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RESUMO

As aves representam o grupo mais diverso entre os tetrapodes terrestres, com
destaque para a ordem Passeriformes, que corresponde a cerca de 60% da
riqueza total da classe. Dentro desse grupo, a subordem Suboscines constitui a
linhagem mais antiga dos Passeriformes, destacando-se pela presenca de
familias diversificadas, como a Thamnophilidae. Essa familia, composta por
aves insetivoras restritas as florestas neotropicais, inclui 237 espécies
descritas, das quais apenas cinco foram estudadas citogeneticamente. Esse
cenario reflete a caréncia de estudos citogenéticos em aves, que abrangem
apenas 10% das espécies descritas mundialmente, devido as peculiaridades
de seus cariétipos e as dificuldades associadas a coleta in situ. Neste trabalho,
aplicaram-se técnicas de citogenética classica e molecular para investigar a
evolucdo cromossbmica em duas espécies representativas da familia
Thamnophilidae: Thamnophilus caerulescens e Thamnophilus ruficapillus. Além
da coloragdo convencional, utilizaram-se as técnicas de banda C e hibridizagéo
in situ fluorescente (FISH) com sondas de sequéncias repetitivas, como 18S
rDNA e sequéncias teloméricas (TTAGGG)s. Os resultados revelaram cariotipos
compostos por 80 cromossomos em T. caerulescens e 82 em T. ruficapillus,
além de diferengcas marcantes nos padrfes de heterocromatina constitutiva,
gue sugerem a ocorréncia de eventos evolutivos distintos, como inversdes
pericéntricas e fissbes cromossdmicas. Ademais, foram identificadas
sequéncias teloméricas intersticiais (ITSs) nos primeiros sete pares
cromossbémicos de ambas as espécies, nunca antes descritas em
Passeriformes. A correspondéncia entre as ITSs e a heterocromatina
constitutiva em T. ruficapillus sugere que essas regides sejam compostas por
DNA repetitivo relacionado a sequéncias teloméricas ou remanescentes de
rearranjos cromossomicos. Por outro lado, em T. caerulescens, outros
mecanismos parecem estar envolvidos na origem dessas regibes. Essas
descobertas enriguecem o conhecimento sobre a dindmica evolutiva dos
cromossomos na familia Thamnophilidae e reforcam a importancia de estudos
adicionais com técnicas moleculares avancadas para esclarecer as complexas

interacdes entre sequéncias repetitivas e a evolugdo cromossémica nas aves.



ABSTRACT

Birds represent the most diverse group among terrestrial tetrapods, with the
Passeriformes order accounting for approximately 60% of the class's total
species richness. Within this group, the Suboscines suborder stands out as the
most ancient lineage of Passeriformes, encompassing highly diversified families
such as Thamnophilidae. This family, comprising insectivorous birds restricted
to Neotropical forests, includes 237 described species, of which only five have
been cytogenetically analyzed. This scenario highlights the scarcity of
cytogenetic studies in birds, representing only about 10% of all globally
described species, largely due to the unique characteristics of their karyotypes
and the challenges associated with in situ collection. In this study, classical and
molecular cytogenetic techniques were applied to investigate chromosomal
evolution in two representative species of the Thamnophilidae family:
Thamnophilus caerulescens and Thamnophilus ruficapillus. In addition to
conventional staining, C-banding and fluorescence in situ hybridization (FISH)
were performed using probes for repetitive sequences such as 18S rDNA and
telomeric repeats (TTAGGG)s. The results revealed karyotypes consisting of 80
chromosomes in T. caerulescens and 82 in T. ruficapillus, with marked
differences in constitutive heterochromatin patterns, suggesting distinct
evolutionary events such as pericentric inversions and chromosomal fissions.
Moreover, interstitial telomeric sequences (ITSs) were identified in the first
seven chromosomal pairs of both species, a novel finding in Passeriformes. The
correspondence between ITSs and constitutive heterochromatin in T. ruficapillus
suggests that these regions consist of repetitive DNA related to telomeric
sequences or remnants of chromosomal rearrangements. Conversely, in T.
caerulescens, other mechanisms appear to be involved in the origin of these
regions. Thus, these findings contribute to our understanding of chromosomal
evolutionary dynamics in the Thamnophilidae family and underscore the
importance of additional studies using advanced molecular techniques to
elucidate the complex interactions between repetitive sequences and

chromosomal evolution in birds.
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1. INTRODUCAO

As aves sdo uma importante classe de vertebrados, representando o grupo
mais diversificado dos tetrapodes terrestres, cuja evolugcdo esta associada a
capacidade do voo, o que |lhes garantiu uma ampla distribuicdo ao longo do
tempo (Pough et al. 2008; Barrowclough et al. 2016; Billerman et al. 2022). O
Brasil destaca-se como um dos paises com a maior diversidade de aves do
mundo, onde das 11.000 espécies ha registro de 1.971 no pais (Pacheco et al.
2021). A ordem Passeriformes representa aproximadamente 60% da riqueza
total de aves, subdividindo-se em Oscines e Suboscines, onde a primeira
compreende cerca de 80% das espécies da ordem, destacando-se pelos seus
cantos mais complexos, enquanto os Suboscines constituem a linhagem mais

antiga dos Passeriformes (Selvatti et al. 2015; Favretto 2023).

s

A familia Thamnophilidae é caracterizada por uma rica diversidade de
espécies de aves passeriformes insetivoras, pertencentes a radiacdo dos
furnarideos, e ao clado de suboscines do Novo Mundo, sendo restrita as
florestas neotropicais (Irestedt et al. 2002; 2004). A constituicdo cromossdmica
desta familia é pouco conhecida, com apenas cinco espécies estudadas até o
momento (De Lucca 1974; De Lucca and Chamma 1977; Ledesma et al. 2002;
Ribas et al. 2021).

O genoma das aves se destaca por suas caracteristicas singulares, sendo o
menor entre os amniotas, caracterizado por uma baixa proporgdo de DNA
repetitivo, genes mais curtos e regides nao codificantes, além de uma perda
extensiva de membros de familias de genes. O baixo contetdo repetitivo nos
genomas das aves pode limitar as oportunidades de mudancas genémicas,
contribuindo para a manutencdo de cromossomos independentes apos a
quebra, possivelmente explicando 0S numerosos mMiCrocromossomos e
justificando o alto namero diploide nos cariétipos das aves (Scanes 2014;
Zhang et al. 2014).

A citogenética classica fundamenta-se principalmente na utilizacdo da
coloragdo convencional e técnicas de bandas cromossémicos, possibilitando a
identificacdo dos cromossomos e caracteres uteis para comparagdes entre

caridtipos (Guerra 1988; De Oliveira et al. 2006). Essa ciéncia aplicada na
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Classe Aves carece de mais estudos, onde apenas 10% das espécies foram
descritas cariotipicamente. As peculiaridades inerentes a citogenética do grupo
bem como as dificuldades de coleta in situ sdo fatores contribuintes para essa
baixa porcentagem (Degrandi et al. 2020). Nas aves, destaca-se um elevado
namero diploide (76 a 82 cromossomos na maioria das espécies), juntamente
com a configuracdo bimodal do cariétipo (macrocromossomos e
microcromossomos). Possuindo de 8 a 10 pares de macrocromossomos, e a
grande maioria, de 30 a 32 pares composta por microcromossomos (De
Oliveira et al. 2006).

O sistema sexual das aves € caracterizado pelos cromossomos sexuais ZZ
e ZW, nos quais as fémeas representam o sexo heterogamético e os machos o
sexo homogamético ZZ. Uma distingdo significativa € observada entre os
grupos de aves conhecidos como paleognatas e neognatas, com as primeiras
apresentando 0s cromossomos sexuais morfologicamente e geneticamente
iguais, enquanto as neognatas exibem notaveis diferengas no tamanho e
morfologia desses cromossomos (Belterman and De Boer 1984; Gunski et al.

2000; Stiglec et al. 2007; Correia et al. 2009; Wang et al. 2021) .

A técnica de hibridizacéo in situ fluorescente (FISH) tem sido amplamente
empregada na investigacdo da presenca ou auséncia de sequéncias de
microssatélites, bem como na identificacdo dos pares cromossdmicos que as
contém. Porém, o nimero de estudos utilizando esta metodologia, revela-se
infimo diante da diversidade da Classe Aves. Destacando a importancia de
explorar profundamente as implicacbes dessas sequéncias repetitivas, as
quais, embora constituam uma fracdo diminuta nos genomas das aves,
oferecem informagdes cruciais sobre a evolu¢cdo dos cromossomos sexuais e o
processo de diferenciacdo cromossOmica. Esse enfoque torna-se
particularmente relevante em espécies com cromossomos sexuais atipicos,
onde a presenca dos microssatélites pode explicar o notavel tamanho dessas
estruturas cromossomicas (de Oliveira et al. 2017, de Oliveira Furo et al. 2017;
Kretschmer et al. 2018; 2020 a,b; 2021; Barcellos et al. 2019; Gunski et al.
2019; de Souza et al. 2020; Tura et al. 2022 ).
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2. REVISAO BIBLIOGRAFICA

2.1. Classe Aves

As aves sao uma importante classe de vertebrados, representando o grupo
mais diversificado dos tetrapodes terrestres, com mais de onze mil espécies
(Billerman et al. 2022). Trata-se de um grupo cuja evolucéo esta associada a
capacidade de voo, embora muitos grupos tenham abdicado dessa capacidade
secundariamente, o que lhes garantiu uma ampla distribuicdo e diversificacédo

ao longo do tempo (Pough et al. 2008; Barrowclough et al. 2016).

O Brasil destaca-se como um dos paises com a maior diversidade de aves
do mundo, abrigando mais da metade das espécies encontradas no continente
sul-americano (Pacheco et al. 2021). Além disso, ocupa a terceira posicao
entre 0s paises com maior numero de espécies endémicas, ficando atras
apenas da Indonésia e Australia, com 258 espécies registradas (“BirdLife
International” 2024). Atualmente, ha registro da ocorréncia de 1.971 espécies,
divididas em 33 ordens, e 105 familias. Destas, 88,4% das espécies sdo
residentes ou migrantes reprodutivas, 6,4% s&o Vvisitantes sazonais nao

reprodutivas e 5,2% séo vagantes (Pacheco et al. 2021).

Conforme a ultima lista de aves do Rio Grande do Sul, o estado apresenta
uma riqueza de 704 espécies. Apesar da avifauna regional ser relativamente
bem conhecida, o nimero de novas espécies segue crescendo a cada
atualizacao da lista, como apontado nestes estudos (Pillar et al. 2009; Franz et
al. 2018). Segundo o Decreto n°® 51.797, de 8 de setembro de 2014, um
namero expressivo de aves ameacadas de extingdo no Rio Grande do Sul,
chegando a 100 espécies, além de 36 quase ameacadas e 18 com dados
insuficientes para avaliagdo do seu risco de extingdo. No bioma Pampa, 50
espécies sdo consideradas ameagadas de extingcdo, levando em consideragao

as listas locais, nacionais e globais.

De acordo com Pillar (2009), 21% das aves continentais presentes no Rio
Grande do Sul habitam areas campestres ou savanicas, enquanto a maioria
ocupa outros tipos de habitats, como ambientes aquaticos e florestais,
especialmente as matas ciliares. Estes ambientes estao representados no Sul

do Brasil pelo bioma Pampa, que abrange mais da metade do estado do Rio
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Grande do Sul. O bioma néo se limita apenas a areas abertas, mas também
inclui ambientes florestais, nos quais sdo encontradas espécies associadas a

ambientes de mata.

As aves desempenham papéis cruciais na natureza, contribuindo para a
manutencdo do equilibrio ecolégico. Elas oferecem valiosas contribuicdes,
como a disperséo de sementes, a polinizacao de flores e o controle de pragas
em plantagcbes (Perfecto et al. 1996; Rice and Greenberg 2000),
desempenhando assim um papel fundamental na promocao da biodiversidade

e na sustentabilidade dos ecossistemas.

A ordem Passeriformes destaca-se como a maior entre as aves, abrigando
atualmente 6.533 espécies, 0 que representa cerca de 60% da riqueza total de
aves no mundo. As aves pertencentes a essa ordem, em geral, exibem
dimensBes menores em comparagdo com outras espécies, apresentando uma
notavel uniformidade em sua morfologia, frequentemente evocando a imagem
classica dos "passarinhos". Essa ordem se subdivide em duas subordens,
Oscines e Suboscines. A primeira destaca-se por suas vocalizacfes mais
complexas, aprimorando o repertério de cantos por meio da imitacdo de outros
individuos, gracas ao maior numero de musculos presentes na seringe. Os
Oscines também representam a grande maioria dos Passeriformes,
compreendendo cerca de 80% das espécies e abrangendo 776 géneros. Em
contraste, os Suboscines, com 284 géneros, constituem a linhagem mais antiga
dentro da ordem (Selvatti et al. 2015; Favretto 2023).

2.2. Caracteristicas da familia Thamnophilidae

A familia Thamnophilidae, conhecida como "typical antbirds", constitui um
grupo monofilético, caracterizado por uma rica diversidade de espécies de aves
passeriformes insetivoras (Fig. 2) (Irestedt et al. 2004). Esta familia faz parte da
radiacdo dos furnarideos, pertencentes ao clado de suboscines do Novo
Mundo (Irestedt et al. 2002), sendo restrita as florestas neotropicais e
abrangendo 63 géneros com 237 espécies (Winkler et al. 2020). Os “typical
antbirds” apresentam uma grande variagdo no tamanho, padrbes e cores da

plumagem, com dimorfismo sexual em muitas espécies. O nome vernacular da
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familia se originou devido ao habito de seguir exércitos de formigas (“army
ants”), que representa a especializagcdo de algumas espécies e € a

caracteristica mais distintiva reconhecida na familia (Irestedt et al. 2004).

Dentro da ordem Passeriformes, foram realizadas descricbes cariotipicas
para trés familias da Pavordem Furnariida (Conopophagidae, Furnariidae e
Thamnophilidae), com o numero diploide variando de 76 a 82 cromossomos
(Degrandi et al. 2020). A citogenética da familia Thamnophilidae ainda é pouco
conhecida, com apenas cinco espécies estudadas até o momento:
Dysithamnus mentalis (2n=76), Myrmotherula bauxwelli (2n=80), Pyriglena
leucoptera (2n=82), Thamnophilus doliatus (2n=82) e Willisornis vidua (2n=80)
(De Lucca 1974; De Lucca and Chamma 1977; Ledesma et al. 2002; Ribas et
al. 2021). A maioria desses estudos sdo antigos e baseiam-se principalmente
na coloracdo convencional, sendo que apenas em Willisornis vidua envolve
uma abordagem de citogenética molecular, utilizando “Bacterial Artifcial
Chromosomes” (BACs) e pintura cromossdmica com sondas de Gallus gallus
(GGA) e Burhinus oedicnemus (BOE).

Fig. 1. Espécies da familia Thamnophilidae com ocorréncia no Rio Grande do
Sul, a: Thamnophilus caerulescens, b: Thamnophilus ruficapillus e c:
Mackenziaena leachii. Fonte: Wikiaves.

2.3. Citogenética de Aves

A citogenética abrange todo estudo relacionado aos cromossomos, seja de
forma isolada ou em conjunto, condensados ou distendidos, explorando sua
morfologia, organizagcdo, funcdo, replicacdo, variacdo e evolugcdo (Guerra
1988). A abordagem classica da citogenética fundamenta-se na utilizacdo da
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coloracdo convencional (Giemsa) e na aplicacdo de técnicas de bandeamento
cromossOmico. Destacam-se a deteccdo de regides ricas em heterocromatina
constitutiva (Banda C), a localizacdo das regides organizadoras de nucléolo
(NORs) e a identificacdo de regides ricas em Adenina e Timina (AT), e Guanina
e Citosina (GC) (Banda G). Essas técnicas possibilitam uma caracterizacéo
detalhada do cariotipo, permitindo a identificacdo individual dos pares
cromossOmicos e de caracteres Uteis para comparacdes intra e interespécies
dentro do mesmo grupo, ou até mesmo entre grupos filogeneticamente
distantes (De Oliveira et al. 2006).

Ao aplicar a citogenética na Classe Aves, apenas 10% das espécies foram
descritas cariotipicamente. Esse nimero reduzido pode ser atribuido a algumas
peculiaridades citogenéticas inerentes ao grupo, bem como as dificuldades
associadas a coleta in situ de espécimes. Nas aves, destaca-se um elevado
namero diploide, sendo que a maioria das espécies apresenta entre 76 e 82
cromossomos (~60%) (Degrandi et al. 2020). Adicionalmente, caracterizam-se
por uma configuracdo bimodal, composta por macrocromossomos e
microcromossomos. Estes dltimos, devido ao seu pequeno tamanho,
apresentam desafios na identificacdo, impossibilitando a classificacdo
morfologica (metacéntrico, submetacéntrico, acrocéntrico e telocéntrico)

observada nos macrocromossomos (Fig. 1) (De Oliveira et al. 2006).

REN

Metacéntrico Submetacéntrico Acrocéntrico Telocéntrico

Fig. 1. Classificagdo da morfologia cromossdmica. Fonte: Biorender.

Dentro do padrao cariotipico caracteristico desta classe, onde a maioria das
espécies possui 80 cromossomos, observa-se que de oito a dez pares séo

macrocromossomos, enquanto a grande maioria, composta por 30 a 32 pares,
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€ constituida por microcromossomos. Apesar de sua abundancia, os
microcromossomos representam apenas 23% do tamanho médio do genoma
das aves, contudo, sdo de grande relevancia, dado seu enriquecimento em GC
e a densidade de genes que compreende aproximadamente 50% (McQueen et
al. 1998; Burt 2002; Ferguson-Smith et al. 2005; Warren et al. 2017). Os
genomas das aves exibem uma notavel conservacao, tanto em relacdo ao
namero cromossémico e a ordem dos genes, quanto a estabilidade dos
macrocromossomos e  microcromossomos, — caracteristicas  raramente

encontradas em outras classes (Zhang et al. 2014; O’Connor et al. 2019).

Apesar de grande parte das aves possuirem 2n=80, observa-se uma grande
variacdo, com o menor numero diploide encontrado na ordem Falconiformes
(Falco columbarius, 2n = 40) e o maior em Musophagiformes (Corythaixoides
concolor, 2n = 142). Estes numeros atipicos também sdo encontrados em
outras ordens, como Charadriiformes (Burhinus oedicnemus, 2n = 42),
Coraciformes (Bycanistes bucinator, 2n = 40; Alcedo atthis, 2n = 132),
Bucerotiformes (Upupa epops, 2n = 126), Piciformes (Pteroglossus inscriptus,
2n = 112), e Psittaciformes (Trichoglossus flavoviridis, 2n = 46) (Degrandi et al.
2020).

O sistema de determinacdo sexual em aves é caracterizado pela presenca
dos cromossomos sexuais ZZ e ZW, nos quais as fémeas representam o sexo
heterogamético ZW, enquanto os machos representam o sexo homogamético
ZZ. Uma distingdo significativa € observada entre os grupos de aves
conhecidos como paleognatas e neognatas. As paleognatas, incluindo
Struthioniformes, Rheiformes, Casuariformes e Apterygiformes sé&o
consideradas aves ancestrais, apresentando Cromossomos sexuais
morfologicamente e geneticamente idénticos, exceto por uma pequena regiao
no brago curto e centromérica do cromossomo W. Por outro lado, as
neognatas, que abrangem as demais ordens existentes, geralmente exibem
notaveis diferengas morfologicas e de tamanho entre 0s cromossomos sexuais
(Belterman and De Boer 1984; Gunski et al. 2000; Stiglec et al. 2007; Correia et
al. 2009; Wang et al. 2021). Embora exista uma tendéncia geral de o
cromossomo W ser menor do que o cromossomo Z, pobre em genes e em

grande parte heterocromatico, ha exce¢bes em que o cromossomo W
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apresenta tamanho semelhante ou até maior do que o cromossomo Z (Shetty
et al. 1999).

Algumas peculiaridades relacionadas aos cromossomos sexuais podem ser
identificadas em diferentes espécies. Nos casos de Nyctibius griseus, Trogon
surrucura, Pygochelidon cyanoleuca e Porphyriops melanops, nota-se uma
variacdo no tamanho do cromossomo W. Nas trés primeiras espécies, 0
cromossomo W apresenta dimensbes semelhantes ao Z, enquanto em
Porphyriops melanops, o cromossomo W é significativamente maior que o Z
(Degrandi et al. 2017; Barcellos et al. 2019; Gunski et al. 2019; de Souza et al.
2020). Embora o cromossomo sexual Z seja geralmente conservado na Classe
Aves, ocupando tipicamente a posi¢cao de quarto ou quinto maior em termos de
tamanho, variacBes também séo evidentes. Em Colaptes campestris, Colaptes
melanochloros, Melanerpes candidus e Chloroceryle americana, por exemplo,
observa-se que o cromossomo Z € o maior componente do complemento
cromossomico (de Oliveira et al. 2017; Degrandi et al. 2018). Essas variacdes
proporcionam uma visdo abrangente do sistema de determinagcdo sexual nas
aves, revelando tanto caracteristicas conservadas quanto particularidades

distintivas entre diferentes grupos taxondmicos.

2.4. Sequéncias repetitivas em Aves

O genoma das aves se destaca por suas caracteristicas singulares, sendo o
menor entre 0s amniotas, com uma média de 1,35 bilhdo de pares de bases
(Gbp). A variagdo nesse tamanho vai de 0,9 Gbp em Archilochus alexandri
(Gregory et al. 2009) a 2,1 Gbp em Struthio camelus (Scanes 2014). Este
genoma é caracterizado por uma baixa proporcdo de DNA repetitivo, genes
mais curtos e regides nao codificantes, além de uma perda extensiva de
membros de familias de genes. A presenca de DNA repetitivo no genoma das
aves € notavelmente menor, representando apenas de 4 a 10%, em
comparacao com mamiferos, onde essa proporcédo varia de 35 a 52%. Uma
excecao é a espécie Picoides pubescens, cujo genoma é composto por 22% de

elementos transponiveis (TEs), resultado de uma expansdo especifica da
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espécie ou linhagem de transposons LINE-CR1 (elementos longos

intercalados; repeticdo de galinha I) (Zhang et al. 2014).

As sequéncias repetitivas de DNA desempenham um papel crucial na
evolucdo do genoma em eucariotos, frequentemente atuando como modelos
para recombinacdo homologa ndo alélica (NAHR). Assim, o baixo contetudo
repetitivo nos genomas das aves pode limitar as oportunidades de mudancas
gendmicas, contribuindo para a manutencdo de cromossomos independentes
apos a quebra, possivelmente explicando 0s numerosos microcromossomos e
justificando o alto niamero diploide nos cariétipos das aves (Burt 2002; Gregory
2005; Wessler 2006; Lynch and Walsh 2007; Ellegren 2010; Braun et al. 2019).
A elevada incidéncia de fus6es cromossdmicas esta estreitamente vinculada ao
aumento do conteudo de sequéncias repetitivas em grupos como mamiferos e
anfibios (Voss et al. 2011; Uno et al. 2012). Em contraste, nas aves, essa
tendéncia ndo se manifesta de maneira evidente, mesmo em espécies com
cariotipos altamente rearranjados, a exemplo do Falco peregrinus (Damas et al.
2017), psitaciformes (Nanda et al. 2007) e Harpia harpyja (de Oliveira et al.
2005). A falta de correlacéo entre o numero de rearranjos cromossémicos e o
contetdo de sequéncias repetitivas pode, no entanto, ser atribuida a escassez
de estudos abordando a Classe Aves (Braun et al. 2019).

O DNA repetitivo pode ser categorizado em dois grupos principais:
repeticbes dispersas (“Interspersed Repeats”) e repeticbes em tandem
(“Tandem Repeats”). As repeticbes dispersas séo elementos repetitivos que
ocorrem em varias localizacbes ndo adjacentes e possuem meios diretos ou
indiretos de se dispersar por todo o genoma, compreendendo principalmente
os TEs e os virus enddégenos (EVEs) (Kazazian 2004; Katzourakis and Gifford
2010). Por outro lado, as repeticbes em tandem s&o elementos repetitivos
adjacentes entre si, formando conjuntos de repeticdes. Esses podem surgir e
proliferar por meio de uma variedade de mecanismos (escorregamento da
replicacdo, conversao génica, recombinacao ectdpica, replicacdo em circulo e
troca desigual) e sdo classificados em microssatélites, minissatélites, satélites,

familias de genes e variagcdes no numero de cépias (Braun et al. 2019).
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Os microssatélites sédo constituidos por sequéncias de DNA altamente
variaveis e repetitivas, compostas por pequenos segmentos de um a seis pares
de bases que se repetem em tandem. Essas sequéncias ndo ultrapassam
algumas centenas de pares de bases, e estdo distribuidas em diversos locais
ao longo dos cromossomos (Ellegren 2004). Em sua maioria, sdo consideradas
nao funcionais e, consequentemente, sujeitas a uma pressao seletiva limitada,
embora existam excecdes, como a regulagédo da organizacdo da cromatina e
expressdo génica (Li et al. 2002). As taxas de mutacdo nessas sequéncias séo
significativamente altas, variando de 10 a 100.000 vezes mais do que em
outras regibes do genoma, devido a erros no processo de replicacdo do DNA.
Em virtude dessa caracteristica, os microssatélites desempenham um papel
crucial como marcadores moleculares na analise da variabilidade genética em
populacdes, tanto naturais quanto em cativeiro (Gemayel et al. 2010; Braun et
al. 2019).

Composta por extensas sequéncias repetitivas de cépias de genes de RNA
ribossémico (rRNA), a regido organizadora do nucléolo (NOR), desempenha
um papel crucial na fungéo celular. Localizada em cromossomos especificos, a
NOR é responsavel pela formacdo do nucléolo, uma estrutura nuclear
essencial para a sintese de ribossomos (Graw 2015). No genoma eucariotico,
diversas coépias desses clusters sdo organizadas em tandem no DNA,
formando os sitios 5S e 45S rDNA (Daniels and Delany 2003; Dyomin et al.
2016). Devido a natureza altamente repetitiva e complexa dessas regides, 0s
esforcos de sequenciamento enfrentaram desafios significativos, com sucesso

limitado até o momento (Warren et al. 2017; Braun et al. 2019).

Por meio da técnica de hibridizag&o in situ fluorescente (FISH), utilizando
sondas dos genes presentes nos clusters de rDNA, torna-se possivel identificar
de maneira precisa 0S cromossomos portadores, mesmo quando inativos
(O’Connor 2008). Esta abordagem se destaca em relacdo a impregnacdo de
nitrato de prata, que apenas identifica os cromossomos com locais 45S rDNA
em atividade transitéria, manifestando variacdo entre células e individuos
(Zurita et al. 1997).
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O sitio de 45S rDNA encontra-se predominantemente localizado em um
anico par de microcromossomos nas aves, representando seu estado
ancestral. Contudo, h& variacdes desse padrdo, como a presenca dessa
sequéncia em mais de um par de microcromossomos, exemplificado em Falco
peregrinus, que possui seis pares de microcromossomos portadores da NOR
(Nishida et al. 2008). Além disso, ha casos em que essa sequéncia se localiza
em macrocromossomos, como observado em Dendrocolaptes platyrostris
(Degrandi et al.,, 2020), ou at¢é mesmo em ambos, microcromossomos e
macrocromossomos, como evidenciado em Harpia harpyja (Tagliarini et al.
2009).

Caracterizados pela sequéncia repetitiva "TTAGGG", os teldmeros
representam um microssatélite composto por seis nucleotideos, organizado em
repeticbes em tandem com diferentes comprimentos e associado a proteinas
especificas (TRFs, fatores de ligacdo de repeticao de teldbmero) (Bilaud et al.
1997). Exibem uma estrutura altamente conservada nos eucariotos, com a
finalidade de proteger as extremidades cromossbmicas contra alteracdes
deletérias por enzimas ou impedir a quebra e fusdo com outros cromossomos

durante a replicacdo na mitose e meiose (Blackburn et al. 2006).

Em aves, a presenca abundante da sequéncia ndo se restringe as
extremidades cromossémicas, estendendo-se também a porcdes intersticiais,
como evidenciado no cromossomo 3 de Falco columbarius. Nesse contexto, a
localizagdo da sequéncia "TTAGGG" na porcao intersticial indica um
remanescente de fusdo cromossdmica ancestral (Nishida et al. 2008). Além
disso, alguns microcromossomos apresentam conjuntos de teldmeros de
dimensdes superiores em comparagdo com outros cromossomos, evidenciados

por sinais mais intensos de fluorescéncia (Nanda et al. 2002).

A investigacdo da presenca/auséncia e dos pares cromossémicos no
genoma das aves que possuem sequéncias de microssatélites tem sido
conduzida por meio da técnica de FISH. Utilizando sondas especificas para
microssatélites, como CA, CAA, CAC, CAG, CAT, CG, CGG, GA, GAA, GAC,
GAG, GC, TA, TAAGGG, 18S rDNA e 5SrDNA, tal abordagem busca

caracterizar detalhadamente essas regides gendmicas. A lacuna na pesquisa
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destaca a necessidade premente de explorar mais profundamente as
implicacbes dessas sequéncias repetitivas, as quais, embora constituam uma
fracdo diminuta dos genomas das aves, oferecem informagdes cruciais sobre a
evolugdo dos cromossomos sexuais e 0 processo de diferenciacdo
cromossOmica. Esse enfoque torna-se particularmente relevante em espécies
COm Ccromossomos sexuais atipicos, onde a presenca dos microssatélites pode
explicar o notavel tamanho dessas estruturas cromossémicas (de Oliveira et al.
2017, de Oliveira Furo et al. 2017; Kretschmer et al. 2018; 2020 a,b; 2021;
Barcellos et al. 2019; Gunski et al. 2019; de Souza et al. 2020; Tura et al.
2022).
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3. OBJETIVOS
3.1. Objetivo geral
Analisar comparativamente a distribuicdo de sequéncias repetitivas no cariétipo

de duas espécies da familia Thamnophilidae (Aves, Passeriformes).

3.2. Objetivos especificos
Determinar a distribuicdo de blocos de heterocromatina constitutiva em duas

espécies de Thamnophilidae;

Determinar a distribuicdo de clusters de 18S rDNA em duas espécies de

Thamnophilidae;

Determinar a distribuicdo de sequéncias teloméricas em duas espécies de
Thamnophilidae;

Inferir sobre os mecanismos responsaveis pela diversificacdo da distribuicdo de

sequéncias repetitivas.
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Abstract

Introduction: Thamnophilidae (typical antbirds) are a diverse family of
insectivorous passerine birds restricted to neotropical forests, encompassing
237 species, of which only five have been studied cytogenetically. Methods: To
investigate the chromosomal evolution of this group, we applied classical and
molecular cytogenetic techniques, including conventional staining, C-banding,
and fluorescence in situ hybridization (FISH) with probes for repetitive telomeric
sequences (TTAGGG)s and 18S rDNA, in two representative species:
Thamnophilus caerulescens and Thamnophilus ruficapillus. Results: The
karyotypes of T. caerulescens and T. ruficapillus comprise 80 and 82
chromosomes, respectively. In addition to a possible fission in T. ruficapillus,
morphological differences suggest the occurrence of pericentric inversions in
the chromosomes of this species. The patterns of constitutive heterochromatin
differed between the species: both showed centromeric markings and
heterochromatin on the W chromosome, but T. ruficapillus also exhibited
interstitial markings on seven chromosomal pairs. Both species presented
interstitial telomeric sequences (ITSs) in the first seven pairs, which
corresponded to constitutive heterochromatin in T. ruficapillus. The 18S rDNA
probe hybridized to a single pair of microchromosomes in T. caerulescens and
two pairs in T. ruficapillus. Conclusion: This study revealed novel patterns of
constitutive heterochromatin in T. ruficapillus and ITSs in both species, which
have not been previously observed in Passeriformes. The correspondence
between constitutive heterochromatin and ITSs in T. ruficapillus suggests that
these sequences are composed of repetitive DNA highly similar to telomeric
sequences and/or are remnants of pericentric inversions, whereas in T.
caerulescens, other mechanisms seem to be involved. The differences in
observed patterns highlight distinct chromosomal evolution between these
species, emphasizing the diversity within the family Thamnophilidae and the
genus Thamnophilus, in contrast to the conserved patterns typically observed in

the class Aves.
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Introduction

The Thamnophilidae family, also known as typical antbirds, forms an
especies-rich monophyletic group of insectivorous passeriformes birds [1]. It is
believed that this family radiates from the Furnariidae family, which belongs to
the neotropical restricted clade New World Suboscines [2]. The group currently
comprises 63 genera with around 237 species [3]. The typical antbirds exhibit a
wide diversity in terms of size, plumage pattern and feather colors, with a lot of
species displaying sexual dimorphism. The family’s vernacular name originates
from the ant-following behavior, which represents the foraging strategy of some

species and is a notable characteristic that distinguishes the family [1].

Within the Passeriformes order, karyotypic descriptions were carried out
for three families from the Furnariida Pavordem (Conopophagidae, Furnariidae
e Thamnophilidae), with the diploid number ranging from 76 to 82
chromosomes [4]. The karyotypic descriptions for the Thamnophilidae family
are scarce, with only five species studied till the present moment: Dysithamnus
mentalis (2n=76), Isleria hauxwelli (2n=80), Pyriglena leucoptera (2n=82),
Thamnophilus doliatus (2n=82) and Willisornis vidua (2n=80) [5-8]. Most of
those studies date from as early 1974, and utilizes exclusively conventional
Giemsa staining. Only in W. vidua a molecular cytogenetic approach was used,
which includes Bacterial Artificial Chromosomes (BAC) and Gallus gallus and

Burhinus oedicnemus whole-chromosome hybridization [8].

The genome of birds is characterized by its unique properties. It is the
smallest among vertebrates and is one third the size of the mammalian
genome. It comprises an average of 1.33 billion base pairs (Gb), ranging from
0.89 Gb in Archilochus alexandri [9] to 2.11 Gb in Struthio camelus [10]. On the
other hand, phylogenetic related groups such as Crocodylia and Testudines
have bigger genomes, with average genome sizes of 2.96 Gb (2.44-3.86 Gb)
and 2.80 Gb (1.75 -5.32 Gb), respectively. The compact genome of birds is also
reflected in the proportion of repetitive DNA, which is the lowest among
amniotes (4.1-9.8%), with the family Picidae, whose proportion of transposable

elements (TEs) reaches about 22%, being an exception [11].
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Repetitive DNA has a crucial role in the eukaryotic genome evolution,
frequently acting as models for non-allelic homologous recombination. Thus, the
low repetitive content in bird genomes may limit opportunities for genomic
changes, contributing to the maintenance of independent chromosomes after
breakage, possibly explaining the numerous microchromosomes and justifying
the high diploid number in bird karyotypes [12-17]. The high incidence of
chromosome fusions is strictly linked to increased repetitive content in groups
like mammals and amphibians [18,19]. In contrast, in birds, this tendency is not
evident, even in species with highly rearranged karyotypes, e.g. Harpia harpyja
[20] psittaciformes [21] and Falco peregrinus [22]. The lack of correlation
between the number of chromosome rearrangements and the repetitive
sequences content, however, can be attributed to the scarcity of studies in the

Aves class [17].

Additionally, the nucleolus organizer regions (NOR), located in specific
chromosomes, are composed of extensive repetitive sequences of ribosomal
RNA genes and play a crucial role in cellular function. NOR is responsible for
forming the nucleolus, an essential structure for ribosome synthesis [23].
Nevertheless, in the eukaryotic genome, several copies of these clusters are
arranged in tandem through the DNA, forming the 5S e 45S rDNA sites [24,25].
Due to the highly repetitive and complex nature of those regions, the efforts for
sequencing it, had significant challenges, with fairly limited success to this day
[17,26].

Through the fluorescent in situ hybridization (FISH) technique, the
precise identification of the chromosomes that carry those sequences is made
possible by the use of specific probes for the sequences of the rDNA gene
clusters, even when they are inactive [27]. This approach stands out when
compared to the silver nitrate, considering that the last can only identify the
chromosomes that have the 45S rDNA sites in transitory activity, an event that
may vary between different cells and individuals [28].

The 45S rDNA site is predominantly located in a single pair of
chromosomes in birds, representing the ancestral state. Yet, there are
variations in this pattern, like the presence of this sequence in more than one

pair of microchromosomes, as in Falco peregrinus, which has six pairs of
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microchromosomes as carries for the NOR [29]. Besides that, there are cases
where this sequence is located in macrochromosomes, as observed in
Dendrocolaptes  platyrostris [30], or even in both macro and
microchromosomes, as observed in Harpia harpyja [31].

Characterized by the repetitive sequence “TTAGGG”, the telomeres
represent a microsatellite composed of six nucleotides, arranged in tandem
repetitions with different lengths and associated with specific proteins (TRFs)
[32]. Exhibit a structure highly conserved in eukaryotes, with the main purpose
of protecting chromosome ends against deleterious alterations by enzymes or
preventing the breakage and fusion with other chromosomes during replication
[33].

Telomeric repetitions, commonly localized at the chromosome ends, can
also occur at non-terminal regions, denominated interstitial telomeric sequences
(ITSs). There are two main groups of ITSs: the short ITSs (s-ITSs) and the
heterochromatic ITSs (Het-ITSs). s-ITS, common in vertebrate genomes, show
a low number of repetitions, which makes it hard to identify by FISH. In contrast,
Het-ITSs consist of large blocks of telomeric repeats and, although less
frequent, are easily detected by FISH, typically being located in heterochromatic

regions, such as centromeric and pericentromeric regions [34].

In birds, the abundant presence of the telomeric sequence is not
restricted to chromosomal ends but also extends to interstitial regions, which
may or may not correspond to fusion points or constitutive heterochromatin.
Furthermore, some microchromosomes exhibit larger telomeric arrays
compared to other chromosomes, as evidenced by more intense fluorescence
signals [21,29,35-38].

In order to expand the comprehension of the chromosome evolution
within the Thamnophilidae family, we analyzed the karyotype of Thamnophilus
caerulescens and Thamnophilus ruficapilus using a combination of classical
and molecular cytogenetics techniques. C-banding experiments were carried
out as a way to investigate the distribution of constitutive heterochromatin, and
the FISH technique was used to detect and locate the repetitive sequences

TTAGGG (telomeric sequence) as well as the 18S rDNA sequence. This
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approach aims to provide insights about the chromosomal organization, and the
dynamics of repetitive DNA, as well as the possible mechanisms that promoted
the chromosomal evolution of these species, contributing to the limited
cytogenetic data that is available in the antbirds literature.

Methods
Samples and chromosomal preparations

Three individuals of the species T. caerulescens (02 ¢, 01 &) and three
of T. ruficapillus (02 ¢, 01 &) were collected in the municipalities of Sdo Gabriel
and Cacapava do Sul, located in the Pampa biome of Rio Grande do Sul state,
Brazil. The specimens were captured using mist nets and handled in
compliance with protocols approved by the Animal Ethics Committee (CEUA
019/2020, 024/2023) and the Biodiversity Authorization and Information System
(SISBIO 61047-3, 33860-2, and 81564-1). Metaphase chromosomes were

obtained through direct bone marrow cell culture [39].
Karyotyping and C-banding

To determine the diploid number, 50 metaphases per species were
analyzed using conventional staining (5% Giemsa in phosphate buffer, pH 6.8).
Constitutive heterochromatin-rich regions were identified following Sumner [40],
with modifications. Slides were incubated at 60°C for 1 hour, treated with 0.2 N
HCI at 42°C for 10 minutes, followed by treatment with 5% Ba(OH), at 42°C for
3 minutes. Subsequently, the slides were treated with 2x SSC at 60°C for 1
hour and 30 minutes. Chromosomes were counterstained with 0.7 pL of
propidium iodide (50 pg/mL) and mounted in 20 pL of Vectashield (Vector
Laboratories, Burlingame, CA, USA) [41].

Repetitive DNA mapping by FISH

Telomeric probes (TTAGGG)s; and 18S rDNA probes were used,
amplified by polymerase chain reaction (PCR). The telomeric probes were
amplified using the primers (TTAGGG)s and (CCCTAA)s, without a DNA
template, following the PCR conditions described by Kretschmer et al. [42]. For
the 18S rDNA probe, specific primers were designed for conserved loci in the
class Aves to detect the 45S rDNA site (in press). The PCR reaction was
prepared with 1X PCR buffer, 2.5 mM MgCl,, 0.2 mM of each dNTP, 0.4 uM of
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each primer (forward and reverse), 2.5 U of Taq DNA polymerase, and 25 ng of
template  DNA (nuclear DNA from Gallus gallus - Aves, Galliformes,
Phasianidae). The PCR conditions included an initial denaturation at 95°C for 2
minutes, followed by 35 cycles of denaturation at 95°C for 30 seconds,
annealing at 57°C for 1 minute, and extension at 72°C for 1 minute and 30
seconds, with a final extension step at 72°C for 5 minutes. The probes were
labeled with Aminoallyl-dUTP ATTO-550 (red) via Nick Translation (Jena
Bioscience, Jena, Germany), and the FISH protocol was performed according
to Kretschmer et al. [42]. To identify the hybridization patterns of each probe, 20
metaphases were analyzed, and all FISH experiments were repeated at least

three times to confirm the results.
Image processing

The images were captured using an Olympus BX53 microscope
(Olympus Corporation, Ishikawa, Japan) equipped with a CoolSNAP camera
and processed using the CellSens Standard software. The GIMP software was
used for karyotype assembly. Karyotype characterization was performed
through biometric measurements in the ImageJ software, following the
nomenclature proposed by Guerra [43]: metacentric, submetacentric,

acrocentric, and telocentric.
Results
Karyotype Description

The karyotypes of T. caerulescens and T. ruficapillus consist of a total of
80 and 82 chromosomes, respectively (shown in Fig. 1). The chromosomal
complement of T. caerulescens can be divided into 11 pairs of
macrochromosomes, including the sex chromosome pair, and 29 pairs of
microchromosomes (shown in Fig. 1a). Among these, the first seven pairs and
the Z chromosome exhibit acrocentric morphology, while the W chromosome is
metacentric, and the remaining chromosomes are telocentric. The karyotype of
T. ruficapillus can be divided into 11 pairs of macrochromosomes, including the
sex chromosome pair, and 30 pairs of microchromosomes (shown in Fig. 1b).
Notably, all chromosomes are telocentric, except for chromosome 2, which has

an acrocentric morphology.
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Fig. 1. Karyotypes of females specimens of Thamnophilus caerulescens
(2n=80) (a) and Thamnophilus ruficapillus (2n=82) (b). Scale bar = 10 uym.

Chromosomal Distribution of Constitutive heterochromatin, 18S rDNA and
Telomeric sequence

In T. caerulescens, constitutive heterochromatin was identified in the
centromeric regions of the chromosomes, with intense staining observed in the
centromere of the W chromosome (shown in Fig. 2a, 3a). In T. ruficapillus,
constitutive heterochromatin was detected in the centromeric regions of the
chromosomes, with seven pairs displaying interstitial markings (shown in Fig.
3b). The W chromosome, in particular, showed more intense staining compared
to the others (shown in Fig. 2d). The telomeric sequences (TTAGGG)s and 18S

rDNA exhibited distinct patterns between the species. In T. caerulescens,
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telomeric sequences are present both in the telomeres and in interstitial regions
of the first seven pairs (shown in Fig. 2b, 3a), while the 18S rDNA is located in
one pair of microchromosomes (shown in Fig. 2c). In T. ruficapillus, the
telomeric sequences (TTAGGG); are also present in interstitial regions of seven
pairs, differing in their distribution (shown in Fig. 2e, 3b), while the 18S rDNA

was identified in two pairs of microchromosomes (shown in Fig. 2f).

Fig. 2. Distribution of constitutive heterochromatin, telomeric (TTAGGG)s and
18S rDNA sequences in Thamnophilus caerulescens (a-c) and Thamnophilus
ruficapillus (d-f) metaphases, sexual chromosomes (a, d) and chromosomes
bearing the 18S rDNA sequence (e, f) are indicated. Scale bar = 10 pm.
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Fig. 3. Partial karyotypes of Thamnophilus caerulescens (a) and Thamnophilus
ruficapillus (b), highlighting distinct patterns of constitutive heterochromatin and
interstitial telomeric sequences (ITS). Scale bar = 10 um.

Discussion

The data obtained in this study on T. caerulescens and T. ruficapillus
contribute to the advancement of avian cytogenetics and our understanding of
the family Thamnophilidae, a group that is underrepresented in this area. To
date, only five species from this family have been analyzed, and of these, only
one has been studied in the last 20 years with modern molecular cytogenetic
techniques [5-8]. In this context, the localization of repetitive telomeric
sequences (TTAGGG); and 18S rDNA identified through FISH represents the

first detailed description for Thamnophilidae.

Cytogenetic analysis of T. caerulescens (2n=80) and T. ruficapillus
(2n=82) reveals significant differences in diploid number and chromosomal
morphology. The diploid number of 2n=80, observed in T. caerulescens, I.
hauxwelli, and W. vidua, is indicative of a conserved ancestral pattern in various
bird species, as exemplified by the putative ancestral karyotype of
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Passeriformes. This suggests that there is strong evolutionary conservation of
this chromosomal complement [5,8,44]. On the other hand, the diploid number
of 82 chromosomes in T. ruficapillus, T. doliatus, and P. leucoptera, and 76
chromosomes in D. mentalis, can be attributed to chromosomal
rearrangements, such as fissions and fusions, that occurred throughout the
evolutionary history of these species, leading to the observed variation in diploid
number [6,7].

Morphological differences in the macrochromosomes are striking among
the analyzed species. In T. caerulescens, acrocentric macrochromosomes
predominate in the first seven pairs, whereas T. ruficapillus predominantly
exhibits telocentric chromosomes, except for pair 2, which is acrocentric. These
variations suggest that pericentric inversion events may have contributed to
chromosomal evolution within the family. As for the sex chromosomes, T.
caerulescens presents a metacentric W chromosome and an acrocentric Z
chromosome, whereas T. ruficapillus displays both the W and Z chromosomes
with telocentric morphology.

The study by Ledesma et al. [7] employed the nomenclature proposed by
Levan et al. [45], which classifies chromosomes as metacentric,
submetacentric, acrocentric, subtelocentric, and telocentric. To ensure
consistency with other studies, the revised classification by Guerra [43], which
excludes the subtelocentric category, was adopted. The morphology of
chromosomes in Thamnophilidae species analyzed in other studies reveals
considerable structural variation. In W. vidua (2n=80), acrocentric
macrochromosomes predominate in pairs 1-6, 8, and 10, whereas pairs 7 and
9 exhibit metacentric morphology. The Z chromosome is submetacentric [8]. In
D. mentalis (2n=76), the first five pairs and the Z chromosome are acrocentric,
while pairs 6 to 11 are telocentric. In P. leucoptera (2n=82), pairs 1, 3, 5, 7, and
the sex chromosome pair are acrocentric, while the remaining pairs are
telocentric [7]. In T. doliatus (2n=82), all macrochromosomes are telocentric,
with no morphological variations [6]. These comparisons indicate that, in
addition to differences in diploid numbers, chromosomal morphology varies
widely within the family, suggesting diverse chromosomal evolution potentially

driven by multiple rearrangement mechanisms. Another relevant aspect is the
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absence of complete descriptions of the W chromosome in several
Thamnophilidae species, such as D. mentalis, T. doliatus, and W. vidua [6-8].
This lack of information highlights the need for further studies, particularly on
female individuals, to characterize the W chromosome and provide a better

understanding of sex chromosome evolution within the family.

C-banding analysis revealed notable differences between T.
caerulescens and T. ruficapillus, revealing distinct heterochromatin patterns that
reflect significant variability within the genus. In T. caerulescens, constitutive
heterochromatin is predominantly accumulated in the W chromosome,
microchromosomes, and centromeric regions of some macrochromosomes. In
contrast, T. ruficapillus exhibits not only these same patterns but also
constitutive heterochromatin in interstitial regions of the first seven pairs, which

sets it apart from other species in the genus.

The pattern observed in T. caerulescens is commonly observed in
Aves and among Passeriformes, in both suboscines and oscines. However, the
W chromosome of both Thamnophilus species contains a relatively reduced
amount of constitutive heterochromatin, confined to a region slightly larger than
the centromere. This differs from observations in other Passeriform families,
including Furnariidae, Tyrannidae, Hirundinidae, Mimidae, and Thraupidae, as
well as in orders like Cuculiformes, Caprimulgiformes, Gruiformes,
Charadriiformes, Procellariiformes, Trogoniformes, and Coraciiformes, where

the W chromosome is almost entirely heterochromatic [44,46-57].

In T. ruficapillus, we observed a unique pattern of interstitial markings
among Passeriformes, a phenomenon rarely described within the class Aves. In
the study by Nanda et al. [35], C-banding was performed on several species
from different orders, yet only a few displayed interstitial markings, which were
limited to a small number of chromosome pairs. An exception was observed in
the species Struthio camelus, belonging to the order Struthioniformes, which
displayed interstitial markings on seven chromosome pairs, a pattern similar to
that of T. ruficapillus, highlighting a rare convergence in heterochromatin

patterns between distantly related groups [35].
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The predominant accumulation of heterochromatin in the sex
chromosomes, microchromosomes, and  centromeric  regions  of
macrochromosomes appears to be a regular feature in the karyotypic evolution
of birds, indicating a conserved trend in avian genomes. However, the results
obtained suggest that the accumulation of constitutive heterochromatin plays an

active role in karyotype evolution within the genus Thamnophilus.

18S rDNA sequences were identified on different numbers of
chromosome pairs among the species. In T. caerulescens, these sequences
are located on a single pair of microchromosomes, an ancestral state shared by
most birds. In contrast, T. ruficapillus exhibits 18S rDNA sequences on two
pairs of microchromosomes, likely reflects chromosomal rearrangements, such
as duplication followed by translocation or fission, as this species has an
additional chromosome pair (2n=82). The phylogenetically closest family to
Thamnophilidae with data on the location of 18S rDNA sequences is
Furnariidae, where the analyzed species display this sequence on a single pair
of microchromosomes [56], except for those in the subfamily Dendrocolaptinae,
where the sequences are located on the first chromosome pair [58-60].
However, variations are observed both in Passeriformes (Oscines and
Suboscines) and in other orders, with locations ranging from 1 to 7 pairs,
spanning both macro and microchromosomes [30].

The distinct distribution of 18S rDNA sequences in T. caerulescens and
T. ruficapillus may be associated with the fragility of rDNA sites, which function
as hotspots for chromosomal breaks [61]. The repetitive nature and high
expression levels of these genes render these regions prone to
rearrangements, such as duplications and translocations [62,63]. These
rearrangements could explain the presence of the sequences on two pairs of
microchromosomes in T. ruficapillus, in contrast to their localization on a single

pair in T. caerulescens.

Telomeric sequence localization revealed unique patterns in the studied
species, never before observed in Passeriformes. In both species, interstitial
telomeric sequences (ITSs) were identified on the first seven chromosome
pairs, in different regions. Besides the Thamnophilidae species, two other

Passeriform families also exhibited ITSs, but in a smaller number of pairs: 1 and
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2 in Turdidae and 5 in Fringillidae [35,36]. Other orders with the distribution of
these sequences across multiple pairs include Struthioniformes (4—7 pairs) and
Strigiformes (2-8 pairs) [35]. Conversely, some orders displayed ITSs in a
smaller number of chromosome pairs, such as Galliformes (1-3 pairs),
Psittaciformes (1-4 pairs), Anseriformes (1 pair), Columbiformes (3 pairs),
Piciformes (3 pairs), and Falconiformes, with only one analyzed species
showing ITS on 1 pair [21,29,35-38] (shown in Table 1).

In T. ruficapillus, there was a correspondence between ITSs and regions
rich in constitutive heterochromatin, whereas in T. caerulescens, this
correspondence was not observed. Among the species with ITSs, 10 showed
markings in regions rich in constitutive heterochromatin, while 4 did not exhibit
this correspondence [21,35,37,38] (shown in Table 1).

As demonstrated in the species analyzed in this study, different marking
patterns can still be found, particularly in Neognathae, considering the group's
great diversity and the limited studies that have identified telomeric sequences.
To date, ITSs have been identified by FISH in just 23 bird species, across 9
orders (shown in Table 1). These results contrast with the hypothesis proposed
by Nanda et al. [35], which suggests that telomeric sequences originating in
Paleognathae due to chromosomal fusions in a common ancestor would have
been gradually degenerated in Neognathae following the divergence of these
groups.

Table 1. Species of birds with interstitial telomeric sequences (ITSs) detected
by fluorescence in situ hybridization (FISH).

Corresponding N° of pairs with

Order Specie C-Band interstitial signals References

Dromaius No 5 pairs (1, 2, and
novaehollandiae other 3 pairs)

Struthioniformes Struthio camelus Yes g p7a|233) (1,2, 3,4,
Rhea americana No 4 pairs (1, 2, 3, 4)

Anseriformes Angt_er anser ) 1 pair (1) Nanda 2002
Cairina moschata - 1 pair (1) [35]
Gallus gallus No 3 pairs (1, 2, 3)

. Coturnix coturnix Yes 2 pairs (3, 4)

Galliformes .
Phasianus i 1 pair (1)
colchicus P
Streptopella Yes 3 pairs (1, 2, W)

: roseogrisea

Columbiformes . .

Columba livia i 3 pair (3, and other  Derjusheva
2 pairs) 2004 [36]
Strigiformes Strix nebulosa - 8 pairs (2, 3,5,6,7 Nanda 2002
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8,9, 10, 11) [35]

Bubo bubo Yes 2 pairs (1, 4)
Colaptes .
melanochloros ves 3 pairs (1, 2, 3)
- Colaptes . de Oliveira
Piciformes campestris Yes 3 pairs (1, 2, 3) 2017 [38]
Melanerpes .
candidus Yes 3 pairs (1, 2, 5)
Falconiformes Falco columbarius - 1 pair (3) '[\IZ'S]h'da 2008
Nymphicus Yes 4 pairs (not Nanda 2007
L hollandicus specified) [21]
Psittaciformes . :
Psittacus Yes 1 pair (2) Seibold-Torres
erithacus P 2016 [37]
Turdus merula - 1 pair (5) [N?Z?da 2002
Turdus iliacus - EEZ:: g g) . Derjusheva
Passeriformes Fringilla coelebs - 6) 2004 [36]
Thamnophilus No 7 pairs (1-7)
caerulescens
Thamnophilus _ Present study
Yes 7 pairs (1-7)

ruficapillus

-: not mentioned in the cited article

Both species studied in the present paper appear to have different
evolutionary histories, since ITSs in T. ruficapillus correspond to constitutive
heterochromatin rich regions but T. caerulescens doesn’t. Given the diploid
number found (2n280), the origin of ITSs by ancestral chromosomal fusion is
unlikely, so some hypotheses can be put forward. In T. ruficapillus, ITSs are
likely to be repetitive DNA sequences very similar to telomeric ones, since all
markers corresponded to the pattern of constitutive heterochromatin and were
classified as Het-ITSs. At the same time, it was observed that pericentric
inversions occurred in chromosomes 1, 3-7, resulting in a telocentric
morphology, so the Het-ITS could be remnants of telomeric sequences present
in bibrachial chromosomes of a common ancestor [34,64]. On the other hand,
the ITSs in T. caerulescens do not correspond in their entirety to regions rich in
constitutive heterochromatin, which, in addition to the W chromosome and
microchromosomes, are only found in the centromere of some
macrochromosomes, indicating a distinct and complex evolutionary trajectory

for this species.

The lack of correspondence between ITSs and constitutive

heterochromatin-rich regions in T. caerulescens suggests that these sequences
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might have originated through other mechanisms, possibly involving
transposable elements (TEs). TEs play a fundamental role in genomic
remodeling, acting as a substrate for the emergence of new repetitive
sequences such as microsatellites, minisatellites and satellite DNA. Thus, due
to their ability to move and insert into different regions of the genome, TEs could
carry sequences similar to telomeric ones, potentially explaining the location of
the ITSs observed in this species [64,65].

CR1 and AVIRTE retrotransposons have been mapped in several avian
species, influencing genome organization and evolution. The CR1 element has
been mapped in Piciformes species and in Gallus gallus [66], while the AVIRTE
element has been mapped in Trogon surrucura [67]. The distribution of these
retrotransposons, in addition to sex chromosomes, has been observed in both
macrochromosomes and microchromosomes, in pericentromeric, interstitial and
terminal regions, and is not restricted to regions of constitutive heterochromatin.
Thus, the distribution of TEs in avian chromosomes, with no direct correlation to
regions of constitutive heterochromatin, supports the hypothesis raised.
However, although plausible, further studies are needed to confirm the
relationship between TEs and ITSs, including a detailed analysis of the
presence and type of TEs in the marked chromosomal regions to clarify whether

other mechanisms may also be involved.

This study expands our knowledge of chromosome diversity and
organization in Thamnophilidae, highlighting remarkable features in T.
caerulescens and T. ruficapillus. Key findings include variations in the
distribution of repetitive sequences such as ITSs, the presence of 18S rDNA
sequences in different pairs of microchromosomes, and variability in constitutive
heterochromatin patterns. The data obtained reveal a dynamic chromosomal
evolution in the genus Thamnophilus, driven by events such as fissions and
inversions that altered the diploid number and morphology of chromosomes.
The differences observed between species suggest unique patterns of genomic
reorganization in the family, in contrast to the predominant chromosomal
conservation in other birds. These results highlight the importance of further

research using advanced molecular techniques to gain a deeper understanding
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of the interactions between repetitive sequences and the mechanisms that drive

chromosomal evolution in birds.
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5. CONSIDERACOES FINAIS

Os dados obtidos neste estudo sobre T. caerulescens e T. ruficapillus
contribuem para o0 avangco da citogenética de aves e da familia
Thamnophilidae, um grupo com pouca representacdo. Até 0 momento, apenas
cinco espécies dessa familia haviam sido analisadas e, dessas, apenas uma foi
estudada nos dudltimos 20 anos com técnicas modernas de citogenética

molecular.

Nesse contexto, a localizacdo das sequéncias repetitivas de 18S rDNA e
teloméricas (TTAGGG)s, identificadas por FISH, representa a primeira
descricdo detalhada para Thamnophilidae. Esses resultados n&o apenas
ampliam o conhecimento sobre a organizacdo do genoma em Passeriformes,
mas também sugerem variacdes no padrao de distribuicdo dessas sequéncias

dentro da familia.

A partir da andlise dos cari6tipos de T. caerulescens (2n = 80) e T.
ruficapillus (2n = 82), observamos diferencas no numero diploide e na
morfologia dos cromossomos, além da variabilidade nos padrbes de
heterocromatina constitutiva. T. ruficapillus apresentou padrdes inéditos para a
ordem Passeriformes, com blocos de heterocromatina constitutiva em regides
intersticiais dos seus sete primeiros pares cromossdmicos. Esses padrdes
sugerem uma evolucdo cromossdmica impulsionada por eventos como fissdes
e inversdes, que alteraram tanto o numero diploide quanto a morfologia dos

Cromossomeos.

Por meio do FISH, identificamos variagOes na distribuicdo das sequéncias
repetitivas, como a presenca de sequéncias de 18S rDNA em diferentes pares
de microcromossomos. T. caerulescens apresentou essa sequéncia em um par
de microcromossomos, representando um padrdo conservado, enquanto T.
ruficapillus apresentou essa sequéncia em dois pares de microcromossomos, 0
gue pode indicar a ocorréncia de rearranjos cromossomicos, como duplicacao
seguida de translocacao ou fissdo, uma vez que essa especie possui um par

cromossOmico adicional (2n = 82).

Em relacdo a distribuicdo das sequéncias teloméricas, ambas as espécies

apresentaram padrdes inéditos para a ordem Passeriformes. Além dos
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telomeros, essas sequéncias foram identificadas em regides intersticiais dos
sete primeiros pares cromossdmicos, porém em regides distintas entre as
espécies. Isso sugere o envolvimento de diferentes mecanismos na origem
dessas marcagbes. Em T. ruficapillus, os padrbées de heterocromatina
constitutiva e de sequéncias teloméricas correspondem entre si, diferentemente

de T. caerulescens, que apresenta padrdes distintos para essas marcagoes.

Esses resultados evidenciam padrfes Unicos de reorganizacdo genbémica,
indicando uma evolugdo cromossdémica dinamica na familia Thamnophilidae,

em contraste com o padrdo mais conservado observado em outras aves.

Por fim, os dados reforcam a importancia de pesquisas adicionais utilizando
técnicas moleculares avancadas para uma compreensdo mais aprofundada
das interacOes entre sequéncias repetitivas e 0s mecanismos que impulsionam

a evolugao cromossdmica em aves.
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Abstract

The chromosome number of all species of Procyonidae was very conserved. Most have very strong chromosomal homology
among members of the family, as well as with different species of the suborder Feliformia. Many chromosomes have similar
and sometimes identical G-band patterns, while others differ due to Robertsonian translocations and inversions. In this work,
the karyotype of two species of the family Procyonidae, Nasua nasua (2n=38; NF = 74) and Procyon cancrivorus (2n=38; NF
= 76), the latter described cytogenetically for the first time, is characterized using conventional staining and differential G, C
and NOR banding techniques. Pericentric and paracentric inversions were observed in Procyon cancrivorus and Nasua nasua,
respectively. Finally, the G-band karyotypes of both species were compared with the Ancestral Carnivore Karyotype proposed
in the literature, providing a homology and conservation on the karyotype evolution of this order.

Keywords: G-banding; NOR-banding; C-banding; ACK

Introduction

Belonging to the genus Procyon, P cancrivorus (Cuvier)
is a solitary animal of nocturnal habits, living near bodies of
water: It has a short, dense coat of dark brown to gray color,
easily identified by a dark face mask. Its distribution includes
Central and South America [2]. Exclusive to South America,
Nasua nasua (Linnaeus) is a social animal of daytime habits,
and can live in large groups. Its color varies according to the
geographical distribution, between reddish and brown tones,

Evalutionary History of Procyonids [Carnivora: Procyonidae): Comparative Cytogenetics of Nasua

Nasua and Progyon Cancriverus

and has great mobility in its long snout. Both P cancrivorus
and N. nasua are medium-sized animals with a long ringtail,
presenting sexual dimorphism with males larger than
females [2].

The procyonids described karyotypically so far are very
similar, presenting 2n=38, they are difficult to differentiate
only on the basis of chromosome morphology. In addition
to the similarities between those belonging to the family,
there are great resemblances with the Felids, but there is no
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Abstract

Furnariidae {ovenbirds) is one of the most diversified families
in the Passeriformes order and Suboscines suborder. Despite
the great diversity of species, cytogenetic research is still in its
early stages, restricting our knowledge of their karyotype
evolution. We combined traditional and molecular cytoge-
netic analyses in three representative species, Synallaxis
frontalis, Syndactyla rufosuperciliata, and Cranioleuca obsoleta,
to examine the chromosomal structure and evolution of ov-
enbirds. Our findings revealed that all the species studied had
the same diploid number (2n = 82). Differences in chromo-
somal morphelogy of some macrochromosomes indicate the
presence of intrachromosemal rearrangements. Although the
three species only had the 185 rDNA on one micro-
chromosome pair, chromosomal mapping of six simple short
repeats revealed a varied pattern of chromosome distribution
amang them, suggesting that each species underwent dif-
ferent repetitive DNA accumulation upon their divergence.

The interspecific comparative genamic hybridization experi-
ment revealed that the Furnariidae species investigated carry
centromeric regions enriched in similar repetitive sequences,
bolstering the Furnariidae family’s karyotype conservation.
Monetheless, the outgroup species Turdus rufiventris (Turdi-
dae) demonstrated an advanced stage of sequence diver-
gence with hybridization signals that were almost entirely
limited to a few microchromosomes. Overall, the findings
imply that Furnariidae species have a high degree of chro-
mosomal conservation, and we could also observe a differ-
entiation of repetitive sequences in both Passeriformes sub-
orders (Suboscines and Oscines). 2023 5. Karger AG, Basel

Introduction

Passeriformes is the largest avian order, with more
than 6,000 widely distributed species that show an ex-
traordinary morphological and ecological diversity
|Ericson et al, 2014]. The order is divided into two
suborders: Oscines (vocal learners), comprising 776
genera and roughly 80% of all Passeriformes species, and
Suboscines (vocal non-learners), which has 284 genera,
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ABSTRACT

This study aims to conduct a cytogenetic analysis on four South American feline species: the jaguar
{Panthera onca), the puma (Puma concolor), the ocelot (Leopardus wiedii), and the domestic cat (Felis
catus). We discovered that the jaguar and the puma mainly differ in their fundamental number of
chromosomes. Furthermore, we observed a morphological difference in a pair of chromosomes between
the jaguar and the domestic cat. This suggests that, over the course of evolution, there was a pericentric
inversion in a pair of B4 group chromosomes, leading them to become part of the A group in the jaguar.
When analyzing the puma, we noticed the presence of a fourth pair of chromosomes in the E group, along
with a deletion in the F group. Additionally, we observed the presence of an additional pair of
chromosomes in the C group in the ocelot. Another interesting aspect of the study was the location of
nucleolar organizer regions (NORs) on the chromosomes. To elucidate the origin of other chromosome
pairs, we employed chromosomal banding techniques, allowing us to better understand the evolution of
the C3 pair in the Leopardus genus and the E4 palr in the Puma genus.

Keywords: felidae, NOR banding. chromosome marker

RESUMO

Este estudo tem como objetfvo realizar uma andlise cliogendtica em quatro espécies de felinos sul-
americanos: a onga-piniada (Panthera onca), a suquarana (Puma concolor), o gato-do-mato-pegueno
(Leopardus wiedii) ¢ o gato doméstico (Felis catus). Descobriu-se que a onga-pintada ¢ a suguarana
diferem principalmente em seu ndmero findamenial de cromossomos. Além disso, notou-se uma diferenca
marfoldgica em um par de cromossomas entre a onga-piniada e o gato doméstico. Isso nos sugere que, ao
longo da evolugdo, houve uma inversio perfeéntrica em um par de cromossomos do grupo B4, que passou
a fazer parte do grupo A na onga-pintada. Quando se analisou a suquarana, observou-se a presenga de
um guarto par de cromassomos no grupo E, juntamente com uma delegdo no grupe F. 1sso sugere que, ao
longo de sua evolugdo, a sucuarana também passou por uma inversdo pericéntrica. A principal diferenca
entre o gato-do-mato-pequeno ¢ 0 gato domésiico reside na auséncia de cromossomas no grupo F devido
a fusdo de dois pares de cromossomos telocéntricos. Além disso, notou-se a presenga de um par adiclonal
de cromassomos no grupe C no gato-do-mato-pequeno. Outro aspecto interessante do estudo fol a
lacallzacio das reghies organizadoras nucleolares (NOR) nos cromossomas. Descobriu-se que, tanto na
onga-piniada quanto na sucuarana, as NORs estdo locallzadas no braco curio do par de cromossomos
El. Para elucidar a origem de outros pares de cromossomos, foram empregadas técnicas de bandamenio
cromossdmice, a que permitin entender melhor a evelucdo do par C3 no género Leopardus ¢ do par E4
ne género Puma.

FPalavras-chave: falidae. banda NOR. marcador cromossimico
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Abstract

Introduction: Passeriformes has the greatest species di-
versity among Meoaves, and the Tyrannidae is the richest in
this order with about 600 valid species. The diploid number
of this family remains constant, ranging from 2n = 76 to 84,
but the chromosomal morphology varies, indicating the
occurrence of different chromosomal rearrangements. Cy-
togenetic studies of the Tyrannidae remain limited, with
approximately 20 species having been karyotyped thus far.
This study aimed to describe the karyotypes of two species
from this family, Myiopagis wiridicata and Sirystes sibilator.
Methods: Skin biopsies were taken from each individual to
establish fibroblast cell cultures and to abtain chromosomal
preparations using the standard methodology. The chro-
masomal distribution of constitutive heterochromatin was
investigated by C-banding, while the location of simple
repetitive sequences (S5Rs), 185 rDNA, and telomeric se-
quences was found through fluorescence in situ hybrid-

ization. Results: The karyotypes of both species are com-
posed of 2n = 80. The 185 rDNA probes hybridized into two
pairs of microchromosomes in M. viridicata, but only a single
pair in 5. sibilator. Only the telomeric portions of each
chromosome in both species were hybridized by the telo-
mere sequence probes. Most of the 55Rs were found ac-
cumulated in the centromeric and telomeric regions of
several macro- and microchromosomes in both species,
which likely correspond to the heterochromatin-rich re-
gions. Conclusion: Although both species analyzed showed
a conserved karyotype organization (2n = 80), our study
revealed significant differences in their chromosomal ar-
chitecture, rDNA distribution, and SSR accumulation. These
findings were discussed in the context of the evolution of
Tyrannidae karyotypes.

© 3024 5 Karger AG, Basel

Introduction

While bird species exhibit an extensive range of var-
iation in behavior, morphology, and ecology [1], their
chromosomal history shows an intriguing degree of
evolutionary stability. About 40.6% of the species that
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