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RESUMO

Os primatas do Novo Mundo, ou Platyrrhini, compreendem um grupo de mamiferos
altamente diversificado, com grande variagdo morfolégica, comportamental e ecoldgica, o que
muitas vezes dificulta sua identificacdo. Platyrrhini também € caracterizado por uma grande
variacdo cromossomica, resultante de inversdes, fusdes/fissdes, reposicionamento centromeérico e
variacdo do conteldo heterocromatico. Por serem eventos raros, 0S rearranjos cromossémicos
podem ser considerados marcadores Uteis na reconstrucdo da historia evolutiva. Neste trabalho,
utilizamos técnicas de bandeamento cromossémico e de pintura com sondas cromossomo-
especificas humanas (HSA) para verificar os mecanismos envolvidos na diferenciacdo cariotipica
de Callicebus nigrifrons e Aotus infulatus em relagéo a outros taxa relacionados.

Em Callicebus, detectamos quatro fuses (HSA 1b/1c, 3c/8b, 13/20 e 14/15/3/21) e uma
fisséo (HSA 2/22) como sinapormorfias do género. A comparagao dos resultados obtidos com os
previamente publicados para Callicebus, Cheracebus e Plecturocebus nos permitiu hipotetizar
um cariétipo ancestral para Callicebinae com 2n=48. As associacdes HSA 2/22, 7/15, 10/11 e a
inversdo de HSA 2/16 estavam presentes nos trés géneros e, portanto, possivelmente presentes no
cariotipo ancestral de Callicebinae. Os dados obtidos em Aotus infulatus e sua comparagcdo com a
literatura sobre as demais espécies do género, permitiram identificar sete associacdes derivadas
compartilhadas em Aotus (HSA 1/3, 1/16, 2/20, 4/15, 7/11, 10/11, 16/22) e uma inversdo da
associacdo HSA 14/15, resultando em HSA 14/15/14/15. Também pudemos inferir um cariotipo
ancestral para o género Aotus com 2n=52 e a detectar os rearranjos associados as variacoes
cariotipicas interespecificas.

Neste trabalho também investigamos a estrutura, organizacdo e distribuicdo
cromossdmica de DNAs satélites em espécies de Callitrichini. Para isto, analisamos 0 genoma
sequenciado de Callithrix jacchus, no qual identificamos, além do DNA satélite alfa, um DNA
satélite que nomeamos MarmoSAT, com unidades de repeticdes de 171 pb e localizado em
regides subteloméricas e intersticiais dos cromossomos de Callithrix, Mico e Callimico. Além da
organizagdo monomeérica, 0 MarmoSAT também se mostrou organizado em repeticdes do tipo
higher-order, com 338-pb, em Callimico. A analise do perfil de transcricdo de MarmoSAT,

juntamente com sua localizacdo subtelomérica, nos permitiu sugerir que este DNA satélite pode



estar envolvido com a regulacdo da telomerase e a modulacdo da cromatina telomérica nestas

espécies.



ABSTRACT

The New World monkeys, or Platyrrhini, comprise a highly diversified group of
mammals, with great morphological, behavioral, and ecological variation, which often make their
identification difficult. Platyrrhini are also characterized by great chromosomal variation, often
resulting from inversions, fusions/fissions, centromeric repositioning, and variation in
heterochromatic content. Chromosome rearrangements are rare genomic events and can thus be
used as markers for the reconstruction of evolutionary history. We used comparative
chromosome banding and painting with human chromosome-specific (HSA) probes to identify
the mechanisms involved in the karyotypic differentiating of Callicebus nigrifrons and Aotus
infulatus.

We detected four fusions (HSA 1b/lc, 3c/8b, 13/20, and 14/15/3/21) and one fission
(HSA 2/22) as synapomorphies of Callicebus. The comparison of our results with those
previously published for Callicebus, Cheracebus, and Plecturocebus allowed us to hypothesize
an ancestral Callicebinae karyotype with 2n=48. The associations HSA 2/22, 7/15, 10/11, and the
inversion of HSA 2/16 were present in all three genera and were thus likely present in the
ancestral Callicebinae karyotype. The comparison of the data obtained in Aotus infulatus with
those previously reported for this genus revealed seven shared derived associations (HSA 1/3,
1/16, 2/20, 4/15, 7/11, 10/11, and 16/22) and an inversion of HSA 14/15, resulting in HSA
14/15/14/15. The chromosome painting results allowed us to infer an ancestral Aotus karyotype
with 2n=52 and to detect rearrangements associated with interspecific variations.

We also investigated the structure, organization, and chromosomal distribution of satellite
DNAs in Callitrichini. The analysis of the sequenced genome of Callithrix jacchus led to the
identification of, in addition to the alpha satellite DNA, a satellite DNA that we named
MarmoSAT, composed by 171-bp motifs and located in the subtelomeric and interstitial regions
of Callithrix, Mico, and Callimico chromosomes. Besides its monomeric organization,
MarmoSAT also presented higher-order repeats of 338-bp in Callimico. The transcription profile
and the subtelomeric location of MarmoSAT allowed us to suggest that it may be involved with

the regulation of telomerase and the modulation of the telomeric chromatin in these species.



1. INTRODUCAO

1.1. Primatas do Novo Mundo (Platyrrhini)

A ordem Primates reune atualmente cerca de 490 espécies em 77 géneros (Rylands e
Mittermeier 2014) que estdo entre os animais mais bem estudados dentre os mamiferos, ja que
nossa especie estd incluida. As espécies ndo humanas viventes estdo distribuidas em regides
tropicais e subtropicais da Africa, Madagascar, Asia e Américas Central e do Sul, e apresentam
ecologia, morfologia e taxonomia bastante diversas. Apesar de ja terem sido exaustivamente
estudados sob diversos aspectos, as relacfes filogenéticas entre varios géneros e familias de
primatas ainda s&o controversas.

Primates é dividida em duas subordens: Strepsirrhini, que inclui as infraordens
Lorisiformes (galagos, potos, lorises), Chiromyiformes (aie-aie) e Lemuriformes (Iémures); e
Haplorrhini, que é subdividida nas infraordens Tarsiiformes (tarsios) e Simiiformes. Os
Simiiformes incluem duas parvordens: Platyrrhini (primatas do Novo Mundo) e Catarrhini
(Cercopithecoidea — primatas do Velho Mundo, e Hominoidea — humanos, grandes macacos e
gibdes) (Figura 1; Goodman e col. 1998; Perelman e col. 2011; Springer e col. 2012).

Os primatas do Novo Mundo representam um grupo monofilético que vive
exclusivamente nas florestas tropicais das Américas Central e do Sul (Alfaro e col. 2015). Estes
primatas apresentam pequeno a médio porte (100 gramas a pouco mais de 10 quilogramas) e séo
arboricolas, com locomocdo predominantemente quadripede. O nome Platyrrhini advém do
formato do nariz, que é largo e achatado, com narinas dispostas lateralmente, em contraste com
os Catarrhini (Bicca-Marques e col. 2006).

Platyrrhini compreende atualmente 145 espécies pertencentes a 20 géneros, alocados nas
familias Cebidae, Pitheciidae e Atelidae (Figura 1; Tabela 1; Rylands e col. 2012; Schneider e
Sampaio 2015; Byrne e col. 2016). Esta diversidade taxondmica é variavel, uma vez que novas
espécies continuam sendo descritas e as revisdes taxonémicas tém aprimorado métodos antigos

e/ou empregado novas metodologias.



= Familia Cercopithecidae

Parvordem Catarrhini

L[ Familia Hominidae
Familia Hylobatidae
Mico
Cebuella
Callithrix
Callimico
Leontopithecus Familia Cebidae
Saguinus
Aotus

Saimiri

Cebus Parvordem Platyrrhini
Lagothrix

Brachyteles
Ateles

. Alouatta
Haplorrhini Cacajao
Chiropotes
Pithecia Familia Pitheciidae
Cheracebus
Plecturocebus|
Callicebus

Familia Tarsiidae Infraordem Tarsiiformes

Infraordem Simiiformes

Familia Atelidae

Primates
et

Familia Lemuridae

Strepsirrhini
Familia Cheirogaleidae Infraordem Lemuriformes

Familia Lepilemuridae
Familia Indriidae

Familia Daubentoniidae Infraordem Chiromyiformes

Familia Lorisidae

Infraordem Lorisiformes

Familia Galagidae

Dermoptera

Scandentia

Figura 1. Filogenia de Primates baseada em dados moleculares, adaptada de Perelman e col.
(2011). Os géneros e familias de Platyrrhini incluidos neste trabalho estdo destacados em
vermelho.

Apos extensa andlise filogenética, Perelman e col. (2011) concluiram que Platyrrhini
divergiu de Catarrhini ha aproximadamente 43,5 milhdes de anos (MYA), mas apenas na
transicdo do Oligoceno-Mioceno (25-23,5 MYA) surgiram as familias atuais. As relacGes
filogenéticas entre varias espécies e géneros de Platyrrhini ainda sdo intensamente debatidas, o
que se deve em parte a rapida radiagdo do grupo. Por exemplo, o género Callithrix era composto

por espécies da regido Amazonica (grupo argentata) e da Mata Atlantica (grupo jacchus), mas
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com base na analise de sequéncias de DNAs nuclear e mitocondrial, Tagliaro e col. (2000)
sugeriram a sua divisao em dois clados distintos: os da Mata Atlantica e os da Amazoénia, com a
inclusdo de Cebuella pygmaea na base do segundo clado. No mesmo ano, Rylands e col.
recomendaram a divisdo de Callithrix nos géneros Mico (originalmente incluidos no grupo
argentata e distribuidos na regido Amazénica) e Callithrix (pertencentes ao grupo jacchus e
localizados na regido de Mata Atlantica). Perelman e col. (2011) e Schneider e col. (2012),
usando dados moleculares, ndo sé corroboraram essa divisdo, como estimaram que a separacao

de Callithrix e Mico/Cebuella ocorreu ha aproximadamente 5 MYA.

Tabela 1. Géneros de Platyrrhini reconhecidos atualmente.

Familias Géneros Nomes populares

Cebidae Aotus (10) Macaco-da-noite
Callimico (1) Macaco-de-Goeldi
Callithrix (6) Sagui, mico
Cebuella (1) Sagui-ledozinho, mico-ledozinho, sagui-pigmeu
Cebus (4) Macaco-prego, caiarara, mico-preto
Leontopithecus (4)  Mico-ledo
Mico (15) Mico, sauim
Saguinus (15) Soim, sauim, sagui
Saimiri (5) Macaco-de-cheiro, boca-preta
Sapajus (8) Macaco-prego

Pitheciidae Cacajao (3) Uacari, macaco-inglés, carauri
Callicebus (5) Titi, Guigo, saud, zogue-zogue
Cheracebus (6) Titi
Chiropotes (5) Cuxiu
Pithecia (5) Macaco-cabeludo, macaco-velho, parauacu
Plecturocebus (22)  Titi

Atelidae Alouatta (14) Bugio, guariba, barbado
Ateles (7) Macaco-aranha, coata
Brachyteles (2) Muriqui, mono-carvoeiro
Lagothrix (5) Macaco-barrigudo

Os nameros entre parénteses apds o nome de cada género representam o ndmero de espécies
reconhecidas. Dados baseados em Perelman e col. (2011), Schneider e Sampaio (2015) e Byrne e
col. (2016).

A posigdo dos macacos-da-noite, género Aotus, dentro de Platyrrhini também é muito
discutida na literatura. Alguns autores, como Groves (2005), sugeriram gue 0s macacos-da-noite
fossem alocados na sua propria familia (Aotidae), enquanto Chatterjee e col. (2009), com base
em analises de genes mitocondriais, sugeriu uma maior proximidade de Aotus com Atelidae, e

Purvis (1995), baseado em dados moleculares publicados, propds que Aotus seria mais proximo



ao género Callicebus, familia Pitheciidae. A proximidade filogenética entre Aotus e Callicebus
também foi sugerida pela andlise de dados de pintura cromossémica, que permitiu detectar a
associacdo sinténica HSA 10/11 presente em espécies dos dois géneros (Stanyon e col. 2004,
2011; Ruiz-Herrera e col. 2005). Mais recentemente, foi proposta uma quarta hipotese, baseada
em analises de sequéncias de DNA nuclear, sugerindo a inclusdo de Aotus na familia Cebidae
(Perelman e col. 2011; Springer e col. 2012; Jameson Kiesling e col. 2014). Esta hipotese
também foi apoiada por um estudo sobre a organizacdo dos cromossomos HSA 14 e 15, através
de experimentos de FISH com BACs em seis espécies deste grupo de primatas. Neste estudo,
Capozzi e col. (2015) verificaram que A. lemurinus e C. jacchus compartilham uma inversédo
pericéntrica no cromossomo de dois bragos que corresponde ao HSA 14/15. Osterholz e col.
(2009) analisaram a presenca/auséncia dos transposons Alu, especificos de Primates, e também
sugeriram a incluséo de Aotus em Cebidae, uma vez que Aotus, Cebus-Saimiri e os calitriquideos

compartilhavam dez inser¢es Alu ndo encontradas em outros Platyrrhini.

1.2. Evolucdo Cromossémica em Platyrrhini

Desde meados da década de 1990, diferentes espécies de primatas do Novo Mundo
tiveram seus cromossomos comparados apOs pintura interespecifica com cromossomos
individuais humanos ou de outros primatas. Atualmente, ha dados de pintura cromossémica para
40 espécies pertencentes aos 20 géneros reconhecidos de Platyrrhini (revisdo em de Oliveira e
col. 2012; Araujo e col. 2017a, 2017b). Os dados gerados permitiram estabelecer mapas de
homologias cromossémicas entre as espécies €, consequentemente, deduzir o provavel cariétipo
ancestral de Platyrrhini (APLK), com 2n=54 (Stanyon e col. 2003). O APLK ¢é composto pelos
homologos aos cromossomos humanos HSA 1a, 1b, 1c, 2a, 2b/16a, 3a, 3b, 3c/21, 4, 5/7a, 8a,
8b/18, 9, 10a, 10b/16b, 11, 12, 13, 14/15a, 15b, 17, 19, 20, 22, X e Y (Stanyon e col. 2003;
Figura 4 — capitulo 1 artigo 2). O APLK esta conservado em Cebus capucinus e Sapajus apella,
indicando uma posicao basal de Cebidae em Platyrrhini (Neusser e col. 2001). A partir do APLK,
é possivel inferir sinapomorfias cromossémicas, que sugerem relagdes filogenéticas para taxa de
diferentes niveis taxondmicos, além de deduzir rearranjos envolvidos na evolucdo cromossémica
destes grupos. Por serem considerados eventos raros, 0s rearranjos cromossdmicos podem ser
bons indicadores de origem comum e, consequentemente, ajudar a resolver problemas

filogenéticos. Os dados de pintura cromossémica ja publicados mostraram que grande parte das
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espécies estudadas compartilharam fissdes nos cromossomos correspondentes a HSA 1, 3, 8 e 15
e as associagdes HSA 2/16, 3/21, 5/7, 8/18 e 10/16, dando suporte a relacdo monofilética de
Platyrrhini (Stanyon e col. 2008).

Apesar de haver dados de pintura cromossémica disponiveis para todos 0s géneros de
Platyrrhini, taxa caracterizados por cariotipos muito rearranjados, como Aotus e Callicebus, ainda
precisam ser melhor investigados para uma melhor compreensdo da evolu¢do cromossdmica e

das relaces interespecificas de Platyrrhini

1.3. DNAs Satélites

O termo DNA satélite tem origem no fato de que, ao serem isolados em gradiente de
centrifugacdo de densidade de cloreto de césio, essas sequéncias produziam uma fracdo separada
(Szybalski 1968). Outra estratégia utilizada posteriormente para isolar os DNAs satélites é a
digestdo do DNA gendmico com enzimas de restricdo e posterior separacdo em gel de agarose ou
poliacrilamida, que produz um padrdo de bandas em escada, caracteristico da organizacdo em
tandem dos monbémeros. As bandas de interesse sdo entdo eluidas, clonadas, sequenciadas e
caracterizadas (Plohl e col. 2008, 2012). As sequéncias de DNAs satélites estdo organizadas em
longas cadeias (arrays) de repeticGes em tandem, frequentemente ricas em A+T, e ndo codificam
proteinas. O tamanho de cada unidade de repeticdo (mondmero) pode variar em comprimento (de
poucos pares de bases até mais de 1 Kb), em numero de copias que compdem as cadeias de
repeticdes e em complexidade. Os mondmeros formam cadeias longas e homogéneas, que
compdem a heterocromatina constitutiva de regides centroméricas e pericentroméricas, além de
regides intersticiais e subteloméricas, geralmente coincidentes com os padrfes citologicos de
bandeamento CBG dos cromossomos (Csink e Henikoff 1998; Plohl e col. 2008, 2012).

Os DNAs satélites representam abundantes fragdes do genoma de quase todas as espécies
de eucariotos (Plohl e col. 2012). Em mamiferos, por exemplo, as sequéncias satélites podem
constituir de 5% a 30% do genoma. Essa variacdo pode ser atribuida a amplificacdo e delecdo
diferenciais das varias familias de DNAs satélites. Apesar dos avangos no sequenciamento de
genomas em larga escala, a caracterizacdo das sequéncias repetitivas de DNA ainda era muito
dificil. Recentemente, foi desenvolvido um pipeline computacional (RepeatExplorer) que permite

0 agrupamento de sequéncias repetitivas em graficos para posteriores analises de bioinformatica
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(Novék e col. 2013). Esta ferramenta tem sido bastante (til, rapida e econémica no estudo de
DNA s satélites e foi utilizada neste trabalho.

Evolucédo dos DNAs satélites

Os DNAs satélites estdo entre os componentes do genoma que apresentam as taxas mais
répidas de divergéncia com relacdo a abundancia, distribuicdo cromossdmica e sequéncias de
nucleotideos, podendo ser utilizados como marcadores taxondmicos ou até mesmo filogenéticos
(Kuhn e col. 2008; Plohl e col. 2012). De fato, essas sequéncias estdo entre os principais
elementos responsaveis pela extensa variagdo na quantidade de heterocromatina observada
mesmo entre espécies de eucariotos muito préximas filogeneticamente. Em contraste com a
elevada divergéncia nucleotidica interespecifica, as copias intraespecificas dos DNAs satélites
sdo muito homogéneas (baixa variabilidade), devido a um fendmeno conhecido como “Evolucao
Combinada” (Dover 1986). Neste processo, mutacfes nas sequéncias dos mondmeros de DNAs
satélites podem ser eliminadas ou espalhadas na cadeia, 0 que leva a homogeneizacdo das
repeticdes, com consequente fixacdo nos individuos da populagédo (Figura 2). A homogeneizacao
de mutacdes nas repeticdes de DNAs satélites dentro do genoma ocorre devido a mecanismos
moleculares, tais como recombinagéo desigual e converséo génica (Dover 1986). Alguns autores
sugeriram que a rapida evolucdo dos DNAs satélites pode gerar uma barreira reprodutiva entre
organismos, contribuindo assim para o processo de especiacdo (Csink e Henikoff 1998;
Mestrovic e col. 1998; Henikoff e col. 2001; Schueler e col. 2001; Ferree e Barbash 2009).

Funcionalidade dos DNAs satélites

Os DNAs satélites eram incluidos dentro da fragdo “inutil” do genoma, juntamente com
os chamados “junk DNAs” (Doolittle ¢ Sapienza 1980; Orgel e Crick 1980). Por muito tempo
acreditou-se que esta hipotese era verdadeira, uma vez que essas sequéncias altamente diversas
ndo codificam proteinas e, principalmente, porque se acreditava que ndo desempenhavam
qualquer funcéo bioldgica (Orgel e Crick 1980). Nos ultimos anos, no entanto, os DNASs satélites
tém ganhado atencao especial, ja que um crescente nimero de estudos vem mostrando que DNAS
satélites de varios organismos podem desempenhar papéis importantes em diversas funcGes
bioldgicas, como a formacdo da heterocromatina, a formagdo e manutencdo do centrémero, a

montagem do cinetocoro, a modulacdo da cromatina e ainda na regulacdo génica, através de
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transcritos de RNA (Ugarkovic 2005; Plohl e col. 2012; Kuhn 2015; Biscotti e col. 2015).
Também foram descritos exemplos que mostram a relacdo de transcritos de RNAs derivados de
sequéncias de DNAs satélites com fungdo centromérica. Por exemplo, Rosic e col. (2014)
mostraram que o DNA satélite 1l do cromossomo X de Drosophila melanogaster transcreve um
RNA néo codificante (SAT IIl RNA) extremamente importante para a correta segregacédo dos
autossomos e do cromossomo X durante a mitose. Neste trabalho, os autores mostraram que a
reducdo de SAT Il RNA esta associada a perda de componentes do cinetocoro e,

consequentemente, falha na interacdo entre as proteinas do centrémero e as fibras do fuso.
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Figura 2. Evolucdo combinada através da homogeneizacdo de mutacGes em cdpias de um
arranjo. Adaptada de Plohl e col. (2012).

Além de sua localizacdo nas regides pericentroméricas, 0s DNAs satélites também podem

colonizar as regibes subteloméricas. Alguns trabalhos mostraram que DNAs satélites
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subteloméricos estdo relacionados a estabilidade gendmica, replicagdo cromossdmica,
pareamento e segregacdo cromossdmica, regulacdo do ciclo celular, envelhecimento e
imortalizacéo celular, localiza¢do dos cromossomos dentro do ndcleo, regulacdo da transcricdo de

genes subteloméricos, entre outras (revisdo em Garrido-Ramos 2017).

DNAs satelites em Platyrrhini

Os centromeros de primatas sdo compostos principalmente pelo DNA satélite alfa,
organizado em unidades de repeticdes de aproximadamente 171 pb em Catarrhini e de 340 pb em
Platyrrhini, com exce¢@o de Chiropotes satanas, que apresenta monémeros de 540 bp (Alves e
col. 1994; Alkan e col. 2007; Cellamare e col. 2009). De acordo com a organizagdo e
propriedades da sequéncia, 0 DNA satélite alfa pode ser classificado em estruturas monomericas
ou high-order (HOR; Willard 1991). A estrutura HOR se origina quando alguns monémeros se
integram, formando as unidades de repeti¢6es (Plohl e col. 2012). A interacdo dessas unidades de
repeticdes pode se homogeneizar, de forma que as unidades HOR diferem em sequéncia por uma
pequena porcentagem. Por outro lado, a estrutura monomérica é menos homogénea do que as
unidades de repeticbes em HOR. O DNA satélite alfa humano, por exemplo, apresenta repeticdes
monoméricas individuais que compartilham 70-90% de identidade, enquanto que nas unidades
em HOR essa identidade é de 95-99% (Figura 3). As unidades em HOR tém sido associadas a
funcdo centromérica, uma vez que contém o CENP-B box, uma sequéncia de 17 pb incorporada
aos monémeros do DNA satélite alfa que se liga a proteina CENP-B. A CENP-B, por sua vez,
interage com a proteina CENP-A, estabilizando tanto esta Ultima, quanto as proteinas do
cinetécoro. A presenca do CENP-B box foi recentemente descrita em primatas do Novo Mundo
(Suntronpong e col. 2016; Kugou e col. 2016), mostrando uma grande conservacdo dessas
sequéncias entre Simiiformes que, até entdo, era considerada restrita aos hominideos.

Além das sequéncias alfa, outras familias de DNAs satélites foram descritas nos genomas
de Platyrrhini: CarB, composto por monémeros de 1528 pb, em Mico argentatus e Callithrix
jacchus (Alves e col. 1995; Canavez e col. 1996; Araujo e col. 2017c); CapA, composto por
repeticGes de 1500 pb, isolado em Sapajus apella, mas também presente em outros membros da
familia Cebidae (Fanning e col. 1993); CgoA e CgoB, com 338 e 916 bp, respectivamente,
descritos como restritos ao genoma de Callimico goeldii (Fanning e col. 1989); e OwlIRep, com

187 pb, descrito em espécies do género Aotus (Prakhongcheep e col. 2013; Koga e col. 2017).
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Figura 3. Representacdo esquematica da estrutura das sequéncias alfa. As setas indicam
mondmeros de 171 pb arranjados em tandem em estruturas (a) monomérica e (b) higher-order. As
porcentagens indicadas referem-se a similaridade entre os mondémeros.
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2. OBJETIVOS

2.1. Objetivo Geral
Analisar a organizacdo e evolugdo do genoma de espécies de primatas do Novo Mundo.

2.2. Objetivos Especificos por Capitulo

Capitulo 1

Este capitulo reine dois artigos baseados na aplicacdo de pintura cromossémica para o estudo da
evolucdo cromossémica da subfamilia Callicebinae (artigo 1) e do género Aotus (artigo 2). Os
objetivos especificos eram:

1. Analisar os cariotipos de Callicebus nigrifrons e Aotus infulatus apds bandeamento GTG,
CBG e AgRON e comparéa-los com dados disponiveis na literatura para outras espécies de cada
género.

2. Realizar pintura interespecifica com sondas cromossomo-especificas humanas.

3. Contribuir para um melhor entendimento da evolucdo cromossdmica de Callicebus e

Callicebinae (artigo 1) e de Aotus (artigo 2).

Capitulo 2

Este capitulo envolveu a identificacdo e caracterizacdo de DNAs satélites em Callitrichini,
usando o genoma sequenciado de Callithrix jacchus. Dessa forma, objetivamos:

1. Identificar e caracterizar DNAs satélites no genoma sequenciado de Callithrix jacchus;

2. Verificar a localizacdo dos DNAs satélites MarmoSAT e alfa em cromossomos metafasicos de
espécies de Callithrix, Callimico e Mico.

3. Compreender melhor a evolucdo de MarmoSAT através da sua analise em genomas de outros

Platyrrhini.
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3. RESULTADOS E DISCUSSAO

3.1. Capitulo 1: Evolucado Cromossdmica de Platyrrhini

Neste capitulo estdo incluidos dois artigos cientificos intitulados: “Chromosome painting
in Callicebus nigrifrons provides insights into the genome evolution of titi monkeys and the
ancestral Callicebinae karyotype” e “Interspecific chromosome painting provides clues to the
ancestral karyotype of the New World monkey genus Aotus”, publicados nas revistas
Cytogenetic and Genome Research (doi: 10.1159/000458748) e Journal of Mammalian
Evolution (doi: 10.1007/s10914-017-9403-z), respectivamente. Nos dois trabalhos foram
aplicados os padrdes de bandeamento GTG e CBG e a hibridacdo de sondas cromossomo-
especificas humanas aos cromossomos de Platyrrhini com o objetivo de caracterizar os cariétipos

estudados e de compreender a evolucdo cromossdmica nos dois géneros analisados.
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Abstract

We studied the chromosomes of Callicebus nigrifrons with
conventional and molecular cytogenetic methods. Our chro-
mosome painting analysis in C. nigrifrons together with pre-
vious reports allowed us to hypothesize an ancestral Callice-
binae karyotype with 2n = 48. The associations of human
chromosomes (HSA) 2/22, 7/15, 10/11, and the inverted
HSA2/16 would link Callicebus, Cheracebus, and Plecturoce-
bus and would thus be present in the ancestral Callicebinae
karyotype. Four fusions (HSA1b/1c, 3c/8b, 13/20, and
14/15/3/21) and 1 fission (HSA2/22) are synapomorphies of
Callicebus. The associations HSA3/15 and HSA3/9 are chro-
mosome features linking Callicebus and Cheracebus, where-
as the association HSA13/17 would represent a link between
Callicebus and the moloch group (Plecturocebus). Only 6 of
the 33 recognized titi monkey species have now been paint-
ed with human chromosome-specific probes. Further analy-
ses are needed to clarify the phylogenomic relationships in
this species-rich group. ©2017 S.Karger AG, Basel

It is now appreciated that titi monkeys are the most
speciose group of primates. Their taxonomic history is
long and complicated. Modern perspectives on titi mon-
keys begin with Hershkovitz [1963]. He united 13 Ama-
zonian Callicebus taxa in 3 polytypic species (C. moloch,
C. torquatus, and C. personatus). Later, after more detailed
analyses, Hershkovitz [1988] recognized 13 species result-
ing in 24 taxa placed into 4 species groups: modestus, do-
nacophilus, moloch, and torquatus. Kobayashi [1995] used
craniometric measurements supported by karyological
data, geographic distribution and pelage coloration to di-
vide the species into 5 groups: cupreus, donacophilus,
moloch, personatus, and torquatus. Subsequently, van
Roosmalen et al. [2002] elevated all subspecies to a full
species status and identified 28 species. Recently, Byrne et
al. [2016] recognized 34 species divided into 4 clades with
3 genera: Callicebus, Cheracebus, and Plecturocebus. In
this study, we followed and tested this recent classifica-
tion. Five species were allocated to the genus Callicebus,
restricted to the remnants of the Brazilian Atlantic Forest,
including C. nigrifrons, the species we report on here.

It is well appreciated that titi monkeys have a remark-
able chromosomal variation, with diploid numbers rang-
ing from 2n = 16 in Cheracebus lugens, the lowest 2n de-

© 2017 S. Karger AG, Basel
1424-8581/17/0000-0000$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/cgr

Marta Svartman

Departamento de Biologia Geral, Instituto de Ciéncias Biologicas
Universidade Federal de Minas Gerais

Av. Presidente Antonio Carlos, 6627, Belo Horizonte, MG 31270-901 (Brazil)
E-Mail svartmanm @icb.ufmg.br

15



Table 1. Summary of chromosome painting with human probes in Callicebinae

Species Associations of human autosomes

Human chromosomes

References

conserved

2 blocks 4 blocks

2116, 2/22, 3/21, 5/7, 719, 7/15, 8/18, 10/11, 10/16,

Plecturocebus donacophilus®
12/19 (twice), 14/15

(2n =50)

6,9,11,13,14,17,
18,20,21, X

4,8,12,15,19,22 Barros et al., 2003

2/16, 2/22, 3/21, 7/15, 8/18, 10/11, 10/16, 12/19,
14/15

Plecturocebus pallescens
(2n =50)

4,6,7,11,13, 14,
17,18,19, 20,21, X

5,8,10,12,15,22 1,2,3,16 Stanyon et al., 2000;

Dumas et al., 2005

Plecturocebus cupreus® 2/16, 2/22,3/21, 5/7, 510, 7/9, Z/15, 8/18, 10/11,

6,9,11, 14, 18, 20,

4,8,12,13,15,17, 1,2,3,5,7,10 16 Dumas et al., 2005

(2n =46) 10/16, 12/19 (twice), 13/17, 13/21, 14/15, 17/20 21,X 19,22
Cheracebus lugens 1/3,1/4, 1/5, 1/13, 1/15, 1/19, 2/12, 2/16 (twice), 4,5,9,12,13, 14, 6,7,811,15,19,22 1,2,3 10,16 Bonvicino et al., 2003;
(2n=16) 2/21, 2/22, 3/9, 3/15, 3/20, 3/21, 4/9, 5/7, 6/8, 17,18, 20,21, X Stanyon et al., 2003

7/15,7/16, 8/10, 10/11 (twice), 10/16 (thrice),

10/19, 11/19, 11/22, 12/13, 14/15, 17/20, 17/22
Callicebus personatus 2/16, 2/22, 3/8, 3/15, 3/21, 7/15, 8/18,10/11, 4,6,7,9,11,13, 1,5,8,12,15,19 3,10 2,16 Rodrigues et al., 2011
(2n =44) 10/16, 12/19 (twice), 13/20, 14/15 14,17, 18, 20, 21,

22,X

Callicebus nigrifrons 2/16, 2/22 (twice), 3/8, 3/9, 3/15, 3/21,7/15,8/18, 4,6,7,9,11, 14, 1,5,8,12,13,15, 3,10 2,16 present study
(2n=42) ’ 10/11, 10/16, 12/19 (twice), 13/17, 13/20, 14/15 17,18,20,21,X 19,22

* donacophilus and b moloch groups. The associations highlighted in bold and with underlines are synapomorphies of Callicebus and Callicebinae, respectively.

scribed for primates, to 2n = 50 in Plecturocebus dona-
cophilus, P. pallescens, and P. hoffmannsi [Stanyon et al.,
2000; Rodrigues et al., 2001; Barros et al., 2003; Bonvicino
etal.,2003]. Although chromosome rearrangements were
frequently suggested to have an important evolutionary
role in Callicebinae speciation [Schneider et al., 1993; Ro-
drigues et al., 2001; Dumas et al., 2005], cytogenetic stud-
ies in this group are still scarce and most of the described
karyotypes do not even include banding patterns.

There are chromosome painting data for only 5 spe-
cies: P. cupreus, P. donacophilus, C. lugens, P. pallescens,
and C. personatus (Table 1) [Stanyon et al., 2000, 2003;
Barros et al., 2003; Bonvicino et al., 2003; Dumas et al.,
2005; Rodrigues et al., 2011]. It is certain that cytogenetic
studies, especially at the molecular cytogenetic level,
could do much to improve our knowledge on titi mon-
keys” evolutionary biology. Here, we report on the con-
ventional and molecular cytogenetics of C. nigrifrons.
This is the first report on chromosome painting in this
species. Our results make a contribution towards a better
understanding of the chromosome evolution of Callice-
bus and Callicebinae in general.

Material and Methods

We analyzed a female C. nigrifrons housed at the Fundagao
Zoo-Botanica de Belo Horizonte, MG, Brazil. Tissue culture and
all cytogenetic procedures were performed at the Universidade
Federal de Minas Gerais. Cytogenetic analyses were performed on
chromosome preparations obtained from peripheral blood, fol-
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lowing conventional procedures using concavalin-A as a mitogen
[Small et al., 1985]. GTG- and CBG-banding patterns were carried
out according to Seabright [1971] and Sumner [1972], respective-
ly. FISH was performed with human chromosome-specific probes
previously obtained by flow-sorting at the National Cancer Insti-
tute-Frederick. The probes were labeled by DOP-PCR as described
in Dumas et al. [2005]. FISH with a synthesized biotinylated telo-
meric sequence (TTAGGG), (Invitrogen) was performed in con-
ditions similar to those described in Araujo et al. [2014]. Alpha
satellite sequences were amplified by PCR from Aotus infulatus
genomic DNA with the following primer sets: forward
(5"-ACAGGGAAATATCTGCTTCTAAATC-3') and reverse
(5"-GCTTACTGCTGTTTCTTCCATATG-3'). PCR products
were excised from a 1% agarose gel, purified with the Wizard SV
Gel and PCR Clean-up System kit (Promega), labeled by nick-
translation with digoxigenin-11-dUTP and used as a probe, to-
gether with telomeric sequence, in FISH experiments.

Results

The female Callicebus analyzed had 2n = 42 and a fun-
damental number of FN = 68. The GTG-banding pattern
(Fig. 1a) was very similar if not identical to that of C. ni-
grifrons [Nagamachi et al., 2003], confirming its taxo-
nomic identification. The results of interspecific FISH
with human chromosome-specific probes allowed us to
establish complete chromosome correspondence be-
tween human and C. nigrifrons (Fig. 1a; Table 1). The hu-
man probes detected a total of 40 conserved segments in
C. nigrifrons (Fig. 1a, 2). From the 11 conserved human
chromosomes in C. nigrifrons, 3 hybridized to entire C.
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Fig. 1. Karyotype of a female Callicebus ni-
grifrons (2n = 42; FN = 68) after GTG-
banding (a) and CBG-banding (b). The
corresponding human chromosomes iden- b 15
tified by chromosome painting are shown
on the right (a). Scale bar, 10 pum.
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nigrifrons chromosomes (HSA4, 6, and X) and 8 were
found in associations (HSA7,9, 11, 14,17, 18,20, and 21).
The remaining 12 human chromosome probes produced
2 (HSAL, 5,8, 12, 13, 15, 19, and 22), 3 (HSA3 and 10), or
4 (HSA2 and 16) hybridization signals each. Sixteen as-
sociations between human chromosomes were detected
in the C. nigrifrons karyotype: HSA2/16, 2/22 (twice), 3/8,
3/9, 3/15, 3/21, 7/15, 8/18, 10/11, 10/16, 12/19 (twice),
13/17, 13/20, and 14/15. No hybridization signals were
present in the constitutive heterochromatin regions re-
vealed after CBG-banding (Fig. 1b).

FISH with a telomeric probe (Fig. 3a) produced signals
at the termini of all chromosomes as already reported for
P. hoffmannsi, C. lugens, C. torquatus, and P. moloch [Bar-
ros et al., 2000; Rodrigues et al., 2001; Stanyon et al., 2003;
Dumas et al., 2005]. In addition, a strong signal was pres-
ent in the centromeric region of C. nigrifrons (CNI) 18.
Double FISH analysis using a telomeric and an alpha sat-
ellite probe simultaneously showed that both sequences
colocalized in the centromeric region of CNI18 (Fig. 3b).
This indicates that the formation of the (peri)centromer-
ic heterochromatin in this chromosome may have oc-

Chromosome Painting in Callicebus
nigrifrons

curred by the expansion of internally located telomeric
arrays [Ruiz-Herrera et al., 2008] in addition to the alpha
satellite.

Discussion

Our chromosome painting results were compared to
those from the 5 previously studied Callicebinae species
(Table 1) and other New World primates. The chromo-
some painting pattern in C. nigrifrons is closest to that of
C. personatus (CPE) [Rodrigues et al., 2011]. These 2 spe-
cies differ only slightly in diploid numbers, CNI (2n = 42)
and CPE (2n = 44), due to a fusion of CPE14 (HSA3a) and
CPE16 (HSA9) to produce CNI1. We also found the as-
sociation HSA13/17, which was not detected in C. per-
sonatus [Rodrigues et al,, 2011]. Additionally, we detected
the association HSA2/22 twice, whereas Rodrigues et al.
(2011] detected it only once. They did map a segment of
HSA2 to CPE21 where we found a second signal for
HSA22. Tt is likely that both of these associations were
previously missed.

Cytogenet Genome Res 3
DOI: 10.1159/000458748
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Fig. 2. a-j FISH with human chromosome-specific probes in Callicebus nigrifrons cells. Biotin-labeled probes
were detected with avidin-FITC (green) and digoxigenin-labeled probes with antidigoxigenin-rhodamine (red).
Inset HSA16 labeling CNI2 and CNI5. The metaphases were counterstained with DAPIL. HSA, human chromo-

somes. Scale bar, 10 pm.

Fig. 3. a FISH with a biotinylated telomeric probe detected with
neutravidin conjugated with rhodamine. b Double FISH with the
same telomeric probe and a digoxigenin-labeled alpha satellite
DNA probe detected with antidigoxigenin conjugated with FITC.
Inset CNI18 interstitial labeling by telomeric sequences. The
metaphases were counterstained with DAPI. Scale bar, 10 pm.

4 Cytogenet Genome Res
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Ancestral Callicebinae Karyotype and Test of

Evolutionary Scenarios

The comparison of the karyotypes of Callicebinae with
the putative ancestral Platyrrhini karyotype (APLK) al-
lows us to hypothesize that the ancestral Callicebinae
karyotype (ACK) had 2n = 48 (Fig. 4a). The data of Cal-
licebinae species already analyzed (Table 1) indicate that
the associations HSA2/22, 7/15, 10/11, and 22/2/22 as
well as the inverted HSA2/16 were found in all Callicebi-
nae and were thus considered present in the common an-
cestor of all titi monkeys [Stanyon et al., 2000, 2003; Bar-
ros et al., 2003; Dumas et al., 2005; Rodrigues et al., 2011].
We used the chromosome painting data in titi monkeys
to test the recent taxonomic conclusions and, in particu-
lar, the evolutionary scenario presented by Byrne et al.
(2016] showing that they were mutually supportive
(Fig. 4b).
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Four fusions (HSAlb/lc, 3c/8b, 13/20, and chromosome painting data in the remaining Callicebus

14/15a/3a/21) and 1 fission (HSA2a/22) are synapomor-
phies of Callicebus, as they are only present in the 2 spe-
cies of the genus painted so far. This result supports the
phylogenetic separation of Callicebus from the other Cal-
licebinae genera, as already proposed based on morpho-
logical, biogeographic, molecular, and cytogenetic stud-
ies [Kobayashi, 1995; van Roosmalen et al., 2002; Ro-
drigues et al, 2011; Byrne et al, 2016]. Additional

Chromosome Painting in Callicebus
nigrifrons

species are needed, especially in C. barbarabrownae and
C. melanochir, which have not yet been karyotyped, to
confirm the chromosome synapomorphies of the genus.

The HSA13/17 association may suggest a phylogenet-
ic link between Callicebus and the moloch group (Plec-
turocebus). The association HSA3/15 is shared by C. nig-
rifrons, C. personatus, and C. lugens, whereas HSA3/9 is
present in C. nigrifrons and C. lugens. These results sug-

Cytogenet Genome Res 5
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gest that Callicebus is probably closer to Cheracebus than
to Plecturocebus, supporting the phylogenetic arrange-
ment based on morphometry proposed by Kobayashi
[1995].

The association HSA22/2/22, reported in species of
Cheracebus and Plecturocebus [Stanyon et al., 2000, 2003;
Barros et al., 2003; Dumas et al., 2005], was fissioned in
Callicebus, giving rise to 2 chromosomes HSA2/22. The
derived inversion HSA22/2/22 was probably present in
the ancestral of Callicebinae, as it is present in Cherace-
bus, which diverged from the other Callicebinae lineages
approximately 11 MYA [Byrneetal.,2016]. HSA2/16/2/16
and HSA10/11 are present in the 3 genera of Callicebinae,
but they are found twice in C. lugens, indicating fissions
in the Cheracebus lineage [Stanyon et al., 2003].

The split of HSA1 into 3 blocks was proposed to be
present in the APLK. In Callicebinae, 3 blocks of HSA1
are found only in Plecturocebus. The segments HSA1b
and 1c are fused in Callicebus [Stanyon et al., 2003; Ro-
drigues etal., 2011]. The synteny of HSA4 is conserved in
most Callicebinae, but it is split into 2 blocks: in P. dona-
cophilus and P. cupreus (Table 1).

The fission of HSA5 into 2 chromosomes probably oc-
curred in the common ancestor of Callicebus and Plec-
turocebus. Thereafter, a second fission between a segment
of HSA5 and 7a, followed by a fusion involving HSA7a
and the association HSA7b/15b probably occurred in the
ancestral lineages of Callicebus and P. pallescens. An in-
verted HSAS5/7a (HSA7a/5/7a/5) was then associated
with HSA9 in P. donacophilus and P. cupreus
(HSA9/7a/5/7a/5). Furthermore, a segment of HSAS5, re-
sulting from the fission of HSA5/7a, fused with HSA10/11
in P. cupreus. HSA8a and HSA8b/18, present in APLK
and ACK, are found in Plecturocebus.

HSA8b/18 is fissioned in Cheracebus, and HSA8a is
fusioned to a segment of HSA3 in Callicebus. The ances-
tral Callicebinae association HSA10/16 is intact in P.
pallescens, inverted (HSA10/16/10/16) in P. donacophi-
lus, P. cupreus and in both Callicebus species studied and
divided into 3 segments in C. lugens. HSA12 and 19 are
conserved in APLK and ACK. A fusion between HSA12
and 19 probably took place in the common ancestor of
Plecturocebus and Callicebus. At least 1 inversion and a
fission involving the association HSA12/19 gave rise to 2
HSA12/19 segments in P. donacophilus, P. cupreus, and
in both Callicebus.

Our comparison of chromosome painting in C. nigri-
frons with those previously reported for other Callicebi-
nae allowed us to hypothesize an ACK with 2n = 48. This
hypothesis is preliminary because from the 33 recognized
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titi monkey species, only 6 have been painted with human
chromosome-specific probes. Moreover, although chro-
mosome painting has been extensively used to study pri-
mate chromosomes evolution, it is not effective in detect-
ing intrachromosomal rearrangements, which could in-
fluence our conclusion in the reconstruction of ACK.
Further molecular cytogenetic analyses will allow unveil-
ing further intra- and intergeneric variation, which will
help to make phylogenetic inferences in this still poorly
studied species-rich group.
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Abstract The Neotropical monkey genus Aofus (owl or
night monkeys) are among the most karyological diverse
primates of the world. Their diploid numbers range from
2n = 46 to 58, but even owl monkeys with the same
diploid number may have radically different karyotypes.
This karyotypic variability has provided precious informa-
tion for taxonomists and has a potential for aiding phylo-
genetic analysis of these primates. However, up to now
only three out of 11 species have been analyzed with
molecular cytogenetic methods. Here, we report on a
fourth species, A. infulatus. Females have a diploid num-
ber of 2n = 50 while males, due to a Y/autosome translo-
cation, have 49 chromosomes. We provide a complete
map of chromosome homology between humans and
A. infulatus. Comparisons with previous reports allowed
us to propose a putative ancestral karyotype of the genus
(2n = 52) and to deduce the rearrangements that were
involved in the origin of each species chromosome com-
plement. Integration of chromosome painting and banding
analysis suggests at least three chromosomes have evolu-
tionary new centromeres that appeared during the diver-
gence of these four owl monkey species.
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Introduction

Cytogenetic data, especially comparative chromosome painting,
have proved to be very useful for elucidating essential aspect of
genome organization and evolution in New World monkeys
(NWM; de Oliveira et al. 2012). These studies, together with
morphological and molecular data, can also contribute to conser-
vation programs through species identification, including the rec-
ognition of otherwise cryptic species within taxa (Stanyon et al.
2004). An excellent example is the genus Aotus, known as owl or
night monkeys, originally believed to be a single species,
A. trivirgatus (Hershkovitz 1949). Based on karyotype, pheno-
typic characters, and geographical distribution, Hershkovitz
(1983) recognized nine species of owl monkeys and more recent-
ly, Menezes et al. (2010), using mitochondrial and nuclear DNA
sequence data allied with karyotypic and biogeographic data,
proposed the division of Aofus into 11 species.

Since the 1970’s extensive cytogenetic studies have shown
that Aotus displays high karyotypic variability with at least 18
different karyotypes and diploid numbers ranging from
2n = 46 to 58 (Ma 1981; Ma et al. 1985; Pieczarka et al.
1993; Torres et al. 1998). Centric fusions/fissions and
pericentric inversions have been described as the predominant
events of chromosomal reorganization in the genus (Ma 1981;
Ruiz-Herrera et al. 2005). In addition, uneven diploid numbers
due to translocations between the Y chromosome and an au-
tosome have also been found in some species (Ma et al. 1976;
Ma 1981; Pieczarka and Nagamachi 1988; Pieczarka et al.
1993). The Y chromosome was found translocated onto the
short arm (as in A. nigriceps) or interstitially into the long arm
(in A. azarae) of autosomes (Ma 1981).
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Up until now, only three Aofus species were analyzed by
molecular cytogenetic methods: an unidentified species Aofus
sp. (2n = 50), A. nancymaae (2n = 54), and A. griseimembra
(2n = 54) (Stanyon et al. 2004, 2011; Ruiz-Herrera et al. 2005).
These species shared the associations of the homologues of hu-
man chromosomes (HSA) 1/3, 1/16, 2/20, 3/21, 4/15, 5/7, 7/11,
10/11, 16/22, and the inverted synteny HSA 14/15/14/15 in ad-
dition to the disruptions of the syntenic associations HSA 2/16
and 10/16, both present in the supposed ancestral Platyrrhini
karyotype (APLK, Table 1). Chromosome paints of Lagothrix
lagothrica were also hybridized to A. nancymaae metaphases
and the results showed that this karyotype was highly shuffled
with at least 14 fissions and 13 fusions required to derive it from
the APLK (Stanyon et al. 2004).

The extensive karyological variability of the genus Aofus
suggests that more detailed molecular cytogenetic data, in-
cluding sampling still unstudied species, may yield important
data on its phylogeny and taxonomy, both between Aofus
species and between Aofus and other NWM taxa. In this re-
search, we used human chromosome-specific probes to map
the karyotype of A. infulatus, aiming to contribute to the
knowledge of Aotus chromosome diversification.

Material and Methods

We analyzed the karyotypes of a male and a female Aotus
infulatus housed at the Fundacdo Zoo-Botanica de Belo
Horizonte, Minas Gerais state, Brazil. Cytogenetic analyses were
performed on chromosome preparations obtained from fibroblast
cultures, following standard procedures (Stanyon and Galleni
1991). GTG-, CBG-banding patterns, and silver-staining of the
nucleolar organizer regions (Ag-NORs) were carried out accord-
ing to Seabright (1971), Sumner (1972), and Howell and Black
(1980), respectively.

Fluorescence in situ hybridizations (FISH) were performed
with human chromosome-specific probes prepared by DOP-
PCR from flow sorted chromosomes by PCR amplification and
labeling, as previously described by Dumas et al. (2005). FISH
using a synthesized biotinylated telomeric sequence
(TTAGGG),4 (Invitrogen) was performed in conditions similar
to those described in Aratijo et al. (2014). Digital images were
captured under a Zeiss Axioimager 2 epifluorescence micro-
scope coupled with a CCD camera.

All data generated or analyzed during this study are includ-
ed in this published article.

Table 1 Associations of human

autosomes detected by Human A. nancymaael‘2 Aotus sp.2 A griseimembra3 A irgﬁclatus“1
chromosome painting in Aofus Autosomes (2n=54) (2n=50) (2n=54) (2n=50)
173 + + + +
1/16 + + + +
277 +
2/12 + +
2/16
2/20 + + + -
3/14 +
321 + + + +
4/15 + + +
5/7 + + + +
5/15 + + +
7/11 + + + +
8/18 + + +
9/15 + +
9/17 +
10/11 + + + +
10/16
10/22 + + +
11/19 +
14/15 + -
14/15 +
16/22 + + + +

! Stanyon et al. (2004); * Ruiz-Herrera et al. (2005); ® Stanyon et al. (2011); * Present study

Associations in bold are present in the hypothetical ancestral Platyrrhini karyotype
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Results

The diploid numbers of the specimens analyzed were 2n = 49
(male) and 2n = 50 (female). The karyotype was composed of ten
pairs of biarmed chromosomes and 14 acrocentric pairs; the X
was submetacentric and in the male, the Y chromosome was
apparently translocated to the short arm of chromosome 16
(Fig. la). After comparing the GTG-banding pattern with the
literature, we confirmed that the specimens were Aotus infulatus.
CBG-banding revealed pericentromeric constitutive hetero-
chromatin blocks in all chromosomes (Fig. 1b). Additionally,
chromosome pairs 10-24 had heterochromatic short arms, pair
7 presented heterochromatin in the telomeric region, and the
translocated Y/16 chromosome showed interstitial bands on the
short and long arms. Pair 9 had a large AgNOR-bearing inter-
stitial secondary constriction in its long arm (Fig. 2a). The
telomeric probe produced signals at the termini of all chromo-
some arms and additional interstitial signals were also found at
the centromeric region of chromosome pairs 6 and 7 (Fig. 2b).
All the human chromosome-specific probes, except the Y,
produced bright signals on the A. infulatus metaphases. We
were able to produce a complete map of homology with hu-
man chromosomes (Figs. la and 3). A total of 41 conserved
segments were found on the haploid set of A. infulatus.
Eleven human chromosomes were conserved in
A. infulatus. Seven painted only one A. infulatus counterpart
(HSA 6,9, 12, 13, 17, 19, and X), and four (HSA 18, 20, 21,
and 22) were conserved but were associated with other auto-
somes. The HSA 14 paint hybridized to a single chromosome,

in association with HSA 15, but it was divided into two blocks
due to an inversion. Multiple hybridization signals were ob-
served with the probes of the other human autosomes: HSA 4,
8. 10, 11, and 16 labeled two pairs of A. infulatus each; and
HSA 1, 2, 3, 5, 7, and 15 were split into three or more seg-
ments. The following syntenic associations of human chromo-
somes were found: HSA 1/3, 1/16, 2/7, 2/20, 3/21, 4/15, 5/7,
5/15 (twice), 7/11, 8/18, 10/11, 10/22, 15/14/15/14, and 16/22
(Table 1, Fig. 1a). Hybridization signals were not detected in
the constitutive heterochromatin regions revealed after CBG-
banding (Fig. 1).

Discussion

Centric fusions/fissions and pericentric inversions proposed
based primarily on banding were described as important
mechanisms of chromosome reorganization in the night mon-
keys (Ma 1981; Ruiz-Herrera et al. 2005). Our FISH experi-
ment with a telomeric probe showed signals in the centromeric
region of A. infulatus pairs 6 and 7. The interstitial labeling on
pair 6 may indicate a chromosome rearrangement, probably a
fusion between HSA 10 and HSA 11. The signal on pair 7
may be related to a pericentric inversion of the conserved
segment homologous to HSA 20. The absence of interstitial
telomeric sequences in the remaining chromosomes may be
due to the loss of these sequences during rearrangements or to
the small number of (TTAGGG),, repetitions, which could not
be detected by FISH. Mudry et al. (2007) analyzed the

Fig. 1 Karyotype of a female a
Aotus infulatus (2n = 50) after (a) \ ’ I‘ Bor e J1i¢ e
& g 1 20
GTG- and b CBG-banding. The 9 T: H |2 H |, "W H’i TR E 2 JaB el .,
corresponding human 13 RRA '|z ' Le S8 Slje
chromosomes revealed after b 2 3 4 & ¢ 7 8 9 10
chromosome painting are shown Q%
on the right in a. The male sex BHI T T ’i. 8 Y 'z "e o= 22
= : .
chromosomes (2n = 49) are l”‘ !!I’ i i 8”' gil’ lll" Rl B“’ "l’
shown in the insets. Bar = 10 pm 1 12 13 14 15 16 17 18 19 2
o3 - 2s =
L
Ak, Gl BIr R, 8l :
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Fig. 2 Cells of a female Aotus a
infulatus (2n = 50) after a silver

staining of the nucleolus

organizer regions (Ag-NORs) and

b FISH with a telomeric probe.

Note the Ag-NORs on pair 9.

Bar= 10 um

karyotype of A. azarae after FISH with a telomeric sequence

and observed a strong signal at the pericentromeric region of

pair 5, which they related to a fusion.
As previously shown for other Aotus, our specimens had
only one pair bearing NORs in its long arms. This metacentric

Fig. 3 FISH with human
chromosome-specific probes onto
Aotus infulatus cells. Biotin-
labeled probes were detected with
avidin-FITC (green signals) and
digoxigenin-labeled probes, with
antidigoxigenin-rhodamine (red
signals). All metaphases were
counterstained with DAPL.

Bar= 10 um

HSA 8

HSA 17
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pair is considered a marker chromosome characteristic of the
genus Aotus (Torres et al. 1998).

The CBG-banding patterns reported for Aotus species, in-
cluding A. infulatus, revealed heterochromatin located at
pericentromeric regions of all biarmed pairs and also

HSA 22

HSA 20
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composing the short arms of acrocentrics (Torres et al. 1998;
Prakhongcheep et al. 2013). These heterochromatic portions
are rich in at least four different families of satellite DNAs,
which would be involved in Aofus chromosome diversifica-
tion (our unpublished data).

The Y-Translocations in Owl Monkeys

The male analyzed had 2n = 49 due to a translocation of the Y
with an autosome, identified as chromosome 16, which result-
ed in radically different morphologies between homologs in
the male. Chromosome 16 is homologous to part of HSA 3q
(unpublished data). This segment, called HSA 3a, is believed
to be present in the ancestral Platyrrhini karyotype (APLK,
Fig. 4). Y-autosome translocations have been previously de-
scribed based on GTG- and CBG-banding in A. azarae
boliviensis, A. A. azarae, A. infulatus, and an unidentified
“Aotus from Ronddnia” (all with 2n = 49 in males and
2n = 50 in females), and in A. nigriceps (2n = 51 M/52F)
(Ma et al. 1976; Ma 1981; Pieczarka and Nagamachi 1988;
Pieczarka et al. 1993). After comparing the banding patterns
of the Y/16 of our A. infulatus with these previous accounts,
we concluded that the same autosome seems to be involved in
the rearrangement, which can thus be hypothesized to have
occurred in a common ancestor before the divergence of these
species (Pieczarka and Nagamachi 1988; Pieczarka et al.
1993). This hypothesis will need to be tested using other mo-
lecular cytogenetic methods and eventually sequencing.

Implications for Chromosome Evolution in Aotus

We then compared our banding and hybridization results with
those previously published for Aotus and other New World
monkeys. The proposed APLK has 2n = 54 (Stanyon et al.
2003) and is composed by eleven conserved homologues of
human chromosomes (HSA 4, 6,9, 11,12, 13,17, 19, 20, 22,
and X), from which only six (HSA 6, 9, 12, 13, 17, and 19)
were found undisrupted in A. infulatus (Fig. 1a). In this spe-
cies, HSA 4 and 11 were split into two segments, whereas
HSA 20 was found in association with HSA 2, and HSA 22
with HSA 16 and 10. The presumed APLK associations 3/21,
5/7,8/18, and 14/15 were found in A. infulatus, but HSA 2/16
and 10/16 were absent (Table 1, Fig. 1a). Instead, A. infulatus
has the association HSA 10/22/16, which may indicate an
insertion or a fusion of the NWM ancestral HSA 10/16 with
HSA 22, followed by an inversion.

After comparisons of the four Aotus painted karyotypes, we
confirmed that they share seven derived associations, which are
absent in the APLK: HSA 1/3, 1/16, 2/20, 4/15, 7/11, 10/11,
16/22, and an inversion of HSA 14/15 resulting in HSA 14/15/
14/15 (Table 1). Additionally, A. sp., A. infulatus and
A. nancymaae share two derived associations (HSA 5/15 and
10/22), whereas A. sp. and A. nancymaae both have in common

HSA 2/12 and 9/15. These cytogenetic data show that while A.
griseimembra has the complement that most likely resembles
that of the common ancestor of the four analyzed species, the
karyotypes of A. sp. and A. nancymaae are more closely related
to each other than either is to that of A. infulatus. Thus, the
karyotype of an ancestor of these three species probably incor-
porated further rearrangements after the divergence of A.
griseimembra. Furthermore, the association HSA 2/7 was
found exclusively in A. infulatus, whereas HSA 3/14 and
9/17 were restricted to A. nancymaae and HSA 11/19 was
exclusive to A. griseimembra (Table 1; Fig. 4).

The four Aotus species analyzed by chromosome painting
shared the following features: (a) the conservation of HSA 6,
12, 13, 18, 19, 20, 21, 22, and X; (b) the presence of the
APLK associations HSA 3/21, 5/7, 8/18, 14/15, and the fission
of HSA 2/16; (c) and the common associations HSA 1/3/21,
1/16, 2/20, 4/15, 5/7/11/10, 10/22/16, and the inverted HSA
14/15/14/15. Based on this comparison among Aotus karyotypes
and with the APLK, we suggest that the putative ancestral Aofus
karyotype may have had 2n = 52 chromosomes and would be
composed of: (a) the conserved chromosomes 6, 9, 12, 13, 17,
18, 19, 20, 21, 22, and X; (b) the associations HSA 1/3/21, 1/16,
2/20, 4/15, 5/7/11/10, 8/18, 10/22/16, and 14/15/14/15; (c) two
pairs homologous to HSA 4, 5, 8, 10, 15, and 16 each; and (d)
three pairs homologous to HSA 1, 2, 3 and 7 each (Fig. 4).

Aotus griseimembra apparently had the least derived kar-
yotype. The differences between the A. griseimembra karyo-
type and the putative ancestral karyotype of Aotus was a fu-
sion between the homologues of HSA 11 and 19 and two
fissions: HSA 8/18, causing a loss of the association, and
HSA 10/22/16, producing segments homologous to HSA 10
and HSA 16/22 (Fig. 4).

The other three species of Aotus are hypothesized to have
karyotypes derived from a common ancestral karyotype after
the divergence of A. griseimembra. The homologous associa-
tions HSA 4/15/5 and 5/15 may be explained by a fusion of
the ancestral HSA 4/15 and 5, followed by the disruption of
HSA 4/15/5 originating the HSA 5/15 (Fig. 4). Moreover, in
the A. infulatus karyotype two fusions (HSA 2 and 7 and HSA
3 and Y) explain the main differences detected by chromo-
some painting, suggesting a possible chromosome marker.

The common ancestor of A. sp. and A. nancymaae probably
had the synteny HSA 2/12. Complex rearrangements involving a
segment homologous to HSA 15 and HSA 9 probably occurred,
giving rise to the two HSA 9/15 associations. Only A. sp. had the
HSA 7/11 association, indicating a possible phylogenetic marker.
A fission of a segment of HSA 17 followed by a fusion to the
presumed association HSA 9/15 apparently gave rise to the as-
sociation HSA 15/9/17 in A. nancymaae (Fig. 4). In addition,
fusions/fissions between the homologous segments of HSA 3
and HSA 14/15/14/15 would explain the origin of
A. nancymaae chromosome 15 (HSA 3/14/15/14), 22 (HSA 3)
and 24 (HSA 14/15) (Fig. 4).
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Aotus nancymaae
2n=54
Stanyon et al. (2004); Ruiz-Herrera et al. (2005)

Aotus sp.
2n=50

Aotus griseimembra
2n=54
Stanyon et al. (2011)

Aotus infulatus
2n=49/50
Present study
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Ancestral Platyrrhini karyotype

1a 1b 1c 2a 2b/16a 3a 3b 3c/21 4 5/7a 6 7b 8a 8b/18 9 10a 10b/16b 11 12 13 14/15a 15b 17 19 20 22 X Y

Fig. 4 Hypothetical series of transformations showing the karyotype
evolution of Aotus sp., A. nancymaae, A. infulatus, and
A. griseimembra from the proposed ancestral karyotype of night

Ma (1981) on the basis of banding proposed an ancestral
Aotus karyotype with 2n = 54, presumably that found in
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monkeys (2n = 52) and Platyrrhini (2n = 54), based on the
correspondence with human chromosomes. A color code for each
human chromosome is shown on the bottom right

A. nancymaae. However, our analysis shows that
A. nancymaae has the most derived karyotype, with only three
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human homologues conserved without disruption or associa-
tion (HSA 6, 13, and 19) and 17 derived associations absent
from the APLK (Stanyon et al. 2004; Ruiz-Herrera et al.
2005). Instead, we hypothesize that of the four species studied
with chromosome painting A. griseimembra has the karyotype
that is closest to the ancestral karyotype.

Chromosomal Link between Aotus and Other NWM

The phylogenetic position of Aofus has long been controver-
sial. Recently based on Alu insertions and nuclear DNA in-
formation, Aotus was placed in the family Cebidae (Osterholz
etal. 2009; Perelman etal. 2011; Springer etal. 2012; Kiesling
et al. 2014). However, our data do not show any derived
chromosome characters linking Aofus to any Cebidae.
Nevertheless, a recent description of the organization of hu-
man chromosomes HSA 14 and 15 (found associated in
NWM) based on FISH experiments with BACs corroborated
this link (Capozzi et al. 2016). The authors of this study
showed that A. lemurinus and Callithrix jacchus share a
pericentric inversion, which gave rise to a biarmed chromo-
some, corresponding to the homologous HSA 14/15. These
data provide a weak link between Aotus and other Cebidae.

Possible Evolutionary New Centromeres in Aofus

From this comparison, it could be hypothesized that in addi-
tion to traditional chromosome rearrangements such as fis-
sions, translocations, and inversions, centromere repositioning
(neocentromere formation) may have also played an important
role in Aotus chromosome evolution. For example, the coun-
terpart of the submetacentric HSA 12 is acrocentric in
A. infulatus and in A. griseimembra. The metacentric HSA
19 has an acrocentric correspondent in A. sp. and is submeta-
centric in A. infulatus and A. nancymaae. Finally, the human
syntenic association HSA 1/16 corresponds to a metacentric
chromosome in A. sp., A. nancymaae, and A. griseimembra,
but is acrocentric in A. infulatus. In all these cases the GTG-
banding patterns seem conserved between species, suggesting
the occurrence of centromere repositioning.

Although chromosome painting provides information
about interchromosomal rearrangements, intrachromosomal
changes are usually undetected. Therefore, high- resolution
molecular cytogenetic approaches using cloned DNA probes,
such as BACs, should provide a better understanding of the
mechanisms involved in the changes of these chromosomes.

Conclusion
Our study showed that A. infulatus has a highly rearranged

karyotype when compared to the APLK. It would be of the
utmost interest to use molecular cytogenetics in analyses of

additional Aotus karyotypes, which could provide important
information for better understanding the phylogenomics of
this complicated New World monkey.
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3.2. Capitulo 2: Identificacdo e Caracterizacdo de um DNA Satélite Subtelomérico em
Callitrichini

Este capitulo é composto pelo artigo “Identification and characterization of a subtelomeric
satellite DNA in Callitrichini monkeys”, publicado no periddico DNA Research (doi:
10.1093/dnares/dsx010). O trabalho foi iniciado pela anélise do genoma de Callithrix jacchus,
disponivel online, com o RepeatExplorer, implementado na plataforma Galaxy, aléem de outros
programas utilizados para anélises de DNAs satélites. Identificamos um DNA satélite com
repeticdes de 171 pb, ainda ndo descrito em Callithrix jacchus. Aprofundamos entdo a
caracterizagdo deste DNA satélite, incluindo seu mapeamento em quatro espécies de
Callitrichinae.
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Abstract

Repetitive DNAs are abundant fast-evolving components of eukaryotic genomes, which often
possess important structural and functional roles. Despite their ubiquity, repetitive DNAs are
poorly studied when compared with the genic fraction of genomes. Here, we took advantage of
the availability of the sequenced genome of the common marmoset Callithrix jacchus to assess
its satellite DNAs (satDNAs) and their distribution in Callitrichini. After clustering analysis of all
reads and comparisons by similarity, we identified a satDNA composed by 171bp motifs,
named MarmoSAT, which composes 1.09% of the C. jacchus genome. Fluorescent in situ hy-
bridization on chromosomes of species from the genera Callithrix, Mico and Callimico showed
that MarmoSAT had a subtelomeric location. In addition to the common monomeric, we found
that MarmoSAT was also organized in higher-order repeats of 338 bp in Callimico goeldii. Our
phylogenetic analyses showed that MarmoSAT repeats from C. jacchus lack chromosome-
specific features, suggesting exchange events among subterminal regions of non-homologous
chromosomes. MarmoSAT is transcribed in several tissues of C. jacchus, with the highest tran-
scription levels in spleen, thymus and heart. The transcription profile and subtelomeric location
suggest that MarmoSAT may be involved in the regulation of telomerase and modulation of
telomeric chromatin.
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378 MarmoSAT: a subtelomeric satDNA of Callitrichini

1. Introduction

New World monkeys (NWM), infraorder Platyrrhini, represent a di-
verse group of neotropical primates, which are very important in
medical, genomics, and evolutionary studies. Among them, the mar-
mosets (tribe Callitrichini, family Cebidae) comprise a group of 21
species of Callithrix, endemic in the Atlantic forest, while Cebuella
and Mico are found in the Amazon rainforest.! Recent molecular
data support a strong relationship between Callithrix and
Cebuella + Mico, which are, in turn, sister groups to Callimico.* In
addition to the geographical separation, marmosets have different
diploid numbers (2n). Callithrix species have 2n =46, whereas both
Cebuella and Mico species have 2n =44."

Several studies have shown that NWM genomes are rich in repeti-
tive DNAs, most still uncharacterized. Among them, dispersed repeti-
tive sequences, such as transposable elements (TEs), are major
components of primate genomes.” For instance, the long interspersed
element 1 (LINE-1) and the primate-specific Alu element, a short in-
terspersed element (SINE), were considered as the largest contribu-
tors to the genome expansion in primates.6

Satellite DNA (satDNA) sequences, which are organized as long ar-
rays of head-to-tail tandem repetitions, are also abundant components
of primate genomes.” SatDNA monomers (repetitive units) form homo-
geneous arrays, usually enriched in regions of constitutive heterochro-
matin, and were hypothesized to be related to the maintenance of
centromeric function (reviewed by Plohl ez al.®). Multimers of the same
satDNA motif may exhibit high similarity to each other, even when the
individual monomers show considerable divergence. This organization
is referred to as higher order repeats (HORs). Simian centromeres are
mainly composed of a-satellite (AS) consisting of units of ~170bp in
the infraorder Catarrhini and ~340 or ~540 bp in NWM.” ! It was as-
sumed that the HOR blocks of AS was a unique attribute of hominoids.
However, Sujiwattanarat et al.'* have recently reported HORs in the
NWM Aotus azarae and C. jacchus. They suggested that this type of or-
ganization probably occurs in the AS of a wide range of simians.

SatDNAs do not code proteins but their transcription has been re-
ported in many organisms, including vertebrates, invertebrates and
plants (reviewed by Pezer et al.'?) where they were shown to partici-
pate in the formation of heterochromatin,'* centromeres’® and in
gene regulation.’® Chan et al.'” showed that AS transcripts are essen-
tial for the localization of mitotic centromere proteins including
CENP-C, determining the kinetochore structure on centromeric
chromatin during mitosis in humans.

In spite of the great biomedical and evolutionary interest of pri-
mates, their satDNAs have only been studied in a few groups.'® ! In
the common marmoset Callithrix jacchus, the only satDNA reported to
date is the AS DNA, located in the centromeres of all chromosomes.”!!

The recent availability of genomic data for C. jacchus provides an
excellent new opportunity to study how satDNAs are organized and
influence NWM genome evolution. In this study, we employed an in-
tegrated approach, using whole-genome sequence analysis and mo-
lecular cytogenetics, to get an in-depth insight into a new satDNA of
Callithrix, termed MarmoSAT. Our intention was to better under-
stand its evolution by analyzing an array of NWM genomes.

2. Materials and methods

2.1. Identification of satDNA in Callithrix jacchus and
sequence analysis

Similarity-based clustering, repeat identification, and classification
were performed using RepeatExplorer®” with whole-genome shotgun

(WGS) Illumina reads from a male C. jacchus (accession number:
SRR957684). This pipeline involves an all-to-all comparison of
Illumina reads by MEGABLAST and the grouping of similar reads in
clusters that represent unique repetitive DNA families. A minimum
of 55 nt overlap is required for clustering different reads. A total of
1540214 100 bp reads, representing ~5% coverage of the C. jacchus
genome were utilized in the analysis (Supplementary Fig. S1). All
clusters with an abundance of at least 0.01% that of the top cluster
were analysed in detail (Supplementary Table S1). As the reads uti-
lized represent a random sample of the genome, the abundance of a
given repetitive DNA family can be determined by the number of
reads present in that specific cluster divided by the total number of
reads utilized. The reads from each cluster are further aligned and
partially assembled to produce contigs to be used in repeat consensus
reconstruction and annotation. All contigs were compared with the
2324 Whenever a significant
number of reads from two distinct clusters match the similarity pa-

mammalian repeat library in Repbase.

rameters, RepeatExplorer indicates these clusters as ‘connected com-
ponent’, pointing to a potential relationship between the repeats.

C. jacchus MarmoSAT repeats were retrieved from this species se-
quenced genome by BLAST searches on the assembled genome
(accession number: ACFV00000000.1) using as query a consensus
sequence obtained from the RepeatExplorer analysis. Hits with e-val-
ues lower than 1 x 10~ were considered significant. Furthermore,
BLAST searches on C. jacchus WGS database present on NCBI were
used to retrieve long MarmoSAT arrays on unmapped contigs. In
some cases, the Tandem Repeats Finder®® program was used to help
in the delimitation of MarmoSAT monomers. The MarmoSAT ar-
rays analysed in unmapped contigs and in assembled chromosomes
files were carefully analysed through dot plots to determine the start
and end of each repeat. Dot plots were also used to check for similar-
ity between MarmoSAT and AS. These plots were generated with the
Dotlet application with a 15bp word size and 60% similarity
curoff.>

Multiple sequence alignments were performed using Muscle
4.0.>” The MEGA software version 5.05%* was used for the calcula-
tion of genetic distances and construction of Neighbor-Joining (NJ)
trees.

2.2. Samples, DNA extractions, PCR amplifications,
cloning and sequencing

Chromosome preparations and genomic DNAs were obtained from
fibroblast cultures of one male of each Callithrix penicillata, C. geof-
froyi, Callimico goeldii and Mico argentatus. Both Callithrix speci-
mens are kept by Dr Alan Lane de Melo in animal facilities at
Universidade Federal de Minas Gerais (permits 1/31/94/0000-8
and 3106.6995/2012-MG from IBAMA and 167/2006 from
CETEA/UEMG, revalidated on 16 March 2012). The M. argentatus
cells were provided by Dr Yatiyo Yonenaga-Yassuda from the
Universidade de Sao Paulo (Brazil).

AS and MarmoSAT were amplified by polymerase chain reaction
(PCR) from genomic DNAs of the three species with the following
primer sets: Alpha-F (ACAGGGAAATATCTGCTTCTAAATC) and
Alpha-R  (GCTTACTGCTGTTTCTTCCATATG); MarmoSAT-F
(ACAGAGTAGAATAGGGCATTG) and MarmoSAT-R
(CCAACTCAGTATGCTCTCTCATG). The MarmoSAT set of pri-
mers were designed from consensus sequences from an
unidentified C. jacchus satDNA. PCR reactions consisted of an initial
denaturation step of 94°C for 3 min, followed by 30 cycles at 94°C

for 60s, 55°C for 60s and 72°C for 60s and a final extension at

32



N.P. Aratjo et al. 379

72°C for 10 min. PCR products were excised from a 1% agarose gel
and purified with the Wizard SV Gel and PCR Clean-up System kit
(Promega). Selected MarmoSAT repeats were cloned using the
pGEM-T-Easy cloning kit (Promega). Recombinant plasmids were
sequenced on the ABI3130 platform (Myleus Biotechnology). The se-
quences generated in this study have GenBank accession numbers
KX686899 (MarmoSAT — Cebuella pygmaea), KX686900 and
KX686901 (MarmoSAT — Mico argentatus).

2.3. CBG-banding and fluorescence in situ
hybridization

CBG-banding was obtained according to Sumner.>’ The Callithrix,
Callimico and M. argentatus karyotypes were mounted following

1! and Dumas et al.,**

Sherlock et al.,>® Neusser et a
Fluorescence in situ hybridization (FISH) was performed using AS,

MarmoSAT and telomeric sequences as probes. The satDNA probes

respectively.

were prepared from PCR purified products labelled by nick transla-
tion with digoxigenin-11-dUTP (DIG-Nick Translation mix, Roche
Applied Science). A biotinylated telomeric sequence (TTAGGG),
(Invitrogen) was synthesized and used as probe for FISH.
Chromosomes were denatured in 70% formamide/2xSSC at 65%
for 1-2 min. The hybridization mix, consisting of 100 ng of labelled
probe in 50% formamide/2xSSC, was denatured for 10 min at 98°C
and applied to the chromosome preparations. Hybridization was
carried out at 37°C for 16-20 hours. Slides were washed in 2xSSC at
37°C for § min. Imnmunodetection was performed with antidigoxige-
nin conjugated with FITC and neutravidin coupled with rhodamine
(Roche Applied Science). The analyses and image acquisition were
performed under a Zeiss Axioimager 2 epifluorescence microscope
using the AxioVision software (Zeiss).

2.4, Transcription analysis

We investigated the transcription of MarmoSAT in several tissues of
C. jacchus using the RNA-seq data generated by the Non-Human
Primate Reference Transcriptome Resource (NHPRTR; Peng
et al.?’). These data are publicly available at NCBI under the
BioProject PRINA271912 and include total Ribo-Zero transcrip-
tomes for bone marrow, the left and right brain hemispheres, the pi-
tuitary, colon, heart plus thymus, heart only, kidney, liver, lung,
lymph node, muscle and spleen from a female marmoset.

The reads were mapped to a consensus sequence of MarmoSAT
using the ‘-sensitive-local’ preset of Bowtie2 implemented on the
Galaxy platform (http://usegalaxy.org; Langmead and Salzberg®*;
Giardine et al.>; Goecks et al.’®). The Neural Network Promoter
Prediction tool was used to investigate potential transcription start
sites within MarmoSAT (http://www.fruitfly.org/seq_tools/promoter.
html; Reese®”). Transcription of the abundant LINE-1 and Alu
elements was also examined as described above and compared
with that of MarmoSAT using the Spearman’s rank correlation
coefficient.

3. Results

3.1. Identification and characterization of MarmoSAT

We identified the most abundant families of repetitive DNAs pre-
sent in the C. jacchus genome using the similarity-based clustering
method implemented on RepeatExplorer.”> We found that highly
repetitive elements comprise ~15% of the common marmoset ge-
nome, mostly represented by TEs and satDNA families. LINE-like

elements represented the most abundant repetitive family, compris-
ing 6.7% of the genome and including 95,112 reads in 21 different
clusters. The second most abundant repetitive element, Alu-like/
SINE-like, spans 3.6% (54,301 reads) of the common marmoset ge-
nome. The AS DNA, the third most abundant repetitive family, rep-
resents 1.5% of C. jacchus genome (20,308 reads) and is organized
on three different clusters inside this species genome. The fourth
most abundant cluster of repetitive DNA was a still uncharacter-
ized tandem repeat named herein MarmoSAT, which represents
1.09% of the genome and is composed of 171bp AT-rich
(61%) motifs. Considering an estimated genome size of 3.4 Gb for
C. jacchus®® this new satDNA family would account for more
than 37 Mb or ~216,000 copies. MarmoSAT arrays were identified
in all assembled chromosome files, including the sex chromosomes,
and presented an average size of 2,223 bp, ranging from 296 bp on
chromosome 13 to 8,188bp on chromosome 3. The average
nucleotide divergence among repeats is 20.18%, ranging from
11.5% (on chromosome 14) to 39.1% (on chromosome 22)
(Supplementary Table S2).

The amount of MarmoSAT differed among the assembled chromo-
some files, but this variation may be related to technical limitations.
We also identified arrays present in different loci inside chromosomes
1,3,8,9,10,15, 16, 18, 19, and 21, whereas on chromosomes 8, 15,
16 and 21, MarmoSAT is organized as one single array interspersed
with several TEs insertions (Supplementary Table S3).

In order to investigate whether MarmoSAT repeats form long-
arrays, we performed BLAST searches on unmapped C. jacchus con-
tigs and retrieved the five contigs with the highest score values
(accession numbers: ACFV01174585.1, ACFV01176989.1,
ACFV01177303.1, ACFV01181345.1and ACFV01184555.1). As a
result, we obtained 492 copies of MarmoSAT with an average array
size of 99.8 copies per contig, suggesting the presence of long arrays
of MarmoSAT in the C. jacchus unmapped data.

Because MarmoSAT and AS repeat units have similar sizes
(~171bp), we performed extensive sequence comparisons with de-
scribed AS sequences from several primates, including C. jacchus and
humans, but dot plot analyses could not find any significant similar-
ity hits between the reads in the MarmoSAT cluster and the ones in
the ASor CarB clusters, indicating lack of homology (Supplementary
Fig. S2). Moreover, BLAST searches revealed no significant similarity
between this sequence and any other deposited in the GenBank or
RepBase databases.

In order to investigate the homogenization dynamics of
MarmoSAT related to their genomic location (from different arrays
or chromosomes), we constructed NJ phylogenetic trees using 458
copies extracted from all chromosome files, three BACs, one from
the X (accession number: AC146662.3) and two from the Y chromo-
some (accession numbers: AC243896.4 and AC243459.3), and 492
copies retrieved from unassembled contigs (Supplementary Fig. S3).
The resulting trees showed that MarmoSAT sequences were not clus-
tered in chromosome-specific branches. Similarly, the repeats found
in the three BACs did not cluster together with the assembled se-
quences of the corresponding X and Y chromosomes. We also pro-
duced chromosome-specific trees, but still could not find any array
specificity for MarmoSAT repeats (data not shown).

3.2. MarmoSAT flanking regions are enriched with Alu-
like and L1-Cja-like retrotransposons

Aiming to better understand the genomic distribution and possible
association with different genetic elements, we analysed 42 flanking
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regions (from 500 bp to 1 kb, when available) of the MarmoSAT ar-
rays found on the assembled chromosome files (Supplementary
Table S3). Our analysis revealed that TEs Alu-like and L1-Cja-like
were often associated with MarmoSAT arrays. We found 20 inser-
tions of Alu-like elements adjacent to MarmoSAT arrays, whereas
17 L1-Cja-like elements were found neighbouring MarmoSAT se-
quences. In contrast, we did not find AS sequences associated with
MarmoSAT. We found no preferential positions for TE insertion in-
side MarmoSAT monomers, and no micro-sequence similarities that
could indicate any insertion bias (data not shown).

We also found the subtelomeric satDNA family CarB, previously
described in M. argentatus,"’ flanking the 5° regions of MarmoSAT
arrays on chromosomes 14 and 16 (Supplementary Table S3), and
one copy flanking MarmoSAT in one BAC mapped on chromosome
Y (accession number AC243896.4). Interestingly, we identified CarB
as representing only 0.108% of the C. jacchus genome. We found
low copy numbers of CarB on chromosomes 1, 3-8, 13-20, and it
was absent on the other chromosomes.

3.3. Phylogenetic distribution of MarmoSAT

In order to ascertain the distribution of MarmoSAT in Cebuella pyg-
maea and Mico argentatus we amplified this sequence by PCR from
genomic DNAs of both species. The sequencing of cloned PCR prod-
ucts from both species confirmed the presence of MarmoSAT in their
genomes.

The distribution of MarmoSAT in other NWM species was veri-
fied by an in silico search using a MarmoSAT query against the
GenBank non-redundant nucleotide collection (NCBI). BLAST
13 correspond-
ing to satDNA CgoA (accession number: X52012.1), previously de-
scribed in Callimico goeldii.'® This 338bp satDNA family was
described as restricted to the C. goeldii genome after Southern blot
hybridizations with 70% stringency. Dot-plot analysis of the CgoA
repeat unit sequences showed that this satDNA is composed of two

searches retrieved one significant hit with e-value 2e

monomers (Fig. 1), one with 170bp (CgoA1l), and another with
168 bp (CgoA2). Pairwise sequence comparisons between CgoA
monomers revealed 32.9% nucleotide divergence, indicating a HOR
organization in C. goeldii. The comparison of CgoAl and CgoA2

Callithrix jacchus

171 bp

Callimico goeldii
HOR

338 bp

Figure 1.Schematic illustration of MarmoSAT repeat units of 171bp in
Callithrix jacchus and 338bp HOR of CgoA1 and CgoA2 units in Callimico
goeldii.

against MarmoSAT revealed 30.3% and 33.3% of divergence,
respectively.

We searched for MamoSAT in the outgroup species Aotus nancy-
maae and Saimiri boliviensis (accession numbers SRR1692997 and
SRR315548), but did not find homologous sequences. The absence of
MarmoSAT in the Aotus and Saimiri lineages suggests that this satDNA
family probably amplified after the split of Callitrichinae (Fig. 2).

3.4. Chromosomal location of MarmoSAT on
Callitrichini and Callimico

The chromosome location of MarmoSAT was investigated after FISH
on chromosomes from Callithrix penicillata, C. geoffroyi, Mico argen-
tatus and Callimico goeldii. CBG-banding was also performed in order
to compare the distribution of MarmoSAT in relation to the constitu-
tive heterochromatin in the four species (Figs 3A and C and 4).

The MarmoSAT probe hybridized to both subtelomeric regions of
all biarmed chromosomes in C. penicillata, with the exception of
pair 3 and the sex chromosomes, which had only their short arms la-
belled (Fig. 3B). Pairs 1 and 18 showed interstitial labelling on their
short and long arms, respectively, whereas pairs 16 and 17 had no
hybridization signals. C. geoffroyi chromosomes presented the same
hybridization pattern, with the exception of pair 15, which did not
display any signal (Fig. 3D). In M. argentatus, MarmoSAT sequences
were visualized on both ends of the biarmed pairs 3, 20 and in the
sex chromosomes; in the subtelomeric regions of the short arm of
pairs 10 and 21 and in the long arms of pairs 2, 5-7, 13 and 14. In
addition, interstitial signals were detected in the short arms of pairs 2
and 3 and in the long arms of pairs 5 and 14. Among the acrocentric
chromosomes, MarmoSAT sequences hybridized to the long arms of
pairs 15, 17 and 19 and to interstitial regions of pairs 15, 16 and 19
(Fig. 4A). In C. goeldii, MarmoSAT sequences were located at subte-
lomeric regions of the short and long arms of biarmed chromosomes,
with the exception of pair 11, which showed signals only on its long
arms. The acrocentrics had only their long arms labelled (Fig. 4B).

Since MarmoSAT had a telomeric localization, we also performed
double FISH with a telomeric probe (TTAGGG)4. Telomeric se-
quences were detected in all telomeres of the three species (Figs 3B,
3D and 4A) and co-localized with MarmoSAT in most chromosome
pairs. Additionally, the Y chromosomes of both Callithrix species
had their long arms completely labelled with the telomeric probe.

A search for sequencing reads that spanned the interface between
MarmoSAT and telomeric sequences on the Trace Archive File of C.
jacchus (http://www.ncbi.nlm.nih.gov/Traces/home/) revealed two
reads composed by MarmoSAT arrays adjacent to telomeric repeats.
In both cases, the telomeric repeats were in the terminal 3’ position,
indicating a subtelomeric location of MarmoSAT (Fig. 5).

Besides the MarmoSAT hybridizations, we also report for the first
time the chromosome location of AS in C. penicillata, C. geoffroyi,
M. argentatus and C. goeldii (Fig. 6). This satDNA is present in large
amounts in the (peri)centromeric regions of these marmosets’ chro-
mosomes, corroborating the bioinformatics analysis and previous cy-
togenetic studies of C. jacchus."!

3.5. MarmoSAT is transcribed on several tissues from
C. jacchus

We used the NHPRTR?? data to investigate the transcription of
MarmoSAT in the tissues of C. jacchus. This analysis revealed
MarmoSAT transcripts in all tissues surveyed albeit at very different
abundances (Fig. 7). The 13 tissues analysed displayed over 11-fold
variation in the transcription level of MarmoSAT, with a higher-
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Saimiri boliviensis

Aotus nancymaae

v
20 Mya
? Cebuella pygmaea

Mico argentatus

15 Mya
5 Mya

Callithrix jacchus

P Callithrix geoffroyi

8 Mya

—— Callithrix penicillata

———————————————————— ?Callimico goeldii
Figure 2. Possible evolutionary pathway of MarmoSAT and CarB amplification in Callitrichini and Callimico goeldii. Phylogenetic relationships are based on

Perelman et al.”. Colored branches indicate the presence of MarmoSAT (green, lighter color) and CarB (red, darker color) satellite DNA families. The traced lines
in the Callimico and Cebuella lineages indicate insufficient data to verify the hypothesis.
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Figure 3. Callithrix penicillata metaphases after (A) CBG-banding and (B) FISH with the MarmoSAT (green) and telomeric (red) probes. C-D show the results of
the same experiments in C. geoffroyi. Bar = 10 um. Colour visible in online version.

than-average transcript level in brain (left and right hemispheres), associated with MarmoSAT arrays, we also analysed their tran-
heart plus thymus, heart only and spleen (Fig. 7). scripts (Supplementary Table S3). L1 and Alu also displayed ubig-
Because we found no putative promoter regions in MarmoSA'T se- uitous transcription, but showed no significant correlation

quences, since L1 and Alu were the sequences most commonly with MarmoSAT transcription levels (Spearman’s R =0.24692
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Figure 4. Karyotypes of Mico argentatus after (A) CBG-banding and FISH
with MarmoSAT (green) and telomeric sequences (red) probes. In (B), CBG-
banding and FISH with MarmoSAT sequences probe in Callimico goeldii.
Bar =10 um. Colour visible in online version.
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Figure 5. Schematic representation of MarmoSAT repeats adjacent to telo-
meric repeats on reads gnl:1006135623 and gnl:1137852669 found in the
NCBI Trace Archive Files database.

and -0.1318, P=0.3733 and 0.6693, respectively), and only mod-
erate correlation with one another (R=0.4835 and P=0.097;

Supplementary Fig. 54).

4. Discussion

In this study, we identified a new satDNA with 171 bp monomers in
the common marmoset genome, which was named MarmoSAT.

Regardless of the same motif size, MarmoSAT and AS do not share
any sequence similarity or conserved structure that could suggest a
common origin (Supplementary Fig. S2). The presence of two non-
homologous complex satDNA families that share the same mortif size
was not previously reported in primates. It is possible that the con-
vergence to the same motif size reflects the optimal distance for nu-
cleosome positioning, as suggested by Henikoff et al.,’” indicating
that despite sequence heterogeneity, different satDNA families may
retain structural features important to heterochromatic domains in
C. jacchus.

4.1. Evolutionary turnover of subtelomeric satDNAs
MarmoSAT and CarB in Callitrichini

SatDNAs have been identified in the subtelomeric heterochromatin

of most marmoset chromosomes'” 0 In the Callithrix species
analysed herein we found MarmoSAT to be a major component of
these regions (Fig. 3). The hybridization of MarmoSAT and telo-
meric sequences showed very similar patterns in both C. penicillata
and C. geoffrovi, which may be explained by the recent diversifica-
tion of the clade (2.6 Mya).?

Together with the cytogenetic analysis, our searches on assembled
and WGS data of NWMs showed that MarmoSAT is
apparently restricted to Callithrix, Mico,

genomes
Callimico and Cebuella,
while CarB is present in Callithrix and Mico (Fig. 2). Therefore,
MarmoSAT and

19,20

CarB repeats, a satDNA previously described in
Mico species, were already present in the common ancestor of

Callitrichini and C. goeldii. The FISH experiments revealed that
MarmoSAT is more abundant in Callithrix and C. goeldii than in
Mico (Figs 3 and 4). Accordingly, F

Fanning et al.'® CgoA description

supports MarmoSAT high abundancy in C. goeldii. Altogether, these
results support the hypothesis that MarmoSAT sequences were prob-
ably abundant in the ancestor of Callitrichini and C. goeldii and re-
mained copious in Callithrix and Callimico. On the other hand,
CarB underwent amplification in Mico, as shown by Alves et al."”
and Canavez et al.,*® replacing MarmoSAT. This assumption is sup-
ported for instance by comparing the homologous M. argentatus
chromosome 4 and Callithrix chromosome 13, M. argentatus chro-
mosome 5 short arm and Callithrix pair 20, and M. argentatus chro-
mosome 18 and Callithrix 19, in which the Callithrix counterparts
showed MarmoSAT hybridization, whereas in M. argentatus chro-
mosomes there were large heterochromatic blocks mainly composed
of CarB.

The amplification of specific satDNAs was already reported in

v 5 ~ 8.40 . i ipe
Callimico and Cebuella."®*® In marmosets, the differential amplifica-
tion of unrelated satDNAs does not seem to affect karyotype stabil-

ity, as this group of NWMs has conserved karyotypes.

4.2. MarmoSAT subtelomeric arrays lack chromosome-
specificity

SatDNA repeats on the same array or chromosome tend to present a
higher level of sequence similarity to each other when compared
with those on non-homologous chromosomes.*"*** An NJ phyloge-
netic tree with 980 copies of MarmoSAT revealed that these se-
quences lack chromosome specificity (Supplementary Fig. S3). The
absence of differential homogenization for specific variants between
MarmoSAT subtelomeric arrays in C. jacchus could be the result of
exchange events between arrays and chromosomes. This hypothesis
is supported by data in chimpanze, in which it has been shown that
the subterminal regions of different chromosomes interact with each

other to form stable physical contacts in meiosis,** which may result
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Figure 6. FISH with a digoxigenin-labelled «z-satellite DNA in Callitrichini and Callimico goeldii cells. CPE = Callithrix penicillata, CGE = C. geoffroyi, MAR = Mico

argentatus, CGO = C. goeldii. Bar =10 ym.
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Figure 7. Transcription level of MarmoSAT in several tissues of a female
Callithrix jacchus. RPKM: Reads Per Kilobase Million.

in frequent DNA exchanges between chromatids. Moreover, Rudd
et al.** showed that in humans, 17% of all sister chromatid ex-
changes occur in the terminal ~100kb of chromosomes, translating
into a recombination rate on subtelomeric regions 160-fold larger
than in euchromatic regions.

4.3. MarmoSAT is present as HORs in Callimico goeldii
Another significant finding was the identification of MarmoSAT
organized in HOR structures in C. goeldii. Although HORs are ap-
parently common and widespread in primates,'®'? they are predomi-
nantly located at (peri)centromeric, rather than in subtelomeric
regions.” Herein we showed that the previously described copies of
CgoA satDNA'® are in fact two highly different monomers of
MarmoSAT organized in HORs (Fig. 1). Probably, the establishment

of a HOR organization occurred after the divergence of C. jacchus

and C. goeldii ~8 million years ago (Mya) (Fig. 2). Moreover, we ob-

served that the subtelomeric location of MarmoSAT is shared among
Callitrichini species and C. goeldii (Figs 3 and 4) This is the first re-
port of subtelomeric HORs in primates, indicating that HORs
sequences may be found in heterochromatic regions outside of
centromeres.

The example of HORSs in closely related species such as C. jacchus
and C. goeldii is illuminating since it shows that HORs may develop
over a relatively short period of evolutionary time. In contrast with
what was found in C. jacchus AS,'? the sequence similarity berween
C. goeldii CgoA1 and CgoA2 repeat units is considerably lower than
70%. This pattern is similar to the observed in previously described

21,46

HORs from primates and bovids.

4.4. Possible role for L1 in MarmoSAT dispersion
The presence of several MarmoSAT arrays adjacent to L1 opens the
possibility thart their dispersion could have been mediated by these
retroelements (Supplementary Table S3). Interestingly, we detected
many copies of MarmoSAT located interstitially on C. penicillata
and C. geoffroyi pairs 1 and 18 and M. argentatus pairs 2, 3, 3,
14-16 and 19 (Figs 3 and 4). In humans, it has been shown in vivo
and in vitro that the L1 can co-mobilize 3’ downstream sequences to
other genomic locations as the result of imperfect transcription
events’’. During the transposition event the transcription of an
L1-element may bypass its own polyadenylation signal utilizing a
second downstream polyadenylation site for 3’ end processing, lead-
ing to the transcription and later transposition of adjacent flanking
sequences. Even though most of Ll-elements have truncated se-
quences, these elements are still capable of retrotransposition,** sug-
gesting that even incomplete L.1s may play a role in such events.

The finding of Alu-like and L1-Cja-like flanking MarmoSAT may
have resulted from a bias in assembling repetitive DNAs with WGS
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dara, due to the high sequence similarity among repeats.*” In fact,
unmapped sequences have a low frequency of TEs insertions when
compared with the sequences present in assembled chromosomes.
We also observed that these TEs lack preferential insertion sites in
MarmoSAT arrays, either target sites or array positioning, indicating
a probable random nature for these events. For example, it has been
suggested that L1 elements have a cleavage site preference for se-
quences rich in AA|TTT,*® but we did not observe any insertion at
these specific sites. Although MarmoSAT sequences have three differ-
ent AA|TTT regions, the absence of TEs insertions may be affected
by the local chromatin structure.*! Alternatively, TEs loci inside
MarmoSAT sequences may have suffered several mutations resulting
in different sequences compared with the initial insertion regions.

4.5. Potential functional roles of MarmoSAT

Albeit being devoid of protein-coding capacity, satDNAs may pos-
sess structural and/or functional roles, usually via expression of non-
coding RNAs (ncRNAs; reviewed by Biscotti et al.*?). Interestingly,
we found MarmoSAT-derived transcripts in all tissues analysed (Fig.
7) and because this satDNA does not possess promoter regions we
conclude that its transcription is probably initiated in flanking se-
quences. The most frequent sequences flanking MarmoSAT arrays
are L1 and Alu retroelements, but MarmoSAT transcription levels
do not correlate with those from these elements (Supplementary Fig.
S4). Because of its abundance and presence in almost all chromo-
somes, MarmoSAT could be transcribed from a number of different
loci and have different promoters, inside or outside L1/Alu.

Besides the subtelomeric location determined by FISH, we found
Sanger sequencing reads that span both MarmoSAT and the telo-
meric repeats in C. jacchus (Fig. 5). ncRNAs containing telomeric re-
peats in mammals are known as telomere repeat containing RNAs
(TERRAs) and are thought to regulate telomerase and to modulate
telomeric chromatin throughout the cell cycle (reviewed in Luke and
Lingner®?). TERRAs transcription has been shown to start at subte-
lomeric repeats towards the chromosome ends in human, mouse and
yeast.”* ™ MarmoSAT abundance and location make it possible to
suggest that it could be part of TERRAs. Moreover, MarmoSAT ex-
pression profile is similar to the TERRA expression found in mouse,
with higher levels of transcripts in spleen, kidney and thymus.**
Although the results presented herein are suggestive of interesting
functional roles for MarmoSAT transcripts, the validity of these hy-
potheses must be assessed experimentally.

5. Conclusions

In this study, we identified with a combination of bioinformatics and cy-
togenetics, a subtelomeric satDNA, termed MarmoSAT, in the common
marmoset and provided insights into its organization and evolution.
Our data suggest that MarmoSAT originated in the common ancestor
of Callitrichini and Callimico goeldii. Interestingly, the MarmoSAT ar-
rays are organized in HORs in C. goeldii. We also propose that
MarmoSAT transcripts may play a role in telomeric chromatin.
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Supplementary data are available at DNARES Online.
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Material Suplementar

Supplementary Table S1. Description of the clusters retrieved from a sample of the sequencing reads of

Callithrix jacchus (NCBI/SRA accession n°: SRR957684) by RepeatExplorer.

Read Genome Proportion of Similarity -
Cluster number  Proportion [%]* hits to other clusters® Annotation
1 54301 3.53 0.0042 SINE.Alu
2 21125 1.37 2.479 LINE.L1/ Satellite
3d 20318 1.32 0.2087 Satellite.centr/ Satellite.Y.chromosome
4¢ 16748 1.09 0.0011 Unclassified
5 14660 0.952 5.071 LINE.L1
6 11087 0.72 4.675 LINE.L1
7 10899 0.708 9.479 LINE.L1/ Satellite
8 10776 0.7 15.66 LINE.L1/ Satellite
9 9725 0.631 5.383 LINE.L1
10 8167 0.53 9.899 LINE.L1
11 7552 0.49 12.73 LINE.L1
12 4010 0.26 6.394 LINE.L1
13 3533 0.229 0.0544 Unclassified
14 3527 0.229 0.8158 LINE.L1
15 2042 0.133 4.498 LINE.L1
16 1916 0.124 0.2371 Unclassified
17 1855 0.12 0.2195 Unclassified
18 1663 0.108 0.3681 Satellite/ L_INE.Ll/ LTR.ERVL/
Simple_repeat
LINE.L1/ SINE.Alu/ LTR.ERV1/
19 1556 0.101 0.1935 LTR.ERVL.MaLR/ Satellite
20 1423 0.092 0.5938 Unclassified
21 1073 0.07 20.62 LINE.L1
22¢ 1018 0.066 33.87 Satellite.Y.chromosome/ Satellite.centr
23 916 0.059 0 SINE.Alu/ snRNA
24 864 0.056 0 Unclassified
25 829 0.054 0 LTR.ERV.MaLR
26 818 0.053 0 Simple_repeat
27 806 0.052 0.4666 tRNA
28 801 0.052 3.347 LINE.L1
29 701 0.045 3.42 LINE.L1/ SINE.MIR
30 698 0.045 0.1103 SINE.MIR
31 624 0.041 0 LTR.ERV1
32 594 0.039 0.0098 DNA.hAT.Charlie
33 512 0.033 10.68 SINE.Alu
34 507 0.033 0 LTR.ERVL/LTR.ERV1
35 492 0.032 0.0961 LINE.L1/ Satellite
36 391 0.025 1071 LINE.L1/ SINE.Alu/

DNA.TcMar.Tigger/ SINE.MIR
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37
38
39
40
41
42
43
44
45
46
47
48

364
297
276
263
262
235
221
197
190
171
158
155

0.024
0.019
0.018
0.017
0.017
0.015
0.014
0.013
0.012
0.011
0.01
0.01

LTR.ERVL.MaLR
LINE.L1
LTR.ERV1
LTR.ERV1
SINE.Alu/ LINE.L1
LTR.ERVK
Simple_repeat
SINE.Alu/ LTR.ERV1
SINE.Alu/ LTR.ERVL/ Simple_repeat
rRNA
LTR.ERVL
srpRNA/ SINE.7SL

w
[y

\‘

(]
©

2Only clusters with an estimated coverage of at least 0.01% of the genome are included.

®This proportion indicates whether a significant number of reads from a given cluster also have similarity

with reads from outside clusters. It is a measure of uniqueness of the repeat family.

¢ Annotation is given as displayed in the RepeatExplorer output. Clusters with at least 3% of matching

similarity hits with known repeats are annotated accordingly (based on the mammalian repeat library of

Repbase). Anonymous clusters are marked as "Unclassified".

9These clusters represent the AS DNA, a known component of primate centromeres.

®This cluster represents the newly described MarmoSAT.
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Supplementary Table S2. Intrachromosomal average nucleotide variability between MarmoSAT

repeats in the assembled chromosome files of the Callithrix jacchus genome.

Nucleotide
divergence (sd)
Chromosome 1 0.189 (0.023)
Chromosome 2 0.229 (0.025)
Chromosome 3 0.213 (0.021)
Chromosome 4 0.260 (0.038)
Chromosome 5 0.154 (0.028)
Chromosome 6 0.296 (0.061)
Chromosome 7 0.191 (0.016)
Chromosome 8 0.116 (0.017)
Chromosome 9 0.282 (0.030)
Chromosome 10 0.201 (0.043)
Chromosome 11 0.209 (0.019)
Chromosome 14 0.115 (0.016)
Chromosome 15 0.207 (0.020)
Chromosome 16 0.209 (0.023)
Chromosome 17 0.272 (0.032)
Chromosome 18 0.283 (0.030)
Chromosome 19 0.234 (0.021)
Chromosome 20 0.226 (0.027)
Chromosome 21 0.227 (0.025)
Chromosome 22 0.391 (0.082)
Chromosome X 0.151 (0.018)
Chromosome Y 0.187 (0.030)
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Supplementary Table S3. MarmoSAT array size and flanking region sequence analysis according to

assembled chromosome files.

Chromosome Array Size (bp)  Flanking sequence Left Flanking sequence Right

1 3491 L2-NonLTR N
1BI2 1742 N MER4CL34/ERV3
2 3270 N Alul
3BIl 340 N Alu/L1-cja
3 BI2 8188 Alu N

4 838 N MIR/SINE
5 1085 AluS Ll-cja

6 519 AluSc AluS

7 4115 Alujb N

8 BI1 1303 N SVA_A/AluS
8 BI2* 1659 AluSg/AluSc L1Pall/L1Precl
8 BI3* 400 L1Pall/L1Precl N

9 BI1 1433 N N

9 BI2 2040 MIR -IAlu
9BI3 1145 N AluSg/AluSc
10 Bl1 418 L1M1 LINE1 L1IM1 LINE1
10 BI2 297 AluSp/L2 N

11 BI1 5840 - N

12 304 AluYb3al N

13 296 N L1PA15
14 2294 CarB N

15 BI1* 4196 AluS L1l-cja

15 BI2* 4244 L1-cja -/IMIRb

16 BI1* 4292 CArB N

16 BI2* 784 N L1IME1
16 BI3* 1054 L1IME1 L1PREC2
17 1615 N N

18 BI1 2879 N ERV2-1 CJ-I
18 BI2 3828 L1-1-Cja LTR78/Alu
18 BI3 366 N AluSc/L2
19 BI1 7802 L1-1-Cja N

19 BI2 6095 N AluJ/L2
19 BI3 688 AluSx1 L1-Cja

19 Bl4 2862 N ERV_Cja
19 BI5 3390 N N

20 1529 N L1IME_ORF2
20 557 N Alu

21 BI1* 1719 N L1-1-Cja
21 BI2* 1353 L1-1-Cja N

22 550 N AluSc

X 2206 N ERV-1_Cja-1
Y 377 N -/LIMC3

N = Gaps present on genome assemblage; Bl= Different MarmoSAT arrays located at distinct

chromosome positions; * MarmoSAT arrays disrupted by different transposable elements
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Supplementary Figure S1
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Supplementary Figure S1. Repeat families identified after clusterization of 1540214 lllumina reads with

RepeatExplorer. Each bar in the histogram represents a cluster of similar reads. The height of the bar

indicates the number of reads placed in that cluster, and the width represents the genomic proportion

encompassed by that cluster.
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Supplementary Figure S2
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Supplementary Figure S2. Dotplot analysis of MarmoSAT consensus sequence against C. jacchus (A) Alpha
Satellite DNA array of 462 bp (GenBank: FJ867339) and (B) CarB satellite sequence present on C. jacchus
unmapped contig ACFV01176763.1 evidencing the absence of sequence similarity between MarmoSAT and

previously described repetitive sequences.
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Supplementary Figure S3
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Supplementary Figure S3. NJ tree built with K2P showing all 980 MarmoSAT monomers extracted from

assembled chromosomes and unmapped contigs plus BAC clones with 1000 bootstrap replicates.

Bootstrap values higher than 80% are shown to assess support for nodes.
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Supplementary Figure S4
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Supplementary Figure S4. Transcription levels of Alu and L1 elements. Reference sequences used for
RNA-seq mapping with Bowtie2 are available in Repbase (http://www.girinst.org/repbase/) as AluSc and
L1-1_Cja. RPKM: Reads Per Kilobase Million.
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4, CONCLUSOES

Com o intuito de contribuir para a compreensdo da evolucéo cariotipica em primatas do
Novo Mundo, realizamos estudos comparativos, utilizando bandeamento GTG, CBG e pintura
cromossémica em Callicebus nigrifrons e Aotus infulatus. A andlise conjunta de nossos dados e
0s da literatura permitiram identificar ou confirmar sinapomorfias cromossdmicas em ambos 0s
grupos, assim como caracteristicas ancestrais, que sdo muito Uteis para auxiliar na resolucéo de
questdes sistematicas. Eventos de fusdo, fissdo e inversdo estiveram associados a variacdo
cariotipica dentro de cada género e entre cada um deles e outros Platyrrhini. Adicionalmente,
detectamos possiveis eventos de reposicionamento centromérico em Aotus, 0 que serd melhor
estudado com experimentos de FISH utilizando como sondas marcadores especificos dos
cromossomos envolvidos. Para testar as hipoteses que propusemos de evolugcdo cromossdémica
em Aotus e Callicebinae, serd necessario ampliar o nimero de espécies, ja que ainda ha espécies
de Callicebus cujo cariétipo é totalmente desconhecido e das 11 espécies reconhecidas de Aotus,
apenas quatro tiveram seus cromossomos investigados por pintura cromossémica.

As sinapomorfias cromossdmicas observadas em Callicebus (quatro fusées — HSA 1b/1c,
3c/8b, 13/20, 14/15a/3a/21 — e uma fissdo — HSA 2a/22) apbiam estudos previos que utilizaram
dados morfoldgicos, biogeograficos e moleculares, que propuseram a separacao de Callicebus de
Cheracebus e Plecturocebus. Em Aotus, por outro lado, as sinapomorfias detectadas devem ser
Uteis para auxiliar o esclarecimento de questfes taxondmicas e filogenéticas envolvendo o
género. Por exemplo, associa¢Oes especificas foram observadas para as espécies A. infulatus
(HSA 2/7), A. nancymaae (HSA 3/14 e 9/17), Aotus sp. (HSA 7/11) e A. griseimembra (HSA
11/19). Além disso, associacdes derivadas compartilhadas entre as espécies analisadas, sugeriram
uma maior proximidade entre Aotus sp. e A. nancymaae, em relacdo a A. infulatus, e destas trés
espécies em relacdo a A. griseimembra.

De forma geral, no artigo do capitulo 2 desta tese, identificamos e caracterizamos 0 DNA
satélite MarmoSAT, presente no genoma de espécies da tribo Callitrichini. Como mostrado
anteriormente em experimentos de pintura cromossémica (Neusser e col. 2001), espécies de
Callitrichini apresentam cariotipos bastante conservados e, ao que parece, a amplificacdo
diferencial de MarmoSAT e CarB parece nédo afetar a estabilidade cromossdémica na tribo. Apesar

da diversificagdo recente de Callitrichini (Schneider e Sampaio 2015) e da conservagédo
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cromossémica, 0 MarmoSAT mostrou localizagBes diferentes entre os homologos das espécies
testadas e um padrdo de organizacdo estrutural variavel (monomérico em Callithrix, Cebuella e
Mico e HOR em Callimico). As analises de transcri¢cdo nos levaram a sugerir que 0 MarmoSAT
pode ter alguma funcdo telomérica.
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6. ANEXOS

6.1. Métodos

6.1.1. Técnicas de obtencéo de preparacdes cromossémicas
Obtencdo de preparacdes cromossdmicas a partir de cultura de linfécitos de sangue
periférico
Este procedimento utiliza o0 método de cultura in vitro para proliferacdo de linfocitos do
sangue periférico. Os linfocitos sdo induzidos a divisdo pelo uso de um mitdgeno (concanavalina
A ou fitohemaglutinina), que faz com que os linfocitos-T entrem em mitose. O indice mitdtico
méaximo, em geral, é alcangcado com 72 horas ou 96 horas. As culturas sdo colhidas apds terem
sido tratadas com colchicina ou colcemida, o qual interrompe o ciclo celular em metéfase. Nesta
tese, utilizamos esta técnica para obtencdo de preparagdes cromossdmicas da fémea Callicebus
nigrifrons (Capitulo 1).
1. Preparar 5 mL de meio de cultura em tubo Falcon e adicionar 300 a 500 pL de sangue
total.
O meio de cultura é composto por meio RPM1 (4 mL), 15% de soro fetal bovino (750
pL), 1% de antibidticos penicilina e estreptomicina (100 U/mL) e 25 pL de concanavalina
A (10 mg/mL). O pH do meio é ajustado para 7,0, utilizando hepes (&cido) ou bicarbonato
de sodio (basico).

2. Homogeneizar os tubos Falcon e manté-los em uma estufa a 37 °C por 72/96 horas;

.

Apb6s o periodo de incubacdo, segue-se as etapas de colheita das células. Para isso,
adicionar 5 pL de colcemida (10 pg/ml) a cultura;

Homogeneizar o tubo Falcon e manté-lo na estufa por uma hora;

Centrifugar o tubo Falcon por 10 minutos a 1000 rpm;

Retirar o sobrenadante;

N o g &

Ressuspender a amostra em 10 mL de solugdo hipotonica (KCI 0,075 M), adicionada
lentamente;

8. Deixar as células em hipotdnica no banho-maria, 37 °C, por 15 minutos;

9. Adicionar 500 pL de fixador (metanol:&cido acético 3:1) e homogeneizar por inversao;
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10. Centrifugar por 10 minutos a 1000 rpm;

11. Fixar o material com 5 mL de metanol:acido acético (3:1) lentamente;

12. Manter as amostras em temperatura ambiente por 20 a 30 minutos;

13. Centrifugar por 10 minutos a 1000 rpm;

14. Desprezar o sobrenadante e ressuspender o material em fixador fresco. Repetir este passo

duas ou mais vezes, até a preparagdo parecer limpa;

15. Ressuspender em fixador e pingar as preparacdes em laminas limpas.

Obtencéao de preparagfes cromossomicas a partir de cultura de fibroblastos

A técnica de cultura de fibroblasto foi descrita em Stanyon e Galleni (1991). Nesta tese,

utilizamos esta técnica para obtencdo de preparacbes cromossomicas das espécies Aotus

griseimembra, A. infulatus, A. nancymaae, Callimico goeldii, Callithrix geoffroyi, C. penicillata

e Mico argentatus.

Para a coleta do material:

1.
2.

Lavar rapidamente o tecido com alcool 70%;

Transferir o tecido para um eppendorf contendo 1,5 mL de meio de cultura DMEM com
5% de soro fetal bovino, fungizon (anfotericina B, 2 pg/mL), estreptomicina (100 pg/mL)
e penicilina (100 pg/mL);

No laboratério:

3.
4.
S.

6
7
8.
9

Lavar o tecido quatro vezes em solucdo salina estéril (como Hanks);
Transferir o tecido para uma pequena placa de petri e picota-lo com bisturis estéreis;
Incubar o tecido picotado em solucdo de tripsina (0,05%) e EDTA (0,02%) por 30-45

minutos;

. Adicionar alguns mililitros de meio de cultura com soro;

Centrifugar a amostra a 200 rpm por 10 minutos e remover o sobrenadante;
Ressuspender a amostra em 1-2 mL de colagenase (1 mg/mL);
Manter a amostra em colagenase a 37 °C por 4 horas;

10. Centrifugar a amostra por 10 minutos;

11. Remover o sobrenante;

12. Ressuspender em 2-3 mL de meio de cultura;
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O meio de cultura é composto por meio DMEM (4,4 mL) suplementado com 10% de soro
fetal bovino (500 pL) e 1% de antibidticos penicilina e estreptomicina (100 U/mL) O pH
do meio ¢ ajustado para 7,0, utilizando hepes (acido) ou bicarbonato de sddio (basico).

13. Colocar a suspenséo final em garrafinhas de cultura (pH tem que ser de aproximadamente
7,2);

14. Trocar o meio de cultura em intervalos de 4 dias até crescimento suficiente;

16. Quando o pico mitotico é atingindo, adicionar 5 pL de colcemida (10 pg/ml) a cultura;

17. Manter a garrafinha na estufa por uma hora;

18. Recolher o sobrenadante da garrafinha em um tubo Falcon de 15 mL. Em seguida, lava-la
com PBS e adicionar aproximadamente 500 pL de solugéo de tripsina (0,05%) e EDTA
(0,02%);

19. Esperar as células se desprenderem da garrafinha e transferi-las para o tubo Falcon;

20. Seguir as etapas 5 a 15 do protocolo de obtengédo de preparagdes cromossémicas a partir
de cultura de linfocitos de sangue periférico.

6.1.2. Técnicas de coloracdo e bandeamento cromossémico
Coloracgéao convencional
A coloragdo convencional é feita com o corante Giemsa e permite a contagem dos
nameros dipldide e de bracos autossémicos.
1. Corar as laminas por 7 minutos, com uma solucdo de Giemsa 5% (diluido em tampéo
fosfato);
2. Lavar bem as ldaminas com &gua destilada e deixar secar ao ar.

Padrdes de bandeamento GTG
Foi utilizada a técnica descrita por Seabright (1971), com algumas modificaces:

1. Mergulhar as laminas em solucédo de tripsina (20%, diluida em PBS, pH 7,2, temperatura
ambiente) por 60 segundos;

2. Transferir as laminas para uma solucdo de Hanks BSS, temperatura ambiente, por 15
segundos;

3. Corar 0 material com Giemsa 2%, em tampao fosfato por 30 minutos;

4. Lavar com agua destilada e deixar secar.
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As laminas devem ser analisadas quanto a correta digestdo pela tripsina e o tempo

ajustado de acordo com o aspecto dos cromossomos.

Padroes de bandeamento CBG

A heterocromatina constitutiva foi evidenciada pela aplicacdo da técnica descrita por

Sumner (1972), com algumas modificagdes:

1.
2.
3.

Incubar a lamina com preparagdes cromossémicas em 2xSSC a 60 °C por 15 minutos;
Incubar a lamina em HCI 0,2 N a temperatura ambiente por 15 minutos;

Incubar a l&mina por 20-25 segundos em uma solucdo 5% de hidréxido de bario pre-
aquecida a 60 °C em banho-maria;

Lavar a lamina com agua destilada, incuba-la rapidamente em HCI 1 N 60 °C e lavar
novamente com agua destilada;

Incubar a lamina por 30 minutos em 2xSSC pré-aquecido a 60 °C em banho-maria;

Lavar com agua destilada e deixar secar;

Corar com Giemsa 5%, em tampao fosfato, por 50 minutos.

Coloracao das regides organizadoras de nucléolos (Ag-RONSs)

A técnica de coloracdo das regides organizadoras de nucléolos pela prata foi descrita por

Howell e Black (1980):

1.
2.
3.

Tratar a ldmina com HCI 0,2 N a 60 °C por 10 minutos;

Lavar com agua destilada e secar bem;

Colocar uma gota de gelatina 0,5% e duas gotas de nitrato de prata 50% sobre a lamina,
misturando rapidamente. Recobrir com uma laminula de vidro;

Incubar a 60 °C em camara Umida (no banho-maria) por 2 a 5 minutos (até atingir
coloracdo marrom-dourada);

Lavar em agua destilada;

Corar por 30 segundos com Giemsa a 2%.

6.1.3. Hibridagéo in situ fluorescente

Pintura cromossdmica
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Os cromossomos individuais humanos utilizados como sondas para 0s experimentos de
pintura cromossomica foram marcados por DOP-PCR com dig-11-dUTP ou biotin-16-dUTP
(Roche Applied Science) e mantidos a -20°C até o uso.

DOP-PCR, para 50 uL de reacao:

X MWL de 4dgua destilada estéril (até o volume final de 50 pL)

5 pL 10X tampdo da Taq

5 UL dNTPs (2:2:2:1; 0,2 mM dos nucleotideos A, C e G e 0,1 mM do nucleotideo T)
1,3 uL biotin-16-dUTP ou 1,0 pL dig-11-dUTP

1 pL primer 6MW 100 pM (Telenius e col. 1992)

6 uL MgCl2 25 mM

0,5 puL Taqg polimerase

2 uL DNA

As reacBes incluiram uma desnaturacdo inicial de 94 °C (3 minutos), seguida por 30 ciclos
de desnaturacdo com temperatura de 94 °C (1 minuto), temperatura de anelamento de 58 °C (1
minuto) e elongacdo com temperatura de 72 °C (1 minuto e 30 segundos) e uma extensdo final a
72 °C (7 minutos). Apos a PCR, os fragmentos amplificados foram analisados apds eletroforese
(70V/100A) em gel de agarose 1%, imerso em tampdo TAE 1x (Tris-acido acético-EDTA) e
corado com brometo de etidio.

Para o preparo da sonda, o produto de PCR marcado com biotina ou digoxigenina (10 pL)
é precipitado, a -20 °C, overnight, com 5 pL de Cot-1 DNA (1 mg/mL), 1,7 puL de acetato de
sodio (3 M) e 56,1 uL de etanol absoluto. Em seguida, a sonda é centrifugada por 15 minutos
(velocidade méxima da centrifuga), o sobrenadante é descartado e 0 DNA € lavado com 300 pL
de etanol 70% gelado. O DNA é novamente centrifugado, o sobrenadante descartado, a pellet é
seca em temperatura ambiente e ressuspendida em 14 pL de meio de hibridacg&o.

Abaixo, seguem as etapas de hibridacéo:

1. Preparagéo das laminas:
a. Marcar a area de hibridacéo;
b. Incubar as laminas em um banho de cido acético 50%, temperatura ambiente, por
10 minutos;
c. Imergir as ldminas em um banho de etanol 100%, temperatura ambiente, por 3

minutos;
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Secar as laminas ao ar;

e. Incubar as laminas em pepsina (100 pg/mL) diluida em HCL 0,01 N, temperatura
ambiente, por 5 minutos;
f. Incubar as laminas em dois banhos de PBS, temperatura ambiente, 5 minutos
cada;
g. Desidratar as laminas a temperatura ambiente em 3 banhos sucessivos de 3
minutos cada (70% etanol, 90% etanol e 100% etanol);
h. Secar as laminas em estufa 37 °C por uma hora.
2. Hibridacéo:
a. Preparar 50 ml de solucdo de desnaturacdo (35 mL de formamida, 5 mL de
20xSSC e 10 mL de agua destilada) e deixar aquecer em um banho a 65 °C;
b. Preparar a cAmara Umida de hibridacdo - papel umedecido com agua destilada - e
deixar na estufa a 37 °C;
c. Utilizar laminulas de vidro, do tamanho da area de hibridagéo e limpas em alcool,;
d. Sondas: Desnaturar as sondas por 20 minutos a 65 °C e deixa-las por uma hora a
duas horas a 37°C (etapa chamada de pre-annealing - necessaria para a supressao
de sequéncias repetitivas pela hibridagdo com o Cotl);
e. Desnaturacéo das laminas (deve ser feita durante o pre-annealing das sondas):
- Incubar as ldaminas por 1 minuto e 30 segundos na solucdo de desnaturacdo
a 65 °C;
- Imergir as 1dminas em banhos de 3 minutos cada em &lcool 70%, 90% e
100%, temperatura ambiente;
- Secar as laminas ao ar;
- Pipetar as sondas na area de hibridacdo, cobrir com a laminula e aplicar a
cola selante;
f.  Manter as ldminas com as sondas na camara de hibridacao a 37 °C por pelo menos

trés dias;

3. Lavagem e imunodetecc¢éo:

a. Apods a hibridacdo, lavar a 1d&mina em dois banhos de 2xSSC a 42 °C por 10

minutos cada. A temperatura, 0 nimero de banhos e a duracdo de cada um podem ser

alterados conforme o resultado observado ao microscopio;
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b. Imergir a l&amina em PBT (0,1% de Tween 20 em PBS) por 5 minutos a
temperatura ambiente;

c. Colocar 100 pl de antidigoxigenina conjugada com rodamina e/ou avidina
acoplada a FITC (Roche Applied Science) (1:100 em PBT) sobre a area de hibridacéo,
recobri-la com uma laminula de plastico limpa e manter numa camara Umida em
estufa a 37 °C por 45 minutos;

d. Incubar a lamina em dois banhos de PBT de 5 minutos cada a 42 °C;

e. Lavar a lamina com jatos de PBS e montar a lamina com 15 pl de uma solucgéo de
DAPI (0,8 ng/pL) em Slowfade (Invitrogen).

Hibridacao in situ fluorescente com sonda telomérica
Sequéncias teloméricas (TTAGGG)4 foram sintetizadas com uma molécula de biotina na
extremidade (Invitrogen). As condigdes de hibridagdo foram similares as descritas para 0s
experimentos de pintura cromossomica, com poucas modificagdes:
1. Aplicar o mix de hibridacdo, constituido por 1040 ng de sonda em 50%
formamida/2xSSC, sem desnatura-lo, as preparacdes cromossémicas desnaturadas;
2. Manter as ldminas com a sonda em uma camara de hibridacéo a 37 °C, overnight;
3. Proceder a lavagem e imunodeteccdo com neutravidina conjugada com rodamina (1:100;
Roche Applied Science). Ap6s a imunodetecacdo e os dois banhos de PBT, corar as

laminas com uma solucdo de DAPI (0,8 ng/uL) em Slowfade (Invitrogen).

Amplificacdo dos DNAs satélites por PCR (Polymerase Chain Reaction)

Os DNAs satélites alfa e MarmoSAT foram amplificados por PCR a partir de DNA
genbmico extraido de Aotus infulatus, Callithrix penicillata, Callithrix geoffroyi, Callimico
goeldii, Cebuella pygmaea e Mico argentatus. As rea¢fes de PCR continham 1L de cada primer
(forward e reverve, 10uM), 2,5 puL de dNTP (2 mM de cada nucleotideo), 50 mM de MgClo,
tampéo de reagdo, 1x 0,5 U de Taq DNA polimerase (Promega), 1 uL (aproximadamente 50 ng)
de DNA gendmico e &gua ultrapura para um volume final de 25 pL. As reagdes seguiram as
seguintes condigOes: desnaturacéo inicial com temperatura de 94 °C (3 minutos); seguida de 30
ciclos de desnaturacdo com temperatura de 94 °C (1 minuto), temperatura de anelamento de 55 °C

(1 minuto), elongagdo com temperatura de 72°C (1 minuto); uma extenséo final a 72°C (10
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minutos). Os produtos de PCR obtidos foram analisados ap6s eletroforese (70V/100A) em gel de
agarose 1%, imerso em tampdo TAE 1x (Tris-4cido acético-EDTA) e corado com brometo de
etidio. Os produtos de amplificacdo foram visualizados em transluminador sob luz ultravioleta e
0s pesos moleculares dos fragmentos amplificados foram estimados através da comparacdo com
0 marcador de peso molecular (DNA Ladder, Promega). Posteriormente, os fragmentos de
interesse foram eluidos, clonados e sequenciados ou marcados e utilizados como sonda em

experimentos de FISH.

Eluic&o e ligacdo dos DNAs satélites
Para a eluicdo dos fragmentos de interesse foi utilizado o kit Wizard SV Gel and PCR
Clean-up System (Promega). O DNA das bandas eluidas foi checado através de eletroforese em
gel de agarose e posteriormente quantificado no Nanodrop.
A ligacdo do DNA eluido ao plasmideo foi feita com o kit pGEM-T Easy Vector
(Promega), de acordo com o protocolo do fabricante.

Clonagem dos DNAs satélites
A clonagem dos DNAs satélties foi realizada como descrito abaixo:

1. Centrifugar os tubos contendo as reagdes de ligacao;

2. Adicionar 2 pL da reacéo de ligacdo para cada amostra em tubo Falcon de 15 mL;

3. Retirar o tubo com células eletrocompetentes (Phoneutria) do freezer -80°C e colocar em
gelo por 5 minutos. Homogeneizar suavemente;

4. Transferir 25 pL de células eletrocompetentes para cada amostra, utilizando ponteiras
refrigeradas;

5. Transferir as amostras para as cubetas e proceder a eletroporacao;

6. Adicionar a cubeta 1000 puL de meio LB liquido sem ampicilina e transferir as amostras
para um tubo Falcon;

7. Incubar por 60 minutos em termoshaker a 37°C e 230 rpm;

8. Plaquear 100 uL de cada cultura em placa de LB agar com X-gal (80 pg/mL), IPTG (0,5
mM) e ampicilina (100 pg/mL);

9. Incubar em estufa por 16-24 horas a 37°C;
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10. Selecionar as coldnias de coloracdo branca e transferir cada uma delas para diferentes
tubos Falcon de 15 mL contendo 10 mL de LB liquido com ampicilina;
11. Incubar as amostras overnight em termoshaker a 37°C e 250 rpm.
A presenca de insertos de interesse nos plasmideos recombinantes foi confirmada por
PCR (primers M13 forward e M13 reverse) e os clones positivos foram estocados em glicerina
50% e armazenados a -80°C. Os plasmideos foram posteriormente extraidos das bactérias usando

o kit PureYield Plasmid Miniprep System (Promega), conforme instrucdes do fabricante.

Sequenciamento
Os insertos de interesse nos plasmideos recombinantes foram sequenciados por
eletroforese capilar em aparelho ABI3130, utilizando-se os polimeros POP7 e BigDye v3.1
(Myleus Biotechonology). A confirmacdo de que os clones sequenciados realmente continham
sequéncias dos DNAs satélites desejados foi feita através de buscas por similaridade entre
sequéncias depositadas no GenBank com o programa BLAST (Basic Local Alignment Search

Tool), disponivel no website http://www.ncbhi.nlm.nih.gov/blast/, ou através de alinhamento das

sequéncias obtidas com sequéncias consensus obtidas durante o estudo.

FISH com sondas de DNAs satélites

Os DNAs satélites utilizados como sondas foram marcados por nick translation com
digoxigenina- ou biotina-11-dUTP com os kits DIG- ou Biotin-Nick Translation Mix (Roche
Applied Science), respectivamente e mantidos a -20°C até o uso. As etapas de preparacdo das
laminas foram as mesmas descritas acima, para pintura cromossdmica. Cem nanogramas de DNA
marcado foi ressuspendido em meio de hibridacdo e desnaturado a 98 °C, por 10 minutos, e
aplicado aos cromossomos desnaturados. As laminas com as sondas foram mantidas na camara
de hibridacdo a 37°C, overnight. A lavagem das laminas foi feita com 2xSCC, 37 °C, por 5
minutos. Em seguida, as laminas foram incubadas em PBT, 37 °C, por 5 minutos, e feita a
imunodetec¢do com antidigoxigenina conjugada com FITC (Roche Applied Science). Apds a
imunodetecacdo e os dois banhos de PBT, as ldminas foram coradas com uma solucéo de DAPI

(0,8 ng/uL) em Slowfade (Invitrogen).
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