families. We speculate that this similarity of satDNA land-
scapes in core BOP species might have been maintained through 
events of hybridisation that “replenished” the satDNA pool of the 
species. However, this hypothesis does not completely explain the 
pattern since Manucodia spp. are not known to have hybridised with 
the core BOP species (Marshall, 1951). Another speculative expla-
nation is that the probable accumulation of satDNA families on the 
female- specific W chromosome in Manucodia, Epimachus, Parotia, 
and Cicinnurus genera (Peona et al., 2022) acted as a pool of satDNA 
arrays that was mobilised across the remaining genome by the many 
intact TEs present on the W chromosome (Peona et al., 2022; Peona, 
Palacios- Gimenez, et al., 2021). BOP and Corvus groups, according 
to the library hypothesis, are expected to show very different sat-
ellitome compositions given that these groups shared an ancestor 
>40 MYA, and indeed these species share only a portion of the 
satDNA families which also differ in their abundances. Surprisingly, 
within each of the two groups the satellitomes resulted in being 
more similar among the more deeply diverged species of BOPs and 
less similar among the more recently diverged Corvus spp.

Thanks to the large species data set, we were able to investigate 
the diversity and composition of satellitomes over long evolutionary 
timescales. The presence of genomic data from multiple individu-
als of Lycocorax pyrrhopterus and Corvus spp. additionally allowed us 
to get an overview of the satDNA diversity within species (Figures 
4a,b and 6b). In general, satellitomes of individuals from the same 
species were very similar. The very few differences, for example, 
in Lycocorax pyrrhopterus (Figure 4a) where sat14 and sat54 were 
present only in a few samples, suggested that these satDNA families 
either originated very recently or were on the verge of extinction. 
In the case of sat14, all its monomers had a mean divergence from 
the consensus of ~2%, suggesting that this satDNA family originated 
very recently in Lycocorax (Figure 2) and remained at low frequencies 
in the population. Instead, for sat54 monomers we observed a mean 
divergence from the consensus of 17%, suggesting that this satDNA 
family is probably present as old monomers in some Lycocorax indi-
viduals and at low frequencies in the other BOP species (Figure 2).
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Next, we investigated the satDNA content dynamics in Corvus 
corone corone, Corvus corone cornix, and hybrids thereof (Figures 
4b and 6b). The Corvus corone species complex is characterised by 
an extensive gene flow between the two subspecies across Europe 
and only very few fixed SNP differences which are almost all clus-
tered on chromosome 18 (Poelstra et al., 2014; Vijay et al., 2016; 
Weissensteiner et al., 2017). The abundances of the satDNA fam-
ilies were similar between both parental and hybrid individuals 
(Figure 4b). When comparing the total satDNA content of this sam-
pling, we observed no drastic differences in abundance, probably 
because of the continuous gene flow with the parental subspecies 
(Poelstra et al., 2014), suggesting that the satDNA regions are un-
dergoing the same pattern of gene flow as the vast majority of the 
Corvus corone genome. This hypothesis is also supported by the PCA 
on these species (Figure 6b) in which the hybrid individuals are scat-
tered at the extremities of the variability of the parental subspecies, 
in line with asymmetric backcrossing with either of the parental sub-
species (Poelstra et al., 2014; Vijay et al., 2016).

Finally, we showed that different sequencing technologies pro-
vide different satellite abundances (Figure 4c), therefore it is im-
portant to understand which characteristics of the sequencing are 
influencing such patterns. Our short- read sequencing simulations 
highlighted that, under ideal conditions, short reads and coverage do 
not influence the abundance quantifications if the satDNA monomer 
library is complete (Figure 5b,c). However, to get a complete library, 
methods based on both short and long reads may be necessary as 
well as the use of multiple species. It has been shown for TEs that 
the repeat library curation of two closely related species improves 
the annotation of both species (Boman et al., 2019), and probably the 
same holds for satDNA libraries. In conclusion, short reads can be 
more useful than assemblies (Figure 5d) to estimate satDNA abun-
dances but, since sequencing is not necessarily evenly spread across 
the genome, multiple technologies can help refining abundances as 
well as presence/absence patterns of satDNA families. We there-
fore emphasise that it is key to have independent sources of genomic 
data to be able to uncover the diversity, quantity, and structure of 
satDNA monomers and arrays in a species.

5  |  CONCLUSIONS

The rapid technological advances in genome sequencing have begun 
to provide the fascinating possibility of exploring even the most 
complex genomic regions. Satellite DNA is certainly part of those 
complex regions, indeed it is a main component of the avian genomic 
dark matter even of long- read assemblies as we previously found 
for Lycocorax pyrrhopterus (Peona, Blom, et al., 2021) and confirmed 
here for Ptiloris intercedens. By being part of the genomic dark matter, 
satDNA is systematically underrepresented in genome assemblies, 
therefore complicating its investigation with solely bioinformatic 
approaches. From the results of this study, the diversity of satD-
NAs can be retrieved with a combination of long and short reads; 
however, long- read libraries and genome assemblies are essential to 

study the structure of any satDNA arrays. Inferences on presence/
absence and expansion/contraction of satDNA sequences can be 
wrongly estimated by the sequencing technologies when sequenc-
ing biases exist. In absence of sequencing biases, the completeness 
of the satDNA library is key for downstream analysis (Figure 5). The 
consistent use of the same sequencing technology throughout the 
sampling and analysis already helps to reduce these different tech-
nological biases.

By integrating different genomic data types, we were able to 
describe some satDNA features that make the avian satellitome 
differ from other vertebrates. For example, our species sampling 
suggests that the avian satellitome is GC- rich, while it is usually AT- 
rich in other animals (Henikoff et al., 2015; Kipling et al., 1991) and 
plants (Ambrožová et al., 2011; Ruiz- Ruano et al., 2019; Yan et al., 
2008), and none of the satDNA consensus sequences show sec-
ondary structures as expected for vertebrate centromeric repeats 
(Kasinathan & Henikoff, 2018). Considering sequence characteris-
tics such as the monomer length and array abundance, we pinned 
down key candidate centromeric satDNA families in Corvus spp. and 
BOPs for future cytogenetic and/or epigenetic validation.

Finally, our evolutionary analyses of the avian satellitome in 
Corvus spp. and BOPs highlighted two different modes of evolution. 
The satDNA landscapes in Corvus are more diverged from one an-
other than those among birds- of- paradise even though Corvus spp. 
are more closely related. On the other hand, BOPs show satDNA 
families that remained at similar frequencies throughout the phy-
logeny. A global characterisation of satDNA across all major clades 
of birds is therefore necessary to understand which of these mod-
els is the rule versus the exception and will help identify the conse-
quences that satDNA dynamics have for avian (genome) evolution.
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