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Abstract. LINE-1 sequences have been linked to genome evolution, plasticity and 
speciation; however, despite their importance, their chromosomal distribution is 
poorly known in primates. In this perspective, we used fluorescence in situ hybridiza-
tion (FISH) to map LINE-1 probes onto two representative platyrrhine species, Aotus 
nancymaae (Cebidae) and Alouatta belzebul (Atelidae), both characterized with high-
ly rearranged karyotypes, in order to investigate their chromosomal distribution and 
role and to better characterize the two genomes. We found centromeric enrichment 
of LINE-1 sequences on all biarmed and acrocentric chromosomes co-localized with 
heterochromatin C-positive bands. This distribution led us to hypothesize that LINE 1 
sequences may have a role in the centromere architecture and karyotype organization 
of platyrrhine genomes.

Keyword: transposable elements, C-banding, molecular cytogenetics probes, genome 
evolution.

INTRODUCTION

Through classic and molecular cytogenetics, many primates have been 
shown to have variable karyotypes; many kinds of probes have been mapped, 
including single locus probes (Dumas and Sineo 2010, 2012), and Bacterial 
Artificial Chromosomes (BAC) (Dumas and Sineo 2014; Dumas et al. 2015) 
and whole chromosome paints have been used (Dumas et al. 2007; Dumas et 
al. 2012), showing a high rate of intrachromosomal and intrachromosomal 
rearrangements. In particular, among Platyrrhini (New World primates) liv-
ing in tropical and neotropical regions, the genera Alouatta (howler mon-
keys) (Cebidae) and Aotus (owl monkey) (Cebidae) have very derived kary-
otypes. Originally, one or only a few species were recognized in these two 
genera: in Aotus there was just one, while later up to eleven species were 
described, with many of them showing different karyomorphs and having 
diploid numbers ranging between 2n=46 to 56; Alouatta went from five rec-
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ognized species up to 15, with diploid numbers ranging 
between 2n=43 to 58. Furthermore, both species show 
an extra sex chromosome system due to a translocation 
between an autosome and the Y chromosome. Among 
the two genera, chromosome painting has been applied 
to two Aotus species, Aotus nancymaae, and Aotus 
lemurinus greisemebra (Stanyon et al. 2004; Stanyon et 
al. 2011) and six Alouatta species, including Alouatta 
belzebul (Consigliere et al. 1996, 1997; de Oliveria et al. 
2002), showing high genome variability. BAC-FISH has 
also been performed on Aotus and Alouatta showing 
intrachromosomal rearrangements (Dumas et al. 2015; 
Scardino et al. 2020a). Although, these species have been 
studied through molecular cytogenetics with different 
kinds of probes, repetitive sequences have been poorly 
studied and, among them, only rDNA and Telomeric 
probes have been mapped often (Mazzoleni et al. 2017; 
2018, Ceraulo et al. 2021a). The study of these sequence 
probes’ distribution can help locate useful cytogenetic 
markers for evolutionary and phylogenetic studies.

Repetitive elements have been extensively investi-
gated in order to clarify their possible role in genome 
evolution and organization (Ahmed and Liang 2012; 
Biscotti et al. 2015; Dumas et al. 2016; Mazzoleni et al. 
2017, 2018; Milioto et al. 2019; Paço, et al. 2019; Scar-
dino et al. 2020b). In primates, repetitive sequences 
constitute about 50% of their genome and are linked 
to chromosome evolution (Mathews et al. 2003; Jurka 
2007; Xing et al. 2007; Kvikstad and Makova 2010). A 
class of repetitive sequences called Long Interspersed 
Elements of the family 1 (LINE-1) are retrotranspos-
able; the biological roles of this repetitive DNA frac-
tion have been linked to many mechanisms implicated 
in the genome structure, evolution and disease (Zhu 
et al. 2011; Paço et al. 2019). In addition, their involve-
ment in genome architecture such as in DNA packag-
ing, centromere stability and plasticity, gene expression, 
and epigenetic mechanisms has been shown (Kim and 
Han 2015; Klein and O’Neill 2018; Ahmed et al. 2020). 
These sequences have also been supposed to be promot-
ers of genomic evolutionary changes and of biological 
diversity among vertebrates, with an important role in 
speciation (Böhne et al. 2008; Belyayev 2014, Klein and 
O’Neill 2018). With advances in DNA technologies, the 
approaches useful for identifying them have changed, 
with the main approaches being the use of restriction 
enzyme digestion of DNA, in situ hybridization and bio-
informatic analysis of DNA sequencing data. In mam-
mals and primates, LINE-1 were studied through differ-
ent approaches including the use of restriction enzymes 
(Seuanez et al., 1989) or whole genome screening in sim-
ians (Ohshima et al. 2003). In humans and anthropoids, 

LINE-1 sequence comparisons have been made (Ovchin-
nikov et al. 2001, 2002, Mathews et al. 2003) showing 
that LINE-1 amplification may change rapidly during 
primate evolution giving different families with variable 
forms Among New World monkeys, high LINE activity 
has also been shown in the Saimiri and Saguinus line-
ages (Callitrichini), and reduced activity has been found 
in the Ateles lineage (Boissinot et al. 2004, Sookdeo et al. 
2018). So far, however, the distribution of these repetitive 
sequences through FISH with LINE-1 probes has been 
studied in few platyrrhine species, belonging to the Cal-
lithricini subfamily of the Cebidae family (Serfaty et al. 
2017, Ceraulo et al. 2021b).

The objective of this study was to overcome this lack 
and analyze the distribution of these LINE-1 sequenc-
es by FISH onto two more representative platyrrhine 
genomes, Aotus nancymaae (Atelidae) and Alouatta 
belzebul (Cebidae), with the aim of contributing to the 
understanding of their role and dynamics as well as the 
evolution of these highly derived groups of species.

MATERIALS AND METHODS

Following the standard protocol (Scardino et al. 
2020b), metaphases were obtained from primary fibro-
blast cell line cultures for Aotus nancymaae and Alouat-
ta belzebul.

L1 Probe preparation

DNA extraction from the cell culture pellet derived 
from the fibroblast cell line was done according to the 
basic DNA extraction protocol from Invitrogen. LINE-
1 retrotransposon was amplified through polymerase 
chain reaction (PCR) using the following primers: L1R, 
5’-ATTCTRTTC CAT TGG TCT A-3’ and L1F 5’-CCA 
TGC TCATSGAT TGG -3’ (Waters et al. 2004).

200 ng of genomic DNA was amplified in 50 μl reac-
tions in an Applied Biosystems PCR SimpliAmp thermal 
cycler (Thermo Fisher Scientific): five units of Taq DNA 
Polymerase were incubated together with the template 
DNA, 500 nM of each primer, 200 μM each of dATP, 
dCTP, dTTP and dGTP in 10 mM TRIS-HCl, pH 8.3, 1.5 
mM MgCl2, 50 mM KCl. Cycling parameters were 30 
cycles of 94°C, 30 s; 52.5°C, 30 s; 72°C, 30 s, following a 
2 min denaturation at 94°C.

Products were visualized on 1% agarose gel. The 
PCR amplification products were labelled through nick 
translation using 11-dUTP-Fluorescein.
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FISH, karyotyping and chromosome staining

Fluorescence in situ hybridization (FISH) was per-
formed following previously described protocols (Scardi-
no et al. 2020a, b; Milioto et al. 2019; Vizzini et al. 2021); 
C-banding was done sequentially, post-FISH, accord-
ing to a protocol which includes denaturation with for-
mamide (Fernandez et al. 2002). The karyotype was 
reconstructed using both G-banding and inverted DAPI 
banding, in agreement with previous published karyo-
types: Aotus nancymaae (Stanyon et al. 2004, 2011; Ruiz- 
Herrera et al. 2005; Dumas et al. 2016) and Alouatta 
belzebul (Consigliere et al. 1998; de Oliveira et al. 2002; 
Stanyon et al. 2011). DAPI images were inverted with a 
photo editing program (Adobe Photoshop); inverted gray 
bands correspond to dark G bands.

The chromosomes with the LINE-1 probe signals 
were identified using inverted DAPI. After FISH, the 
metaphases were analyzed under a Zeiss Axio2 epifluo-
rescence microscope. Images were captured using a cou-
pled Zeiss digital camera, and the chromosomes were 
classified according to the nomenclature proposed by 
Levan et al. (1964).

RESULTS

Metaphases of the two analyzed species, obtained 
through cell culture and chromosome harvesting, were 
stained post-FISH using DAPI. 

The species studied here have the diploid number of 
2n=50 and 2n=54, respectively, in Alouatta belzebul and 
Aotus nancymaae (Fig 1, 2). The former has 11 pairs of 
metacentric and submetacentric chromosomes (1-11) and 
13 acrocentric chromosomes pairs (12-24) plus XY; the 
second species has 18 pairs of metacentric and submeta-
centric chromosomes (1-18) plus the XX, and 7 acrocen-
tric/subacrocentric chromosome pairs (19-26); C-band-
ing showed signals at the centromeric position of both 
biarmed and acrocentric chromosomes pairs (Fig 1, 2) 
with peculiar amplified C bands on the bigger subtelo-
centric chromosomes, in agreement with previous analy-
sis (Torres et al. 1998).

In all the analyzed species, the LINE-1 probe map-
ping revealed bright signals at the centromeric position 
of almost all chromosomes, with a variable signal ampli-
fication. On subtelocentric chromosomes, signals were 
very bright on the p arms (Fig. 1, 2). Chromosome X 
was rich in LINE-1 at the centromere. We did not find 
L1 signals in areas away from centromeres. We specu-
lated that L1 elements should be in a lower copy number 
in chromosome regions far from centromeres, below the 

detection efficiency of FISH, or our probe was not able to 
hybridize the variable or degraded L1 elements.

DISCUSSION

In general, many mammalian species have deposi-
tion of this LINE-1 element in euchromatic regions in 
G-positive bands (Parish et al. 2002; Waters et al. 2004), 
while in other few species it occurs in heterochromatic 
regions, especially in the centromeric region (Waters et 
al. 2004).

However, the pattern of LINE-1 distribution at the 
centromere is not a common phenomenon among the 
mammalian genome (Waters et al. 2004; Dobigny et al. 
2004, 2006; Acosta et al. 2008; Vieira-da- Silva et al. 
2016; de Sotero-Caio et al. 2017); indeed, these elements 
are not often incorporated at major core centromeres, 
with the exception of the X chromosome euchromatic 
regions where they are usually abundant along the chro-
mosomal length (Waters et al. 2004; Acosta et al. 2008). 
On the other hand, massive accumulations of repetitive 
elements at the centromeres was previously shown in 
many other mammals, such as bats and rodents (Sote-
ro-Caio et al. 2017; Paco et al. 2015; Paço et al. 2019), 
and in some primates (Carbone et al. 2012; Serfaty et 
al. 2017, Ceraulo et al., 2021b). In particular, among 
primates species, LINE-1 have been previously identi-
fied through FISH into platyrrhine genomes, in Sagui-
nus midas and Saguinus bicolor (Serfaty et al. 2017), in 
Saguinus mystax, Leontocebus fuscicollis, Leontopithecus 
rosalia (Ceraulo et al., 2021b) (tamarins of the Cebidae 
family).

 This result is in agreement with sequence data anal-
ysis that showed active LINE on Cebidae species (Boissi-
not et al. 2004) and, more recently, also in Atelidae 
(Sookdeo et al. 2018). At the beginning, from an analysis 
of just Ateles paniscus (Boissinot et al. 2004), the extinc-
tion of LINE 1 in Atelidae was proposed, but a larger 
phylogenetic sampling permitted researchers to show 
their presence (Sookdeo et al. 2018).

In our work, we found LINE-1 elements by FISH 
in the two species analyzed of both the Cebidae and 
Atelidae families, at centromeric position in agreement 
with previous cytogenetic molecular data (Serfaty et al. 
2017, Ceraulo et al., 2021b) and supporting also previ-
ous molecular data (Sookdeo et al. 2018). LINE-1 probes 
displayed a non-random distribution by accumulating 
primarily in CMA3 positive bands at centromeres or 
pericentromeric regions, co-localizing with C-positive 
heterochromatin bands (Fig 1, 2); the co-localization of 
LINE-1 with C-positive bands was previously identified 
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Figure 1. Examples of Alouatta belzebul metaphases in DAPI blue (a), FISH with LINE-1 probe in green (b), sequential C-inverted banding 
(c), DAPI and LINE-1 overlap (d); the reconstructed karyotype from another metaphase of the species after sequential staining and probe 
mapping (e). 
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Figure 2. Examples of Aotus nancymaae metaphases in DAPI blue (a), FISH with LINE-1 probe in green (b), and G-inverted banding (c), 
DAPI and LINE-1 in overlap (d); the reconstructed karyotype from the same metaphase after sequential staining and probe mapping (e).
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not only in primates but also in other taxa (Kapitonov 
et al. 1998; Serfaty et al. 2017). The finding of the centro-
meric enrichment of LINEs in all analyzed platyrrhine 
species permitted us to hypothesize that this accumula-
tion might have occurred in the common ancestor of all 
Platyrrhini, contributing to their current karyotype fea-
tures. These very intense, amplified and bright signals at 
centromeres possibly indicate that LINE-1, together with 
the alpha satellite DNA, are presumably responsible for 
the architecture of almost all biarmed and acrocentric 
chromosomes in Platyrrhini. Traditionally, alpha-satel-
lite DNA has been identified as the main DNA compo-
nent of primate centromeres; it consists of multiple repeat 
units forming a larger repeat unit, and the larger units 
are repeated tandemly (Koga et al. 2014), with exception 
of marmosets where the larger repeat unit is not pre-
sent (Cellamare et al. 2009). The presence of LINE-1 at 
the centromere position is not a surprise; indeed, in the 
pericentromeric region of the human genome, for exam-
ple, in addition to satellite DNA, additional elements, 
mainly retrotransposon elements, have also been shown 
(Ahmed et al. 2020). Moreover, the presence of differ-
ent and diverse sequences at the centromere have also 
been shown in the platyrrhine genome, indicating that 
this region has very variable components in New World 
monkeys (Valeri et al. 2021). Furthermore, although 
transposable elements and satellite DNA present differ-
ences in their structure, genomic organization, spreading 
mechanisms and evolutionary dynamics, several studies 
have highlighting their relatedness, with transitions from 
transposable elements to alpha-satellite DNA, and vice 
versa, through a process known as the DNA remodeling 
mechanism (Mestrovich et al. 2015; Paco et al. 2019). The 
possible link between transposable elements and alpha-
satellite DNA, could be show in the LINE signal ampli-
fication at the centromere position of subtelocentric/
acrocentric chromosome p arms, localizing with het-
erochromatin C-positive bands in Ateles chromosomes; 
these regions are the same where often it is found telo-
meric signal probes and rDNA probes amplification in 
many primates, as previous works have demonstrated 
(Mazzoleni et al. 2017, 2018, Ceraulo et al., 2021a); thus, 
this observation presumably indicates that these LINE-
1, alpha-satellite and other repetitive sequences could be 
involved to this DNA remodeling mechanism. However, 
considering that LINE have also been linked with chro-
mosomal rearrangements (Böhne et al. 2008; de Sotero-
Caio et al. 2017, Klein and O’Neill 2018), we should take 
into consideration that these sequences could have had a 
role in the process leading to the increased rates of chro-
mosomal evolution responsible for the highly rearranged 
karyotypes of many taxa; for example, the link between 

evolutionary reshufflings and LI accumulation have been 
hypothesized in other platyhirrine species Saguinus 
mystax, Leontocebus fuscicollis, Leontopithecus rosalia 
(Ceraulo et al., 2021b) and from data obtained in rodent 
genera, where the most derived species display a higher 
level of LINE-1 accumulation on both autosomal and sex 
chromosomes then the more conserved ones (with accu-
mulation usually only in the sex chromosomes) (Dobigny 
et al. 2004; Rebuzzini et al. 2009; Vieira- Dasilva et al. 
2016).

In order to clarify this hypothesis regarding the link 
between evolutionary reshufflings and LI accumulation, 
more samples should be analyzed in the future in a com-
parative perspective considering derived and conserved 
primate taxa.

CONCLUSION

Chromosomal studies through FISH mapping onto 
the analyzed species’ genomes permitted the localiza-
tion of the LINE sequences at the centromere position 
of biarmed and acrocentric chromosomes, co-localizing 
with C-positive bands. In a comparative perspective, 
the presence of these sequences at centromeres in many 
platyrrhine species led us to propose that LINE-1 could 
have had a role in the architecture and organization of 
the present features of platyrrhine karyotypes. In the 
future, studies on more samples at the species and pop-
ulation level could help in understanding their origin, 
evolutionary dynamics and function in the karyotypes 
of primates.

FUNDING

The study was supported by an FFR 2020 grant from 
the University of Palermo to FD.

ACKNOWLEDGMENTS

Special thanks to Polina Perelman from the Institute 
of Molecular and Cellular Biology, SB RAS, Novosibirsk, 
630090, Russia, who provided the samples of cell lines 
used in this study.

BIBLIOGRAPHY

Acosta MJ, Marchal JA, Fernández-Espartero CH, Bulle-
jos M and Sánchez A. 2008. Retroelements (LINEs 
and SINEs) in vole genomes: differential distribution 



117Centromeric enrichment of LINE-1 retrotransposon in Alouatta belzebul and Ateles nancymaae

in the constitutive heterochromatin. Chromosome 
Res 16:949–959. DOI: 10.1007/s10577-008-1253-3

Ahmad SF, Singchat W, Jehangir M, Suntronpong A, Pan-
thum T, Malaivijitnond S and Srikulnath K. 2020. 
Dark Matter of Primate Genomes: Satellite DNA 
Repeats and Their Evolutionary Dynamics. Cells, 
9(12), 2714.

Ahmed M and Liang P. 2012. Transposable elements are 
a significant contributor to tandem repeats in the 
human genome. Comp. Funct. Genomics, 947089. 
DOI: 10.1155/2012/947089

Belyayev A. 2014. Bursts of transposable elements as an 
evolutionary driving force. J. Evol. Biol. 27, 2573– 
2584. DOI: 10.1111/jeb.12513

Biscotti MA, Olmo E and Heslop-Harrison MA, Olmo E 
and Heslop-Harrison JS. 2015. Repetitive 241 DNA 
in eukaryotic genomes. Chromosome Res., 23, 415–
420. DOI: 10.1007/s10577-015-9499-z

Böhne A, Brunet F, Galiana-Arnoux D, Schultheis C 
and Volff JN. 2008. Transposable elements as driv-
ers of genomic and biological diversity in vertebrates. 
Chromosome Res 16(1):203–215. DOI: 10.1007/
s10577-007-1202-6

Boissinot S, Roos C, Furano AV. 2004. Different rates 
of LINE-1 (L1) retrotransposon amplification and 
evolution in New World monkeys. J Mol Evol. 
Jan;58(1):122-30. DOI: 10.1007/s00239-003-2539-x.

Carbone L, Harris RA, Mootnick AR, Milosavljevic A, 
Martin DI, Rocchi M, Capozzi O, Archidiacono N, 
Konkel MK and Walker JA. 2012. Centromere remod-
eling in Hoolock leuconedys (Hylobatidae) by a new 
transposable element unique to the gibbons. Genome 
Biol Evol 4:760–770. DOI: 10.1093/gbe/evs048

Cellamare A, Catacchio CR, Alkan C, Giannuzzi G, 
Antonacci F, Cardone MF, … and Ventura M. 2009. 
New insights into centromere organization and evo-
lution from the white-cheeked gibbon and marmoset. 
Molecular biology and evolution, 26(8), 1889-1900.

Ceraulo, S., Perelman, P. L., Mazzoleni, S., Rovatsos, M., 
& Dumas, F. 2021a. Repetitive Sequence Distribution 
on Saguinus, Leontocebus and Leontopithecus Tama-
rins (Platyrrhine, Primates) by Mapping Telomeric 
(TTAGGG) Motifs and rDNA Loci. Biology, 10(9), 844.

Ceraulo, S., Perelman, P. L., Dumas, F. 2021b. Massive 
LINE-1 retrotransposon enrichment in tamarins of 
the Cebidae family (Platyrrhini, Primates) and its 
significance for genome evolution. Journal of Zoo-
logical Systematics and Evolutionary Research.DOI: 
10.1111/jzs.12536

Consigliere S, Stanyon R, Koehler U, Agoramoorthy G, 
Wienberg J. 1996. Chromosome painting defines 
genomic rearrangements between red howler 

monkey subspecies. Chromosome Res4:264–270. 
DOI:10.1007/BF02263675.

Consigliere S, Stanyon R, Koehler U, Arnold N, Wien-
berg J. 1998. In situ hybridization (FISH) maps 
chromosomal homologies between Alouatta belze-
bul (Platyrrhini, Cebidae) and other primates and 
reveals extensive interchromosomal rearrangements 
between howler monkey genomes. American Journal 
of Primatology 46:119–133. DOI:10.1002/(SICI)1098-
2345(1998)46:2<119::AID-AJP2>3.0.CO;2-Z.

De Oliveira EH, Neusser M, Figueiredo WB, Nagamachi 
C, Pieczarka JC, Sbalqueiro IJ, Wienberg J, Müller S. 
2002. The phylogeny of howler monkeys (Alouatta, 
Platyrrhini): Reconstruction by multicolor cross-
species chromosome painting. Chromosome Res 
10:669–683. DOI:10.1023/A:1021520529952.

de Sotero-Caio CG, Cabral-de-Mello DC, da Silva Calixto 
M, Valente GT, Martins C, Loreto V, … and Santos 
N. 2017. Centromeric enrichment of LINE-1 retro-
transposons and its significance for the chromosome 
evolution of Phyllostomid bats. Chromosome Res, 
25(3), 313-325. DOI: 10.1007/s10577-017-9565-9

Dobigny G, Ozouf-Costaz C, Waters PD, Bonillo C, Cou-
tanceau JP and Volobouev V. 2004. LINE-1 amplifi-
cation accompanies explosive genome repatterning 
in rodents. Chromosome Res, 12(8), 787-793. DOI: 
10.1007/s10577-005-5265-y

Dobigny G, Waters PD, Robinson TJ. 2006. Absence of 
hypomethylation and LINE-1 amplification in a 275 
white× black rhinoceros hybrid. Genetica 127:81–86. 
DOI: 10.1007/s10709-005-2483-3

Dumas F, Stanyon R, Sineo L, Stone G, Bigoni F. 2007. 
Phylogenomics of species from four genera of New 
World monkeys by flow sorting and reciprocal chro-
mosome painting. BMC Evol. Boil, 7, S11.

Dumas F and Sineo L. 2010. Chromosomal dynamics in 
Cercopithecini studied by Williams-Beuren probe 
mapping. Caryologia, 63, 435–442.

Dumas F, Houck M, Bigoni F, Perelman P, Romanenko 
S, Stanyon R. 2012. Chromosome painting of the 
pygmy tree shrew shows that no derived cytoge-
netic traits link primates and scandentia. Cytogenet. 
Genome Res. 136, 175–179.

Dumas F and Sineo L. 2012. “Chromosomal dynamics 
in platyrrhinea by mapping bacs probes.” Journal of 
Biological Research-Bollettino della Società Italiana 
di Biologia Sperimentale 85.1

Dumas F and Sineo L. 2014. The evolution of human 
synteny 4 by mapping sub-chromosomal specific 
probes in Primates. Caryologia , 67, 281–291.

Dumas F, Sineo L and Ishida T. 2015.Taxonomic identifi-
cation of Aotus (Platyrrhinae) through cytogenetics| 



118 Simona Ceraulo, Vanessa Milioto, Francesca Dumas

Identificazione tassonomica di Aotus (Platyrrhinae) 
mediante la citogenetica. J. Biol. Res 88: 65-66.

Dumas F, Cuttaia I, Sineo L. 2016. Chromosomal distri-
bution of interstitial telomeric sequences in nine neo-
tropical primates (Platyrrhini): possible implications 
in evolution and phylogeny. J Zool Syst Evol Res; 
54(3), 226-236285.

Dumas F, Mazzoleni S. 2017. Neotropical primate evo-
lution and phylogenetic reconstruction using 289 
chromosomal data. The Italian Journal of Zoology; 
84(1):1-18

Fernàndez R, Barragàn M, Bullejos M, Marchal J, Diaz de 
la Guardia R and Sanchez A. 2002. New C-band pro-
tocol by heat denaturation in the presence of forma-
mide. Hereditas 137: 145-148. DOI: 10.1034/j.1601-
5223.2002.01672.x

Furano AV, Duvernell DD and Boissinot S. 2004. L1 
(LINE-1) retrotransposon diversity differs dramati-
cally between mammals and fish. Trends Genet 20:9–
14. DOI: 0.1016/j.tig.2003.11.006.

Jurka J, Kapitonov VV, Kohany O and Jurka MV. 2007. 
Repetitive sequences in complex genomes: Structure 
and evolution. Annu. Rev. Genomics Hum. Genet, 8, 
241–259.

Kapitonov VV, Holmquist GP and Jurka J. 1998. L1 
repeat is a basic unit of heterochromatin satellites in 
cetaceans. Mol Biol Evol 15:611–612. DOI: 10.1093/
oxfordjournals.molbev.a025963

Kim YJ and Han K. 2015. Endogenous retrovirus-mediated 
genomic variations in chimpanzees. Mob. Genet. Ele-
ments, 4, 1–4. DOI: 10.4161/2159256X.2014.990792

Klein SJ and O’Neill RJ. 2018. Transposable elements: 
genome innovation, chromosome diversity, and cen-
tromere conflict. Chromosome Res, 26(1), 5-23. DOI: 
10.1007/s10577-017-9569-5

Koga A, Hirai Y, Terada S, Jahan I, Baicharoen S, 
Arsaithamkul V and Hirai H. 2014. Evolutionary ori-
gin of higher-order repeat structure in alpha-satellite 
DNA of primate centromeres. DNA research, 21(4), 
407-415.

Kvikstad EM and Makova KD. 2010. The (r)evolution of 
SINE versus LINE distributions in primate genom-
es: sex chromosomes are important. Genome Res 
20(5):600–613. DOI: 10.1101/gr.099044.109

Levan A, Fredga K and Sandberg AA. 1964. Nomen-
clature for centromeric position on chromosomes. 
Hereditas 52:201–220.

Mathews LM, Chi SY, Greenberg N, Ovchinnikov I, 
Swergold GD. 2003. Large differences between LINE-
1 amplification rates in the human and chimpanzee 
lineages. Am J Hum Genet. Mar; 72(3):739-48. doi: 
10.1086/368275.

Mazzoleni S, Schillaci O, Sineo L, Dumas F. 2017. Distri-
bution of interstitial telomeric sequences in primates 
and the pygmy tree shrew (Scandentia). Cytogenet. 
Genome Res. 151, 141–150.

Mazzoleni S, Rovatsos M, Schillaci O, Dumas F. 2018. 
Evolutionary insight on localization of 18S, 28S 
rDNA genes on homologous chromosomes in Pri-
mates genomes. Comp. Cytogenet, 12, 27–40. 
Meštrović N, Mravinac B, Pavlek M, Vojvoda-Zeljko 
T, Šatović E, Plohl M. 2015. Structural and functional 
liaisons between transposable elements and satellite 
DNAs. Chromosome Res, 23, 583–596.

Milioto V, Vlah S, Mazzoleni S, Rovatsos M, Dumas F. 
2019. Chromosomal localization of 18S-28S rDNA 
and (TTAGGG)n sequences in two South African 
dormice of the genus Graphiurus (Rodentia: Gliri-
dae). Cytogenet. Genome Res, 158, 145–151.

Ohshima K, Hattori M, Yada T, Gojobori T, Sakaki Y, 
Okada N. 2003. Whole-genome screening indicates 
a possible burst of formation of processed pseudo-
genes and Alu repeats by particular L1 subfamilies 
in ancestral primates. Genome Biol. 4(11):R74. doi: 
10.1186/gb-2003-4-11-r74.

Ovchinnikov I, Rubin A, Swergold GD. 2002. Tracing the 
LINEs of human evolution. Proc Natl Acad Sci U S A. 
Aug 6;99(16):10522-7. doi: 10.1073/pnas.152346799.

Ovchinnikov I, Troxel AB and Swergold GD. 2001. 
Genomic characterization of recent human LINE-1 
insertions: evidence supporting random insertion. 
Genome Res 11:2050–2058 DOI: 10.1101/gr.194701.

Paço A, Adega F, Meštrovic N, Plohl M and Chaves R. 2015. 
The puzzling character of repetitive DNA 340in Phodo-
pus genomes (Cricetidae, Rodentia). Chromosome Res. 
23, 427–440. DOI: 10.1007/s10577-341015-9481-9

Paço A, Freitas R and Vieira-da-Silva A. 2019. Conver-
sion of DNA sequences: From a transposable element 
to a tandem repeat or to a gene. Genes 10.12 : 1014. 
DOI: 10.3390/genes10121014

Parish D, Vise P, Wichman H, Bul, J and Baker R. 2002. 
Distribution of LINEs and other repetitive elements 
in the karyotype of the bat Carollia: implications for 
X-chromosome inactivation. Cytogenet Genome Res 
96:191–197. DOI: 10.1159/000063038

Rebuzzini P, Castiglia R, Nergadze SG, Mitsainas G, 
Munclinger P, Zuccotti M, Capanna E, Redi CA and 
Garagna S. 2009. Quantitative variation of LINE-1 
sequences in five species and three subspecies of the 
subgenus Mus and in five Robertsonian races of Mus 
musculus domesticus. Chromosome Res. 17, 65–76. 
DOI: 10.1007/s10577-008-9004-z

Ruiz‐Herrera A, García F, Aguilera M, Garcia M, Pon-
sà, Fontanals M. 2005. Comparative chromosome 



119Centromeric enrichment of LINE-1 retrotransposon in Alouatta belzebul and Ateles nancymaae

painting in Aotus reveals a highly derived evolution. 
American Journal of Primatology 65:73–85. DOI:1 
0.1002/ajp.v65:1.

Scardino R, Milioto V, Proskuryakova AA, Serdyukova 
NA, Perelman PL and Dumas F. 2020. Evolution of 
the human chromosome 13 synteny: Evolutionary 
rearrangements, plasticity, human disease genes and 
cancer breakpoints. Genes, 11(4), 383.a

Scardino R, Mazzoleni S, Rovatsos M, Vecchioni L and 
Dumas F. 2020. Molecular Cytogenetic Characteriza-
tion of the Sicilian Endemic Pond Turtle Emys trina-
cris and the Yellow-Bellied Slider Trachemys scripta 
scripta (Testudines, Emydidae). Genes, 11(6), 702. b

Serfaty DMB, Carvalho NDM, Gross MC, Gordo M, 
Schneider CH. 2017. Differential chromosomal 
organization between Saguinus midas and Saguinus 
bicolor with accumulation of differences the repeti-
tive sequence DNA. Genetica, 145(4), 359-369.DOI: 
10.1007/s10709-017-9971-0

Sookdeo, A., Ruiz-García, M., Schneider, H., & Boissinot, 
S. (2018). Contrasting rates of LINE-1 amplification 
among New World Primates of the Atelidae family. 
Cytogenetic and genome research, 154(4), 217-228.

Seuánez, H. N., Forman, L., Matayoshi, T., & Fanning, T. 
G. (1989). The Callimico goeldii (Primates, Platyrrhi-
ni) genome: karyology and middle repetitive (LINE-
1) DNA sequences. Chromosoma, 98(6), 389–395.

Stanyon R, Bigoni F, Slaby T, Müller S, Stone G, Bon-
vicino CR, Neusser M, Seuánez HN. 2004. Multi-
directional chromosome painting maps homologies 
between species belonging to three genera of New 
World monkeys and humans. Chromosoma 113:305–
315. DOI:10.1007/s00412-004-0320-6.

Stanyon R, Garofalo F, Steinberg ER, Capozzi O, Di 
Marco S, Nieves M, Archidiacono N, Mudry MD. 
2011. Chromosome painting in two genera of South 
American monkeys: Species identification, conserva-
tion, and management. Cytogenetics and Genome 
Research 13:40–50. DOI: 10.1159/000324415.

Torres OM, Enciso S, Ruiz F, Silva E and Yunis I. 1998. 
Chromosome diversity of the genus Aotus from Colom-
bia. American journal of primatology, 44(4), 255-275.

Valeri MP, Dias GB, Moreira CN, Yonenaga-Yassuda Y, 
Stanyon R and Svartman M. 2020. characterization 
of Satellite DnAs in Squirrel Monkeys genus Saimiri 
(cebidae, platyrrhini). Scientific reports, 10(1), 1-11.

Vieira-da-Silva A, Adega F, Guedes-Pinto H and Chaves 
R. 2016. LINE-1 distribution in six rodent genomes 
follow a species-specific pattern. Journal of genetics, 
95(1), 21-33. DOI: 10.1007/s12041-015-0595-9

Vizzini A, Dumas F, Di Falco F and Arizza V. 2021. Evo-
lutionary and transcriptional analyses of a Pentraxin-

like component family involved in the LPS inflam-
matory response of Ciona robusta. Fish & Shellfish 
Immunology, 111, 94-101.

Waters PD, Dobigny G, Pardini AT and Robinson TJ. 
2004. LINE-1 distribution in Afrotheria and Xenar-
thra: implications for understanding the evolution 
of LINE-1 in eutherian genomes. Chromosoma 
113:137–144. DOI: 10.1007/s00412-004-0301-9

Xing J, Witherspoon DJ, Ray DA, Batzer MA. and Jorde 
LB. 2007. Mobile DNA elements in primate and 
human evolution. American journal of physical 
Anthropology 50:2–19. doi: 10.1002/ajpa.20722.

Zhu, Q., Pao, G.M., Huynh, A.M., Suh, H., Tonnu, N., 
Nederlof, P.M., Gage, F.H. & Verma, I.M. 2011. 
BRCA1 tumour suppression occurs via heterochro-
matin-mediated silencing. Nature, 477, 179–184. 
DOI: 10.1038/nature10371


	Caryologia
	International Journal of Cytology, 
Cytosystematics and Cytogenetics
	Volume 74, Issue 4 - 2021
	Firenze University Press
	Cytogenetic analyses in three species of Moenkhausia Eigenmann, 1903 (Characiformes, Characidae) from Upper Paraná River (Misiones, Argentina)
	Kevin I. Sánchez1,*, Fabio H. Takagui2, Alberto S. Fenocchio3
	Genetic variations and interspesific relationships in Lonicera L. (Caprifoliaceae), using SCoT molecular markers
	Fengzhen Chen1, Dongmei Li2,* , Mohsen Farshadfar3
	The new chromosomal data and karyotypic variations in genus Salvia L. (Lamiaceae): dysploidy, polyploidy and symmetrical karyotypes
	Halil Erhan Eroğlu1,*, Esra Martin2, Ahmet Kahraman3, Elif Gezer Aslan4
	Cytogenetic survey of eight ant species from the Amazon rainforest
	Luísa Antônia Campos Barros1, Gisele Amaro Teixeira2, Paulo Castro Ferreira1, Rodrigo Batista Lod1, Linda Inês Silveira3, Frédéric Petitclerc4, Jérôme Orivel4, Hilton Jeferson Alves Cardoso de Aguiar1,5,*
	Molecular phylogeny and morphometric analyses in the genus Cousinia Cass. (Family Asteraceae), sections Cynaroideae Bunge and Platyacanthae Rech. f.
	Neda Atazadeh1,*, Masoud Sheidai1, Farideh Attar2, Fahimeh Koohdar1
	A meta-analysis of genetic divergence versus phenotypic plasticity in walnut cultivars (Juglans regia L.)
	Melika Tabasi1, Masoud Sheidai1,*, Fahimeh Koohdar1, Darab Hassani2
	Genetic diversity and relationships among Glaucium (Papaveraceae) species by ISSR Markers: A high value medicinal plant 
	Lu Feng1,*, Fariba Noedoost2
	Morphometric analysis and genetic diversity in Rindera (Boraginaceae-Cynoglosseae) using sequence related amplified polymorphism 
	Xixi Yao1, Haodong Liu2,*, Maede Shahiri Tabarestani3
	Biosystematics, fingerprinting and DNA barcoding study of the genus Lallemantia based on SCoT and REMAP markers
	Fahimeh Koohdar*, Neda Aram, Masoud Sheidai
	Karyotype analysis in 21 plant families from the Qinghai–Tibetan Plateau and its evolutionary implications
	Ning Zhou1,2, Ai-Gen Fu3, Guang-Yan Wang1,2,*, Yong-Ping Yang1,2,*
	Some molecular cytogenetic markers and classical chromosomal features of Spilopelia chinensis (Scopoli, 1786) and Tachybaptus ruficollis (Pallas, 1764) in Thailand
	Isara Patawang1,*, Sarawut Kaewsri2, Sitthisak Jantarat3, Praween Supanuam4, Sarun Jumrusthanasan2, Alongklod Tanomtong5
	Centromeric enrichment of LINE-1 retrotransposon in two species of South American monkeys Alouatta belzebul and Ateles nancymaae (Platyrrhini, Primates)
	Simona Ceraulo, Vanessa Milioto, Francesca Dumas*
	Repetitive DNA mapping on Oligosarcus acutirostris (Teleostei, Characidae) from the Paraíba do Sul River Basin in southeastern Brazil
	Marina Souza Cunha1,2,*,#, Silvana Melo1,3,#, Filipe Schitini Salgado1,2, Cidimar Estevam Assis1, Jorge Abdala Dergam1,*
	Karyomorphology of some Crocus L. taxa from Uşak province in Turkey
	Aykut Yilmaz*, Yudum Yeltekin
	Variation of microsporogenesis in sexual, apomictic and recombinant plants of Poa pratensis L.
	Egizia Falistocco1,*,+, Gianpiero Marconi1,+, Lorenzo Raggi1, Daniele Rosellini1, Marilena Ceccarelli2, Emidio Albertini1

