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RESUMO

A ordem Anura, composta pelos popularmente conhecidos sapos, ras e pererecas, vem
sofrendo uma forte ameaca a sua conservacdo, com relatos de extingdes recentes.
Hylidae ¢ a mais diversa familia da ordem, composta por trés subfamilias: Hylinae,
Pelodryadinae e Phyllomedusinae. A tribo Cophomantini (uma das tribos de Hylinae) ¢
um clado diverso de anuros neotropicais composta por cinco géneros. Boana foi retirado
inicialmente da sinonimia de Hyla e posteriormente chamado de Hypsiboas, mudancas
estas que refletem as intensas reorganizagdes filogenéticas sofridas pelo género.
Sabendo da vasta diversidade do grupo, estudos de taxonomia integrativa tém sido
importantes para compreender a evolucdo e relagdes do clado. Diante da importancia
ecologica do grupo, estudos citogenéticos t€ém sido usados para enriquecer o cenario
evolutivo e auxiliar na resolucdo de incertezas taxonomicas e sistematicas. Logo, o
objetivo deste trabalho foi contribuir para o enriquecimento dos estudos cromossdmicos
em hilideos a partir da utilizagdo de marcadores de citogenética classica, mapeamento
cromossomico in situ e sequenciamento de DNAs repetitivos, em trés espécies do
género Boana, alocadas em trés grupos taxondmicos diferentes, todas provenientes da
Mata Atlantica paranaense. Os caridtipos estudados apresentaram diferenga entre si,
sendo que B. faber e B. prasina apresentaram 2n = 24 cromossomos invariavelmente,
enquanto B. albopunctata apresentou 2n = 22 cromossomos com eventual presenca de
um cromossomo B. O cariotipo com 2n = 24 cromossomos ¢ uma caracteristica
frequente do género Boana, cuja origem estaria no cariotipo com 2n = 26 cromossomos
que, a partir de fusdes cromossdmicas, inversdes pericéntricas ou ainda
reposicionamentos centroméricos, podem vir a explicar a variagdo na estrutura
cariotipica  entre  hilideos. = Bandas  heterocromaticas  foram  encontradas
predominantemente em regides pericentroméricas em todas as espécies, embora bandas
C adicionais sobre regides teloméricas e/ou intersticiais se mostraram parcialmente
espécie especificas. As regides organizadoras de nucléolo (RONs) foram localizadas em
apenas um pequeno par dos caridtipos, cuja localizagdo ¢ comum em Hylinae e sugere
uma homeologia envolvendo os cromossomos portadores de RONs. O mapeamento
cromossomico de sequéncias microssatélites juntamente com rDNA 5S, 18S e sonda
telomérica vém como fatores a enriquecer no entendimento de sequéncias repetitivas do
DNA e sua relagdo com a modelagem dos cariotipos estudados. O elemento
transponivel (TE) Tcl/Mariner apresentou marcagdes dispersas em todos os
cromossomos das trés espécies estudadas. A estrutura e a origem de sequéncias
repetitivas podem explicar a organiza¢do atual dos genomas. As sequéncias do TE
Tcl/Mariner isoladas neste estudo apresentaram alta integridade e com todos os
dominios funcionais, sugerindo que estes transposons estdo em fase recente de invasio e
ativos nos genomas de Boana. O mapeamento in situ das sequéncias repetitivas
apresentadas aqui sdo inéditas para a familia Hylidae, sendo mais uma ferramenta a
questionar a ideia de caridtipo conservado em anuros, diante das variacdes aqui
apresentadas.

Palavras chave: Anfibios; DNAs repetitivos; Evolugao cariotipica; FISH.



ABSTRACT

The order Anura, composed of the popularly known toads, frogs and tree frogs, has
been suffering a strong threat to its conservation, with reports of recent extinctions.
Hylidae is the most diverse family of the order, comprising three subfamilies: Hylinae,
Pelodryadinae and Phyllomedusinae. Tribe Cophomantini (one of the tribes of Hylinae)
is a diverse clade of Neotropical anurans comprising five genera. Boana was initially
withdrawn from the synonymy of Hyla and later called Hypsiboas, changes that reflect
the intense phylogenetic reorganizations undergone by the genus. Knowing the vast
diversity of the group, integrative taxonomy studies have been important to understand
the evolution and relationships of the clade. Given the ecological importance of the
group, cytogenetic studies have been used to enrich the evolutionary scenario and help
resolve taxonomic and systematic uncertainties. Therefore, the objective of this work
was to contribute to the enrichment of chromosomal studies in hylids from the use of
classical cytogenetic markers, in sifu chromosomal mapping and repetitive DNA
sequencing, in three species of the genus Boana, allocated in three different taxonomic
groups, all from the Atlantic Forest of Parana. The karyotypes studied showed
differences between themselves, with B. faber and B. prasina invariably presenting 2n =
24 chromosomes, while B. albopunctata presented 2n = 22 chromosomes with the
occasional presence of a B chromosome. The karyotype with 2n = 24 chromosomes is a
frequent characteristic of the genus Boana, whose origin would be in the karyotype with
2n = 26 chromosomes that, from chromosomal fusions, pericentric inversions or even
centromeric repositioning, may explain the variation in the karyotypic structure between
hylids. Heterochromatic bands were found predominantly in pericentromeric regions in
all species, although additional C bands over telomeric and/or interstitial regions were
partially species specific. Nucleolus organizer regions (NORs) were located in only a
small pair of karyotypes, whose location is common in Hylinae and suggests a
homeology involving NOR-bearing chromosomes. The chromosomal mapping of
microsatellite sequences together with 5S, 18S rDNA and telomeric probes come as
factors to enrich the understanding of repetitive DNA sequences and their relationship
with the modeling of the studied karyotypes. The transposable element (TE)
Tcl/Mariner showed scattered markings in all chromosomes of the three studied
species. The structure and origin of repetitive sequences can explain the current
organization of genomes. The TE Tcl/Mariner sequences isolated in this study showed
high integrity and all functional domains, suggesting that these transposons are in a
recent invasion phase and active in Boana genomes. The in situ mapping of the
repetitive sequences presented here is unprecedented for the Hylidae family, being yet
another tool to question the idea of a conserved karyotype in anurans, given the
variations presented here.

Keywords: Amphibian; Repetitive DNAs; Karyotype evolution; FISH
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1 Introducao

A classe Amphibia apresenta uma distribui¢ao cosmopolita, exceto nas latitudes
extremas ao Norte, na Antartida e em grande parte das ilhas ocednicas. A classe ¢
representada por 8530 espécies, agrupadas em 3 ordens distintas: Gymnophiona com
215 sp., Caudata com 792 sp. e, a mais expressiva, Anura com 7521 sp. (FROST, 2022).
Na ordem Anura, a familia Hylidae, com 1036 representantes, apresenta o maior
numero de espécies. A familia tem passado por uma progressiva reorganizagao
filogenética nas ultimas décadas, sendo que atualmente estd organizada em trés
subfamilias: Hylinae, Pelodryadinae e Phyllomedusinae (FROST, 2022).

Com relagdo as descrigdes cariotipicas disponiveis para o género Boana
(Hylinae, Hylidae), o nimero diploide varia de 22 a 24 cromossomos, com 0s cariotipos
apresentando pouca variagdo no numero fundamental (NF) (VENANCIO NETO et al.,
2022). A maioria das espécies de Phyllomedusinae e Pelodryadinae, tdxons irmaos de
Hylinae, compartilham 2n=26 cromossomos, enquanto o 2n=24 cromossomos ¢
considerado uma suposta sinapomorfia para Hylinae (DUELLMAN, 2001;
FAIVOVICH et al., 2005, 2021; FERRO et al., 2018).

Em eucariotos, uma consideravel por¢ao do genoma ¢ constituida por sequéncias
de DNA de multiplas copias, também referidos como “DNAs repetitivos” (SUMNER,
2003). Estes geralmente sdo classificados como repeticdes in tandem e repeticdes
dispersas, sendo essas ultimas compostas por elementos transponiveis (TEs)
(CHARLESWORTH; SNIEGOWSKI; STEPHAN, 1994).

As repeti¢des in tandem sdo compostas por sequéncias repetitivas organizadas
em clusters, localizadas frequentemente em regides teloméricas ou pericentroméricas.
Tais sequéncias sdo classificadas em satélites (DNA satélite, minissatélite e
microssatélite) ou em familias génicas (genes de histonas, small nuclear
ribonucleoprotein particles — snRNPs, RNA ribossdmico - RNAr, entre outras)
(HARDMAN, 1986; SHAPIRO; STERNBERG, 2005; BISCOTTI; OLMO; HESLOP-
HARRISON, 2015). O processo de acimulo de genes duplicados, especialmente via
erro de recombinagdo homologa, duplicagdes gendmicas e a divergéncia evolutiva entre
as copias podem vir a explicar a origem de familias multigénicas (WENDEL, 2000;
BENNETZEN, 2002; KELLIS et al., 2004). Estas sequéncias podem estar localizadas
em um Unico cromossomo ou situadas em inumeros locus no conjunto cariotipico

(EIRIN-LOPEZ et al., 2004).
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Ja os TEs sdo sequéncias repetitivas dispersas e sdao reconhecidos como
elementos genéticos mdveis no genoma. Esses elementos podem ser identificados de
acordo com sua organizacdo estrutural e quanto seu mecanismo de transposi¢do em
DNA transposons e retrotransposons, constituindo uma das principais fontes de mutagao
nos genomas (BOHNE et al., 2008).

Sabendo que constantes reorganizacdes filogenéticas sdao propostas para a
familia Hylidae (FROST, 2022), abordagens envolvendo espécies de hilideos e o
mapeamento de DNAs repetitivos fornecem subsidios para construir um cenario mais
rico da evolucdo cromossdmica do taxon. Assim, a utilizacdo de marcadores
cromossomicos ¢ uma ferramenta promissora, permitindo hipdteses em relacdo as
interpretacdes sobre a evolugdo cromossOmica em um contexto taxonomico. Desta
forma, tendo em vista os escassos estudos de citogenética molecular no grupo, o
objetivo deste trabalho ¢ melhor compreender a distribui¢do cromossdmica de classes
de DNAs repetitivos a partir da caracterizagdo das sequéncias bem como a localizacao

in situ em espécies do género Boana.

1.1 Revisdo Bibliografica

1.1.1 Anfibios anuros

A ordem Anura, pertencente a classe dos anfibios, apresenta uma diversidade de
7521 espécies descritas alocadas em 50 familias distribuidas por quase todos os
continentes, exceto na Antartida (FROST, 2022). As alteracdes na classificagdo deste
grupo sao constantes, como por exemplo, apds analises moleculares realizadas por
Faivovich et al. (2005), algumas espécies do género Hyla foram entdo realocadas para o
género Hypsiboas, atualmente chamado de Boana (DUBOIS, 2017).

No Brasil, € registrada a ocorréncia de 1144 espécies de anuros divididos em 20
familias e 107 géneros, segundo a lista de anfibios brasileiros divulgada pela Sociedade
Brasileira de Herpetologia (SBH, 2022). Segundo Gazoni (2011), estes numeros vém
aumentando nas ultimas décadas e este fato, associado a grande similaridade
morfoldgica que os anuros apresentam, faz com que sejam necessarios mais estudos a
fim de se esclarecer a taxonomia e sistematica do grupo. Representantes deste grupo sio
popularmente denominados como sapos, ras e pererecas, sendo em geral diferenciados
por meio das especializagdes morfoldgicas do seu sistema de locomogao (POUGH;

JANIS; HEISER, 2008).
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Os anfibios constituem um grupo animal de alta importancia ecoldgica, seja por
sua posicao central em redes troficas, por serem caracterizados como um grupo de
ligacdo entre sistemas, i.e. aquatico e terrestre, ou até mesmo por sua vasta diversidade,
abrangendo uma ampla gama de microhdbitats dulcicolas e terrestres (GARCIA et al.,
2009). Apesar disto, os anuros vém enfrentando uma pungente ameaga a sua
conservacio, ja que as populagdes estdo sofrendo declinio elevado. E considerado o
grupo animal mais ameagado, com aproximadamente 40% das espécies ameagadas de
extingdo (GRANDINETTI; JACOBI, 2005; MONASTERSKY, 2014; ANDRADRE et
al., 2022). Adicionalmente, ¢ também o grupo com mais espécies sem informagao,
classificados na categoria de dados insuficientes ou Data Deficient (DD) na plataforma
online da Unido Internacional para Conservagdo da Natureza (IUCN) (FODEN et al.,
2013; TUCN, 2022). Varios fatores tém sido apontados como causas para esse declinio,
tais como a introducao de espécies exdticas, a polui¢do, a alteragdo do equilibrio entre
predador e presa, o aumento da radiagdo ultravioleta B (UV-B), a exploragdo de
espécies, as chuvas acidas e principalmente a perda e fragmentacdo de habitats, que
ganha lugar de destaque no declinio das populacdes de anfibios (BLAUSTEIN; KATS,
2003; COLLINS; STORFER, 2003).

Outro fator alarmante relacionado a esse declinio ¢ a dispersdo de doengas, com
destaque para a quitridiomicose (DASZAK et al., 2004), uma doenga infecciosa
emergente causada pelo fungo Batrachochytrium dendrobatidis (Bd) (BERGER et al.,
2005; BECKER; ZAMUDIO, 2011). Essa doenca vem sendo disseminada pelo mundo
dizimando populagdes, ¢ ja foi mencionada como “a pior doenca infecciosa ja
documentada entre os vertebrados em termos de niumero de espécies impactadas e sua
propensdo em leva-las a extingdo” (FISHER; GARNER; WALKER, 2009). O fungo Bd
encontra-se amplamente distribuido, sendo documentado em todos continentes, tendo
sido registrado em no minimo 71 paises, em 50% das espécies de anfibios analisadas e
contribuiu para o declinio de aproximadamente 6,5% das populacdes de anuros
(incluindo 90 extingdes presumidas), representando assim a maior perda de
biodiversidade de vertebrados atribuida a um patégeno (OLSON; RONNENBERG,
2014; SCHEELE et al., 2019; HOLLANDERS; 2022).

O declinio de anfibios, associado a quitridiomicose, tem sido essencialmente
observado em areas de reserva de florestas primarias ou pouco alteradas em locais
montanhosos da regido neotropical (LIPS et al, 2008; POUNDS et al, 2006;
ANDRADE et al., 2022).
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1.1.2 Familia Hylidae e o género Boana

A familia Hylidae est4 entre os mais bem-sucedidos e diversificados grupos de
anuros, com relatos de sua presenga em areas da Europa, norte da Africa e da Asia,
América do Sul e Central, oeste da India, Australia e Nova Guiné. Atualmente é a maior
familia da ordem Anura, com 1036 espécies (FROST, 2022). De habito arboricola, os
hilideos apresentam uma grande diversidade de modos reprodutivos bem como postura
de ovos (OLIVEIRA, 2012). Seus representantes estdo agrupados nas subfamilias
Hylinae (composta pelas tribos Cophomantini, Dendropsophini, Hylini e Lophyohylini),
Pelodryadinae e Phyllomedusinae (FAIVOVICH et al., 2005, 2021; FROST, 2022).

Em geral, os hilideos apresentam cabega e olhos grandes, cintura frequentemente
afinalada, membros alongados, tamanhos corporais distintos, apresentando individuos
que podem medir apenas 1,7 cm e outros que podem chegar até 14 cm de comprimento
(OLIVEIRA, 2012). Os hilideos apresentam diversas outras variaveis morfologicas,
porém ndo muito resolutivas filogeneticamente, entretanto, a presenga de discos
adesivos arredondados nas pontas dos dedos ¢ uma caracteristica comum descrita na
maioria das espécies, o que pode, eventualmente, diferencia-los facilmente das demais
familias (LIMA et al., 2006). Suas espécies apresentam uma grande diversidade de
modos reprodutivos, sendo a maioria restritos a Mata Atlantica (HADDAD; SAWAYA,
2000). Esta diversidade esté relacionada com o microhébitat de oviposi¢do, pois 0s ovos
podem ser depositados diretamente na agua, em ninhos de espuma em camaras
subterraneas ou sobre rochas, em folhas suspensas na vegetacao sobre a 4gua ou mesmo
carregados pelo adulto (DUELLMAN; TRUEB, 1994; HADDAD; PRADO, 2005;
WELLS, 2007; SILVA et al., 2019).

Os estudos apresentam um consenso em relacdo 4 filogenia de Hylidae apesar da
larga distribui¢do geografica e a diversidade das subfamilias, tais dados gerados tém
grande importancia na investigacdo do monofiletismo das espécies que constituem o
taxon (WIENS et al.,, 2005; DUELLMAN; MARION; HEDGES, 2016). A tribo
Cophomantini (Hylidae, Hylinae) ¢ um clado diverso de anuros neotropicais composto
pelos géneros Aplastodiscus, Boana, Bokermannohyla, Hyloscirtus e Mbyersiohyla
(FERRO et al., 2018; FROST, 2022). Essa tribo vem acompanhando as reorganizagdes
que aconteceram na familia, ja que foi elevada a subfamilia (como Cophomantinae) por

Duellman, Marion e Hedges (2016), e recentemente retornou a nivel de tribo apos
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discordancias encontradas por Caviedes-Solis, Kim e Leaché (2020) corroboradas por
Ferro et al. (2018) e Frost (2022).

Enfatizando a dinadmica destas reorganizagdes temos o género Hyla Laurenti,
1768 o qual, durante mais de 150 anos, alocou a maioria das espécies de hilideos da
Eurasia, Américas e da regido Australo-Papua (FAIVOVICH et al., 2005;
DUELLMAN; MARION; HEDGES, 2016; FROST, 2022). Apods estudos que
integraram marcadores morfologicos, moleculares e citogenéticos, seus exemplares
foram realocados em 10 novos géneros, dentre eles o género Hypsiboas atualmente
denominado género Boana Gray, 1825 (FAIVOVICH et al., 2005; DUELLMAN;
MARION; HEDGES, 2016; FROST, 2022).

Desde a revisdo inicial feita por Faivovich et al. (2005), o conhecimento
taxondmico e as hipoteses filogenéticas disponiveis sobre os géneros dentro de
Cophomantini aumentaram bastante. Conforme Faivovich et al. (2005), o género Boana
contém sete grupos de espécies de acordo com dados genéticos, morfoldgicos,
comportamentais e ecologicos (Figura 1): B. albopunctata, B. benitezi, B. faber, B.
pulchella, B. pellucens, B. punctata € B. semilineata, para os quais, 22 novas espécies
foram descritas ap6s a analise. As relagdes desses grupos de espécies foram abordadas
por amostragem de taxons distintos, com foco no grupo de B. pulchella (KOHLER et
al., 2010; DUELLMAN; MARION; HEDGES, 2016; FAIVOVICH et al., 2005, 2021),
no grupo de B. albopunctata (CAMINER; RON, 2014) e no grupo de B. semilineata
(FOUQUET et al., 2016).

Considerando todas as mudangas taxonomicas dos ultimos anos, atualmente o
género Boana agrupa 99 espécies (FROST, 2022). De acordo com Ribeiro, Egito e
Haddad (2005), o género abrange as espécies popularmente conhecidas como ras-
gladiadoras, devido as disputas corporais que ocorrem quando um macho invade o
territorio de outro. Sabendo que o género Boana ¢ dividido em sete grupos taxondmicos
diferentes, e tais agrupamentos sdo suportados por sinapomorfias morfoldégicas que sao
uteis para definir unidades monofiléticas, ainda, ha algumas espécies que possuem
caracteres que dificultam sua alocacdo em qualquer um dos grupos atualmente

reconhecidos (FAIVOVICH et al., 2005, 2021).
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Género Grupo de espécies Espécies utilizadas no estudo

B. albopunctata — > B. albopunctata

B. benitezi

E. faber —= B faber

[ Boana ] B. pellucens

B. punctata

B. pulchella | — B. prasina

B. semilineata

Figura 1 — Esquema demonstrando os diferentes grupos de espécies do género Boana
bem como em qual grupo consta as espécies estudadas no presente trabalho.

As espécies do género apresentam dois modos reprodutivos: desova depositada
diretamente na agua e larvas aquaticas exotroficas e, ovos depositados em bacias
naturais ou construidas e girinos exotréficos, em ambiente Iéntico ou l6tico (HADDAD;
PRADO, 2005). No entanto, casais de Boana pardalis ja foram observados desovando
em bromélias terrestres, se assemelhando ao modo reprodutivo no qual ovos sdo
depositados em plantas aéreas (MOURA; MOTTA; FEIO, 2011). Este fato demonstra
que as espécies de Boana podem exibir modos alternativos, ou até mesmo modos de
reprodugdo ainda nao descritos (TOLEDO et al., 2012).

De acordo com a vasta diversidade de todo o grupo dos anuros e
consequentemente dos hilideos, o estabelecimento das relagdes filogenéticas baseadas
apenas em informag¢des morfo-anatomicas se torna dificil, ja que, por mais que o grupo
apresente um grande numero de espécies e diversidade de habitats, ainda sim detém
relativamente poucas variagdes morfologicas significativas (POUGH; JANIS; HEISER,
2008), fazendo necessaria a utilizacdo de marcadores mais resolutivos.

J& que constantes reorganizagdes filogenéticas sdo realizadas em Hylidae
(FROST, 2022), abordagens envolvendo um grande ntmero de espécies e o
mapeamento de DNAs repetitivos dardo subsidios para construir um cenario mais rico

na evolucdo cromossomica do grupo. Assim, a utilizagdo de marcadores cromossomicos
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se torna uma ferramenta para o melhor entendimento da evolu¢ao cromossomica e

estabelecimento de relagdes filogenéticas entre espécies de hilideos.

1.1.3 Citogenética do grupo

A partir dos inimeros questionamentos taxondmicos sobre Boana, estudos t€m
sido realizados a partir da distribuicdo geografica, ecologia, caracteristicas morfologicas
externas, bioacustica, osteologia, considerando também dados de sequenciamento de
DNA nuclear e mitocondrial, além de outros marcadores moleculares (GAZONI, 2011;
FERRO et al., 2018; SUAREZ et al., 2020; FAIVOVICH et al., 2021; VENANCIO
NETO et al., 2022).

A observagdo dos cromossomos dos anuros teve inicio por volta de 1930, com
utilizacdo da técnica de esmagamento dos testiculos, o que possibilitava analises de
fases meioticas e, esporadicamente, de metafases espermatogoniais (MORESCALCHI;
CHIARELLI; CAPANNA, 1973; KING; CONTRERAS; HONEYCUTT, 1990;
KURAMOTO, 1990; GREEN; SESSION, 1991). Foi em 1960 que a citogenética deu
seu grande salto, gracas ao desenvolvimento de técnicas e métodos de obtencao
cromossOmica, utilizando-se inibidores mitdticos e tratamentos hipotonicos, além dos
avangos nos equipamentos para as analises e identificagdo cromossomica (SCHMID et
al., 1990; GREEN; SESSIONS, 1991; SCHMID; BOGART; HEDGES, 2010).

Os dados cromossdmicos pioneiros da anurofauna brasileira foram obtidos com
a utilizagdo de coloragdo convencional de cromossomos meidticos e mitoticos,
resultando em informagdes relevantes sobre a constituicdo cariotipica do grupo
(BECAK, 1968; RABELLO et al., 1971; DENARO, 1972; FORESTI, 1972; BOGART,
1973; LUCCA et al., 1974). Tais trabalhos j& indicavam que os mecanismos capazes de
explicar a evolucdo cromossoOmica no grupo estavam associados a eventos de
poliploidia e fusdo/fissdo céntricas.

Apesar dos esforcos continuos para esclarecer a sistematica de Hylidae, dados
cariotipicos do grupo sdo poucos quando comparados aos de peixes € mamiferos. Por
muitos anos, os anfibios tém sido rotulados como um grupo de vertebrado caracterizado
por caridtipos altamente conservados. No entanto, com a aplicagdo de métodos de
bandamento cromossdmico e citogenética molecular, uma notavel variabilidade na
microestrutura cromossdmica tem sido revelada, o que permitiu melhor identificar

espécies e suas variantes geograficas, servindo assim como uma ferramenta por vezes
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confidvel para estudos taxondmicos (KASAHARA et al, 2003; SIQUEIRA;
ANANIAS; RECCO-PIMENTEL, 2004).

Os dados sobre a citogenética dos hilideos fazem com que seja um dos grupos
mais estudados entre os anuros (CATROLI; KASAHARA, 2009; PAIVA et al., 2010;
TEIXEIRA et al., 2016; FERRO et al., 2018; SOUZA et al., 2020; SUAREZ et al.,
2020). Cromossomos sexuais sdao considerados raros em Hylidae, restritos
exclusivamente a subfamilia Hylinae. Eles foram descritos citogeneticamente em Hyla
femoralis, H. immaculata (como H. suweonensis), H. japonica, H. squirella (YU; LEE,
1990; ANDERSON, 1991) e em Pseudis tocantins (GATTO; BUSIN; LOURENCO,
2016).

Os dados citogenéticos disponiveis em Hylidae ainda sdo restritos a poucas
espécies. O caridtipo com 2n = 24 cromossomos representa uma das principais
sinapomorfias dentro do género Boana, devido ao fato de géneros distintos dentro do
taxon apresentarem cariotipos muito similares (DUELLMAN, 2001; FAIVOVICH et al.
2005, 2021). Este caridtipo teria surgido a partir da diferenciacdo do numero
cromossomico original de 2n = 26 cromossomos, presente predominantemente na
familia Leptodactylidae, a partir de fusdes cromossomicas (BOGART, 1973). Portanto,
suas espécies representam um promissor objeto de estudo para o entendimento das
forgcas que modelaram seus respectivos cariotipos até entao.

Os cariotipos de Hylidae consistem principalmente de cromossomos com dois
bracos (KING; CONTRERAS; HONEYCUTT, 1990; VENANCIO NETO et al., 2022),
e variagdes no 2n = 24 cromossomos tém sido consideradas como apomorfias
(CATROLI, 2008). Os dados citogenéticos pioneiros disponiveis para Boana foram
descritos com base em apenas coloracdo cromossdmica convencional, o que tornou
subexploradas algumas inferéncias sobre a evolu¢do cromossdmica no grupo (RABER
et al., 2004; ANANIAS et al, 2004; GRUBER; HADDAD; KASAHARA, 2007;
NUNES; FAGUNDES, 2008; CARVALHO; GARCIA; RECCO-PIMENTEL, 2009).
Entretanto, trabalhos contemporaneos vém a elucidar lacunas presentes no grupo atraveés
de abordagens mais amplas conciliando dados comportamentais, filogenéticos e
moleculares (FAIVOVICH et al., 2021).

Revisdes consistentes, baseadas principalmente em dados moleculares, foram
desenvolvidas desde 2005 como as realizadas por Faivovich et al. (2005), Frost et al.
(2006), Grant et al. (2006) e Hedges, Duellman e Heinicke (2008), as quais tiveram

como consequéncia, significativas alteragdes na sistematica e na taxonomia de toda a
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classe Amphibia, entretanto, na maioria destes trabalhos nao foram considerados dados
cromossdmicos. E importante destacar ainda que estudos de dados cariotipicos,
associados as informacdes de sequenciamento de DNA, tém obtido sucesso com
resultados relevantes em relagdo a classificacdo filogenética de grupos de anuros
(AGUIAR JR. et al., 2007, LOURENCO et al., 2008; TARGUETA et al., 2010;
FERRO et al., 2018), demonstrando que a citogenética colabora no esclarecimento de

questdes sobre a sistematica e taxonomia, efetivamente.

1.1.4 DNAs repetitivos

Sequéncias de DNA de multiplas copias, também referidos como “DNAs
repetitivos” representam grande parte do genoma dos eucariotos (SUMNER, 2003).
Estes geralmente sdo divididos em dois grupos principais: i) repetigdes em tandem, e, ii)
repeticoes dispersas, compostas por TEs (CHARLESWORTH; SNIEGOWSKI;
STEPHAN, 1994; BISCOTTIL; OLMO; HESLOP-HARRISON, 2015).

As unidades de repeticdes in tandem sdao geralmente organizadas em clusters,
localizadas frequentemente em regides teloméricas ou pericentroméricas, presentes em
um ou em varios pares cromossomicos. As sequéncias repetidas em fandem podem ser
satélites (DNA satélite, minissatélite e microssatélite) ou familias génicas (genes de
histonas, small nuclear ribonucleoprotein particles — snRNPs e RNA ribossomico -
RNAr, por exemplo) (HARDMAN, 1986; SHAPIRO; STERNBERG, 2005;
BISCOTTI; OLMO; HESLOP-HARRISON, 2015). Em eucariotos uma consideravel
por¢ao do genoma ¢ constituida por heterocromatina, a qual, na maioria das vezes, tem
como componente principal o DNA satélite (JOHN, 1988; CHAVES; SANTOS;
GUEDES-PINTO, 2004). Sequéncias de DNA satélite podem ser usadas como
marcadores em estudos de diversificacio genomica e relacdes filogenéticas.
Considerando a evolugdo extremamente dindmica destas sequéncias, elas podem
fornecer informagdes uteis tanto para estudos microevolutivos, como nos casos de DNA
satélite espécies-especifico ou cromossomo-especificos (UGARKOVIC; PLOHL, 2002;
VENANCIO NETO et al., 2022), ou em abordagens filogenéticas, onde um DNA
satélite ¢ compartilhado por espécies em um determinado grupo (PONS; GILLESPIE,
2003; KANTEK et al., 2009).

O termo familia multigénica compreende copias génicas originadas por
duplicagdo e variagdo de algum gene ancestral. Estes genes podem estar agrupados e

localizados em um Unico cromossomo, ou situados em inimeros sitios no caridtipo
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(EIRIN-LOPEZ et al., 2004). Em func¢io da aparente localizagio compartilhada dos
sitios de DNAs ribossomicos entre grupos de organismos relacionados, tais sequéncias
representam ferramentas resolutivas em estudos citotaxondmicos e de carioevolucdo. Os
genes ribossdmicos compreendem duas familias génicas distintas, compostas por
repeticoes organizadas in tandem. O rDNA maior (rDNA 45S) ¢ a regido responsavel
pela organizacao do nucléolo e engloba os genes que codificam os rRNAs 18S, 5,8S e
28S, os quais sdo sintetizados, processados e parcialmente montados para formar as
subunidades ribossdmicas no nucléolo sendo transcritos pela RNA polimerase I
(LONG; DAWID, 1980). O rDNA menor ¢ composto pela familia génica codificante do
rRNA 58, o qual ¢ sintetizado pela RNA polimerase III em outro lugar do genoma e
entra no nucléolo para participar da montagem da subunidade ribossomica maior
(LONG; DAWID, 1980).

As repeti¢des em sequéncia também sdo classificadas como elementos moveis,
que consistem em sequéncias que saltam no genoma, chamados de TEs. Tais elementos
sdo categorizados com base no mecanismo que utilizam durante o processo de
transposicdo, que pode ser RNA (classe I ou retrotransposon) ou DNA (classe II ou
transposon) (WICKER et al., 2007). Os retrotransposons deslocam-se pelo genoma
através do mecanismo conhecido como "copy and paste", no qual, a cada ciclo de
transposicao, ocorre a duplicagdo da sequéncia original seguida de sua inser¢ao em uma
nova regido do genoma, aumentando, portanto, sua quantidade no genoma do
hospedeiro. A classificacdo desses elementos inclui cinco ordens distintas: elementos
similares a Penelope (PLEs), retrotransposons LTR (long terminal repeats), LINEs
(long interspersed nuclear elements), elementos similares a DIRS e SINEs (short
interspersed nuclear elements) (WICKER et al., 2007). Os transposons, por outro lado,
normalmente se deslocam através do mecanismo conhecido como "cut and paste", no
qual, a cada ciclo de transposi¢do, a sequéncia original é recortada, removida de seu
local de origem e inserida em uma nova regido do genoma do hospedeiro. Dessa forma,
0 aumento no numero de copias dessas sequéncias s6 ocorre se o transposon sair de uma
regido do DNA que ja foi duplicada durante a replicagdo e se instalar em uma regido
adiante da forquilha de replicagdo. A classificagdo dos transposons comeca com a
subdivisao em duas subclasses, com a classificagao posterior tornando-se mais extensa e
conhecida pelo trabalho desenvolvido por WICKER et al (2007).

As sequéncias dispersas repetitivas sdo frequentemente associadas a

reorganizacao do genoma, agindo como uma fonte significativa de mudancgas evolutivas
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através da recombinacdo homologa de regides apos eventos de transposicdo de
elementos repetitivos entre cromatides irmas ou cromossomos homodlogos, como
observado em células diploides de leveduras (ARGUESO et al., 2008). Além disso,
Finnegan (1989) destacou que os TEs s3o responsaveis principalmente por grandes
rearranjos cromossomicos, resultantes da recombinagdo entre copias desses elementos
dispersos pelo genoma. Os TEs também estdo relacionados ao surgimento de sistemas
de regulacdo génica transcricional e pods-transcricional, servindo como uma fonte
extremamente rica de matéria-prima para a formacdo de complexas redes regulatorias.
(FESCHOTTE, 2008).

A superfamilia Tc1-Mariner ¢ encontrada em diversos tdxons e pertence aos TEs
de Classe II. Esses elementos sdo classificados devido a presenca de repeti¢des
terminais invertidas (TIRs - terminal inverted repeats) e uma extensdo que varia entre
1000 e 5000 pb em seus genomas (PLASTERK; IZSVAK; IVICS, 1999). No entanto,
através de um processo intenso de degradagdo, esses elementos podem se tornar
pequenos € ndo autdbnomos, com repeti¢des invertidas, conhecidos como TEs miniaturas
ou MITEs (miniature transposable elements). Isso ndo ¢ incomum, pois esses elementos
sdo descritos em varios grupos taxondmicos e estdo presentes em grandes quantidades

nos genomas (FERNANDEZ-MEDINA et al., 2012).

1.1.5 Area de Estudo

Mata Atlantica ¢ o nome popular dado a floresta tropical que ocupa a faixa da
costa brasileira, banhada pelo oceano Atlantico, por bacias litoraneas e, em sua regidao
sul-sudeste, por grande parte da bacia do Parana (PEREIRA, 2009). Quando se fala em
Mata Atlantica é necessario lembrar que estamos falando de um conjunto de formacdes
florestais, além de campos naturais, restingas, manguezais e outros tipos de vegetacao,
formando diversos cenarios (MMA, 2022). E a segunda maior floresta pluvial tropical
do continente americano, que originalmente estendia-se de forma homogénea ao longo
da costa brasileira (TABARELLI et al., 2005). Antigamente, cobria mais de 1,5 milhao
de km?, abrangendo uma por¢do de 92% da costa brasileira (GALINDO-LEAL;
CAMARA, 2003; FUNDACAO SOS MATA ATLANTICA; INPE, 2019). A acdo
antropica devastou quase que completamente este bioma e a Mata Atlantica corresponde
a menos de 12,4% de sua extensdo original, a qual estende-se desde o Ceara até o Rio
Grande do Sul (FUNDACAO SOS MATA ATLANTICA; INPE, 2019). A Mata

Atantica apresenta uma variedade de formagdes florestais, entre elas: ombroéfila mista,
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ombroéfila densa, ombrofila aberta, estacional semidecidual, estacional decidual e estepe
(MMA, 2022).

Embora a alta devastacdo que vem sofrendo, a Mata Atlantica ¢ considerado o
maior bioma em diversidade de anfibios anuros do mundo (SEGALLA et al., 2016;
IUCN, 2022), abrigando cerca de 50% das espécies descritas para o pais ¢ considerado
um dos ecossistemas mais ameagados mundialmente (DUELLMAN, 1999;
MORELLATO; HADDAD, 2000). O alto grau de devastacdo desta floresta pode
influenciar na riqueza e diversidade da anurofauna, uma vez que os integrantes do grupo
sao considerados bons bioindicadores de qualidade ambiental e integridade de
ecossistemas. As caracteristicas de historia de vida dos anuros sdo influenciadas e
associadas ao ambiente e por conta disso demonstram sinais de condi¢des adequadas de
habitats. Geralmente, estdo relacionados ao meio aquéatico e apresentam alta
sensibilidade as variagdes na qualidade da dgua (GASCON, 1991), além disso, a
maioria das espécies se relacionam intensamente com a vegetagdo das proximidades dos
corpos d’agua, onde a manutengdo das populagdes ¢ dependente da qualidade da
estrutura da paisagem (PARRIS, 2004).

O municipio de Unido da Vitoria (26°13°48”S e 51°05°09”W) esta localizado na
Mata Atlantica sul paranaense, a 237 km da capital Curitiba e possui 731,72 km?. O
clima ¢ subtropical imido e mesotérmico, sempre com alta umidade relativa do ar,

sendo a temperatura média anual de 23,3°C (MAACK, 1981; HORT, 1990).
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2 Objetivos

2.1 Objetivo geral

O estudo cromossomico de anfibios se faz relevante principalmente por sua
importancia ecoldgica, ja& que se posicionam centralmente em cadeias troficas e ¢ o
grupo vertebrado mais ameacado da atualidade. Como ja descrito anteriormente, as
informagdes acerca dos aspectos citogenéticos ainda sdo escassos, as quais poderiam
contribuir para o entendimento das relagdes evolutivas no grupo. Assim, o objetivo
principal deste estudo foi investigar cariotipos de espécies do género Boana, fornecendo

dados para inferéncias sobre evolugao cromossdmica baseado em DNAs repetitivos.

2.2 Objetivos especificos

Avaliar cariotipos de espécies pertencentes ao género Boana que ocorrem na Mata
Atlantica da regido centro-sul paranaense para possiveis inferéncias comparativas sobre
evolugdo cromossomica e o papel de DNAs repetitivos neste contexto;

Utilizar sequéncias de DNAs repetitivos em hibridizagdo in situ para estudar a historia
evolutiva dos cariotipos realizando seu mapeamento cromossomico;

Obter, sequenciar e caracterizar DNAs repetitivos encontrados nos genomas das

espécies estudadas.
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3 Material e Métodos

3.1 Material Bioldgico

Foram estudados exemplares da familia Hylidae (género Boana), coletados na
Mata Atlantica paranaense (localidade de Unido da Vitéria — PR): Boana albopunctata,
Boana faber ¢ Boana prasina. A partir da localizagao visual e/ou auditiva, os individuos
foram capturados manualmente, ou com auxilio de pugds, e armazenados em recipientes
adequados. Em laboratorio, os espécimes foram submetidos a overdose anestésica com
Xilocaina 5%. Imediatamente, os espécimes foram protocolados com nimero e
procedéncia, sendo entdo tombados na cole¢do herpetologica da Universidade
Tecnologica Federal do Parand, campus Francisco Beltrao (RLUTF1265-1267). O
presente estudo ¢ respaldado pela Comissio de Etica do Uso de Animais da

Universidade Estadual do Parana (Processo CEUA 001/2021) (Anexo 1).

Figura 2 - Espécies do género Boana analisadas no presente estudo. (A) B. albopunctata
(Fonte: LEITE; PEZZUTIL; GARCIA, 2019); (B) B. faber (Fonte: LEITE; PEZZUTI,
GARCIA, 2019); (C) B. prasina (Fonte: KURZ, 2017).

3.2 Preparagoes Citogenéticas, isolamento dos DNAs Repetitivos e geragdo de sondas

Os cromossomos mitoticos foram obtidos a partir de medula 6ssea, utilizando-se
o método de Baldissera Jr.; Oliveira e Kasahara (1993) (Anexo 2). O material foi corado
com giemsa 5% (Anexo 3) e para a detec¢do da heterocromatina constitutiva foi
aplicada a técnica de bandeamento C, segundo Sumner (1972) (Anexo 4). A localizagdo
das Regides Organizadores de Nucléolo (RONSs) foi realizada a partir da impregnacao
por nitrato de prata (Ag), de acordo com o protocolo descrito por Howell e Black (1980)
(Anexo 5), com modificagdes.

As preparacdes cromossomicas foram analisadas em microscépio 6ptico comum.

As contagens cromossomicas e observagdes mais detalhadas foram capturadas em
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microscopio de campo claro e epifluorescéncia Carl Zeiss AxioLab Al acoplado a
camera CCD Axiocam ICc 1 de 1,4 megapixel capturadas através do software ZEN. Os
cromossomos provenientes das imagens capturadas foram recortados, emparelhados e
organizados em ordem decrescente de tamanho. A morfologia cromossdmica foi
determinada de acordo com o critério de relacdo de bragos, segundo Green e Sessions
(1991). Para célculo do namero fundamental (NF) foram considerados como portadores
de dois bragos os cromossomos metacéntricos (m), submetacéntricos (sm) e
subtelocéntricos (st). Para a determinagdo da formula cariotipica foram analisados tanto
os cromossomos submetidos a coloragdo convencional, quanto os submetidos ao
tratamento com hidroxido de bario para a detec¢ao da heterocromatina.

Porgdes de tecido muscular foram armazenadas e utilizadas para extracdo de
DNA genomico, utilizando-se o método cetyltrimethylammonium bromide (CTAB)
(MURRAY; THOMPSON, 1980) (Anexo 6). Apos verificada a integridade do DNA
por meio da eletroforese em gel de agarose 1%, o mesmo foi utilizado como molde para
as reagoes em cadeia da polimerase (Polymerase Chain Reaction - PCR), quando foram
utilizados oligonucleotideos especificos para amplificagdo de DNAs repetitivos, tais

como rDNAs e o TE Tci/Mariner (Tabela 1).

Tabela 1 — Relacdo de primers para amplificacdo das sequéncias repetitivas isoladas neste estudo.

DNA Primer Forward/Reverse Referéncia
58 5" -TCAACCAACCACAAAGACATTGGCAC-3" Pendas ef al. (1994)
5" -TAGACTTCTGGGTGGCCAAAGGAATCA-3’
188 5: —CCGCTTTGGTGACTCTTGAT—?J: Gross et al. (2010)
5" -CCGAGGACCTCACTAAACCA-3
Tcl — Mariner 5’ -CACTCACCGGCCACTTTATTA-3’ Schemberger et al. (2016)
r _ —_ 14 .
Telomérica (5" ~TTAGGG=3") ¢ lido et al. (1991)

(3" -CCCTAA-5") ¢

As reacdes de amplificacio foram realizadas em volume final de 50 uL
compostas por 100 ng de DNA gendmico, 2 mM de MgCl,, tampao de reagdo 1x (200
mM de Tris, pH 8,4, 500 mM de KCl), 0,2 mM de dNTPs, 0,5 uM dos primers ¢ 1,5 U
de Tag DNA Polymerase (Invitrogen). O termociclador (Eppendorf) foi programado da
seguinte maneira: 7 min 95 °C; 35 ciclos: 95 °C 30 s, (temperatura de anelamento
variavel, de acordo com cada oligonucleotideo — Tabela 1) 45 s, 72 °C 1 min e 20 s;
extensao final a 72 °C 5 min.

As sondas foram marcadas por PCR ou com o Kit Nick Translation System

(Invitrogen), seguindo as instrugdes do fabricante, com as mesmas condi¢des
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respectivas citadas anteriormente. Nas reacdes de marcagdo de sondas nao foi utilizado
o mix de dNTPs, mas sim nucleotideos separados nas concentragdoes de 0,05 mM de
dATP, dCTP e dGTP, 0,035 mM de dTTP e 0,03 mM de dUTP, acoplado a molécula
digoxigenina-11-dUTP ou biotina-16-dUTP (Jena Bioscience, Dortmund, Germany).

Os microssatélites (CA);s, (GA)s, (CAG)10, (CGC)1o, (GAA)10, (GACA)g €
(GATA)g foram marcadas diretamente com Cy3-fluorocromo (Sigma-Aldrich) na
extremidade 5' durante a sintese.

Os fragmentos corretamente amplificados foram isolados e ligados em vetores
plasmidiais comerciais, e, em seguida, transformados em cepas de Escherichia coli
DH5a CaCl, competentes. Os clones recombinantes foram entdo submetidos ao
sequenciamento nucleotidico para caracterizagdo das sequéncias e, posteriormente,

utilizados como sondas em hibridizacao in situ fluorescente.

3.3 Hibridizag¢ao in situ Fluorescente (FISH - fluorescence in situ hybridization)

As laminas contendo preparagdes cromossdmicas foram submetidas a técnica de
FISH, de acordo com o procedimento geral descrito por Pinkel, Straume e Gray (1986)
(Anexo 7), com modificacdes. Para a deteccdo das sondas foram utilizados os
anticorpos streptavidina conjugada com Alexa Fluor 488 (Invitrogen) e anti-
digoxigenina conjugada com rodamina (Roche Applied Science). Os cromossomos
foram contracorados com DAPI (4, 6-diamidino-2-phenylindole — 0,2 pg/mL) em meio
de montagem Vectashield (Vector), e analisados utilizando-se o software ZEN de

captura digital de imagens acoplado ao microscopio Carl Zeiss AxioLab Al.

3.4 Analise das Sequéncias

As sequéncias nucleotidicas obtidas (Anexo 8) foram analisadas e editadas com
o auxilio do software Geneious 8.1.9 (KEARSE et al, 2012) e, posteriormente
submetidas a uma andlise de identidade utilizando os bancos de dados Basic Local
Alignment Search Tool (BLAST), presente no National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/blast/).
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4 Resultados

Os resultados, discussdo e conclusdo para atingir cada objetivo especifico foram

estruturados na forma de artigos e estdo apresentados em capitulos:

Capitulo I: Venancio Neto, S., Noleto, R.B., Azambuja, M., Gazolla, C.B., Santos, B.R.,

Nogaroto, V.. Vicari, M.R. Comparative cytogenetics among Boana species (Anura,

Hylidae): focus on evolutionary variability of repetitive DNA. Genetics and Molecular

Biology. 45, 4, €20220203 (2022).

Capitulo II: Molecular characterization and chromosomal distribution of the

Tcl/Mariner transposon in Boana species (Anura, Hylidae)
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4.1 Comparative cytogenetics among Boana species (Anura, Hylidae): focus on
evolutionary variability of repetitive DNA

Comparative cytogenetics among Boana species (Anura, Hylidae): focus on

evolutionary variability of repetitive DNA

Sebastidao Venancio Netol, Rafael Bueno Noletoz, Matheus Azambujal, Camilla
Borges Gazolla', Bianca Rocha Santos®, Viviane Nogaroto® and Marcelo Ricardo

Vicar1>

TUniversidade Federal do Paranad, Centro Politécnico, Departamento de
Genética, Programa de Pos-Graduagdo em Genética, Av. Cel. Francisco H. dos
Santos, 100, 81530- 000, Curitiba, PR, Brazil.

’Universidade Estadual do Parand, Departamento de Biologia, P¢. Cel.
Amazonas, 84600-185, Unido da Vitoria, PR, Brazil.

3Universidade Estadual de Ponta Grossa, Departamento de Biologia Estrutural,
Molecular e Genética, Av. Carlos Cavalcanti, 4748, 84030-900, Ponta Grossa,
PR, Brazil.

Abstract

Boana comprises a diverse genus of Neotropical treefrogs, currently rearranged
into seven taxonomic species groups. Although cytogenetic studies have demonstrated
diversity in its representatives, the chromosomal mapping of repetitive DNA sequences
is still scarce. In this study, Boana albopunctata, Boana faber, and Boana prasina were
subjected to in situ localization of different repetitive DNA units to evaluate trends of
chromosomal evolution in this genus. Boana faber and B. prasina had 2n=24
chromosomes, while B. albopunctata has 2n=22 and an intra-individual variation
related to the presence/absence of one B chromosome. The location of 45S rDNA sites
was different in the analyzed karyotypes, corroborating with what was found in the
distinct phylogenetic groups of Boana. We presented the first description of 5S rDNA
in a Boana species, which showed markings resulting from transposition/translocation
mechanisms. /n situ localization of microsatellite loci proved to be a helpful marker for

karyotype comparison in Boana, commonly with cis accumulation in the
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heterochromatin. On the other hand, genomic dispersion of microsatellites may be
associated with hitchhiking effects during the spreading of transposable elements. The
obtained results corroborated the independent diversification of these lineages of species

from three distinct phylogenetic groups of Boana.

Keywords: Karyotype evolution, microsatellite, Neotropical treefrogs, rDNA.
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Introduction

Hylidae is a monophyletic group of treefrogs with 1,033 recognized species,
which have undergone a progressive phylogenetic reorganization and are currently
grouped into three subfamilies: Hylinae (747 sp.), Pelodryadinae (222 sp.), and
Phyllomedusinae (67 sp.) (Frost, 2022). In addition, changes in the genera have been
constant, e.g., some species of the genus Hyla were relocated to the genus Boana
(senior synonym of Hypsiboas) (Faivovich et al., 2005; Dubois, 2017). Boana (Hylinae)
currently includes 99 species (Frost, 2022) rearranged into seven taxonomic species
groups: B. albopunctata, B. benitezi, B. faber, B. pellucens, B. pulchella, B. punctata,
and B. semilineata (Faivovich et al., 2005, 2021; Wiens et al., 2005, 2010; Pyron and
Wiens, 2011; Pyron, 2014). Based on shared morphological and molecular
characteristics, these groups differ in the number of species and the arrangement of
internal clades. Boana albopunctata and B. faber are members of the B. albopunctata
and B. faber groups, respectively, while B. prasina is a member of the B. pulchella
group with the largest number of species (Faivovich et al., 2005, 2021).

Considering the cytogenetic descriptions available for Boana, the diploid
number (2n) varies from 22 to 24, with karyotypes presenting a small variation in the
fundamental number (FN) (see Table 1). Most species of Phyllomedusinae and
Pelodryadinae, recovered as the sister taxa of Hylinae, and share 2n=26 chromosomes,
while a 2n=24 is considered a putative synapomorphy for Hylinae (Duellman, 2001;
Faivovich et al., 2005, 2021; Ferro et al., 2018).

Despite the frequent 2n=24 chromosomes found in Boana spp., the karyotypic
organization of the species cannot be considered conserved (Table 1). Most species
share the nucleolus organizer regions (NORs) on small-sized chromosomes. However,
the variation in this character has provided valuable phylogenetic evidence in some
groups, like B. albopunctata, B. pulchella, and B. semilineata (Ferro et al., 2018). In
addition, an intra- and inter-individual variation of the 0—1 B chromosome is observed
in some B. albopunctata and B. leucocheila populations (Table 1).

In situ location of repetitive DNAs is considered an excellent chromosomal
marker for genomic comparison (Machado et al., 2020; Azambuja et al., 2022; Deon et
al., 2022). Eukaryotic genomes contain a large portion of repetitive DNA sequences
(Sumner, 2003). These sequences are presented as repetitive copies that could be

arranged in tandem (gene families and satellite DNAs) or dispersed on the
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chromosomes (transposable elements-TEs) (Sumner, 2003; Mestrovi¢ ef al., 2015). The
45S and 5S rDNA gene families are commonly used in chromosomal diversification
studies (Ferro et al., 2018; Deon et al., 2022).

Tandem satellite-type repeats are categorized based on the size of their repetitive
units and are usually grouped into satellite DNA (100-1000 bp), minisatellites (10-100
bp), and microsatellites (SSR - Simple Sequence Repeats - 1-6 bp) (Tautz, 1993; Li et
al., 2002). However, this classification is not static since some authors point out that
SSRs can integrate satellite sequences when arranged in chromosomes in arrays of
thousands to millions of copies (Garrido-Ramos, 2015, 2017). Satellite DNAs are the
main component of heterochromatin (John, 1988; Chaves et al., 2004).

Boana 1s assumed to be arranged in seven phylogenetic species groups.
Comparative cytogenetic data within and between groups based on in situ localization
of repetitive DNAs are still lacking, making it difficult to understand the main
mechanisms of chromosome evolution. Here, we performed a comparative analysis
among B. albopuctata, B. faber, and B. prasina, sampled in the Atlantic Forest from
southern Brazil, based on conventional cytogenetic markers and in situ localizations
using telomere sequence, rDNA gene families, and microsatellite motifs. Thus, the
study goals were to infer mechanisms of chromosomal reorganization and dispersion
processes of repetitive DNAs among these three species belonging to three different

species groups of Boana.

Materials and methods
Sampled species and cytogenetic preparations

Four male individuals of each of the following species of Boana were collected
in Unido da Vitoria, Parand, Brazil (26°13'48" S and 51°05'09" W): B. albopuctata, B.
faber, and B. prasina. Voucher specimens were collected under license
ICMBIio/SISBIO 63336-1, and deposited in the Herpetological collection at
Universidade Tecnolodgica Federal do Parana, campus Francisco Beltrdo (RLUTF 1265
1267). This study was authorized by the Ethics Committee of Animal Usage of the
Universidade Estadual do Parand (Process CEUA 2021/0001), and Biosafety
Certification according to Comissao Técnica Nacional de Biosseguranca - CTNBio
(CQB No. 0063/98).

Mitotic chromosomes were obtained from bone marrow using the method of

Baldissera Jr. et al. (1993), and the slides were stained with 5% Giemsa diluted in
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phosphate buffer pH 6.8. C-banding was performed using barium hydroxide (5%
Ba(OH), at 25 °C for 3 min), subsequent incubation in salt solution (2xSSC at 60 °C for
30 min), and 5% Giemsa staining (Sumner, 1972). The silver staining consisted of 2
min and 30 s at 60 °C of two parts of a 50% solution of silver nitrate and one part of 2%

gelatin/ 1% formic acid solution (Howell and Black, 1980).

Obtaining the repetitive sequences and probes

The genomic DNA was extracted from B. faber muscle tissue using the
Cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) and
was used as template in Polymerase Chain Reactions (PCR). The 5S rDNA sequence
was amplified with the primers 5SSA Fw (5-TACGCCCGATCTCGTCCGATC-3") and
5SB_Rv (5'CAGGCTGGTATGGCCGTAAGC-3") (Martins and Galetti, 1999), and the
18S rDNA sequence was amplified using 18S Fw (5'-CCGCTTTGGTGACTCTTGAT-
3") and 18S Rv (5'-CCGAGGACCTCACTAAACCA-3") (Gross et al., 2010). In
general, the amplification reactions were performed as follows: 40 ng genomic DNA,
0.2 uM forward primer, 0.2 uM reverse primer, 0.16 mM dNTPs, 1U Tag DNA
Polymerase (Invitrogen, Waltham, MA, USA), and 1.5 mM MgCl, in 1x reaction buffer
(200 mM Tris, pH 8.4, 500 mM KCI). The amplification program was as follows: 5 min
-95°C /30 cycles (30 s -95°C,45s-56 °C, 2 min - 72 °C) / 7 min - 72 °C. PCR
products were purified using the GenElute PCR Clean-Up Kit (Sigma Aldrich, St Louis,
MO, USA), and cloned using pGEM®-T Easy Vector Systems (Promega, Madison, W1,
USA). The clones obtained were sequenced using the ABI-PRISM Genetic Analyzer
(Applied Biosystems, Carlsbad, CA, USA). The sequences were analyzed in the
Nucleotide Basic Local Alignment Search Tool (BLASTn) (Altschul ef al., 1990) and
Rfam databases (Kalvari et al., 2018).

The general telomeric sequence of vertebrates (TTAGGG), was generated by
PCR in two amplification conditions, using the primers set (TTAGGG)s/(CCCTAA)s
(Ijdo et al., 1991). The first amplification was performed with low stringency: 4 min -
94 °C /12 cycles (1 min - 94 °C, 45 s - 52 °C, 1 min 30 s - 72 °C); followed by 35 cycles
of high stringency: 1 min - 94 °C, 1 min 30 s - 60 °C, 1 min 30 s - 72 °C. The repetitive
sequences were labeled in PCR reactions to generate probes. The 5S rDNA was labeled
using digoxigenin-11-dUTP (Jena Bioscience, Dortmund, Germany), and 18S rDNA
was labeled using biotin-16-dUTP (Jena Bioscience), while for the telomeric sequence,

it was used the aminoalyl-dUTP-Cy5 nucleotide (Jena Bioscience). The amplification
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reactions were performed with the specific primers and the mixtures contained 20 ng
DNA, 1 uM of each primer, 40 mM dATP/ dGTP/ dCTP, 28 mM dTTP, 12 mM labeled
nucleotide, 1U Tag DNA polymerase (Invitrogen), 2 mM MgCl, and 1x reaction buffer.
The amplification program: 5 min - 95 °C /30 cycles (30 s - 95 °C, 45 s - 56 °C, 2 min -
72 °C)/ 7 min - 72 °C.

The microsatellites motifs (CA);s, (GA)s, (CAG), (CGC)ro, (GAA),
(GACA)s, and (GATA)g were directly labeled with Cy3-fluorochrome (Sigma-Aldrich)
at the end 5' during synthesis.

In situ localization

Fluorescence in situ hybridization (FISH) was performed under stringency
conditions close to 77% (200 ng of each probe, 50% formamide, 10% dextran sulfate,
2xSSC - saline-sodium citrate; 16 h of hybridization at 37 °C), according to Pinkel ef al.
(1986). Fluorescence signals detection was performed using the antibodies streptavidin
conjugated with Alexa Fluor 488 (Invitrogen) (18S rDNA recognition) and anti-
digoxigenin conjugated with rhodamine (Roche Applied Science, Penzberg, Germany)
(5S rDNA recognition). Chromosomes were counterstained with 0.2 ug/mL 4',6-
diamidino-2-phenylindole (DAPI) in Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA) and analyzed using ZEN digital image capture
software coupled to a Carl Zeiss AxioLab A1l microscope. Approximately 30 metaphase
cells were analyzed for each probe/specimen. The chromosomal morphology was
determined according to the arms relationship criterion proposed by Green and Sessions

(1991) (Supplementary material — Table S1), and arranged into karyotypes.

Results
Karyotypes description

Chromosomal analysis in B. albopunctata showed two distinct cytotypes (2n=22
and 22 + 1B), resulting in intra- and inter-individual variations 0—1 B chromosome

(Figure 1A and Table 1). Boana albopunctata karyotype was arranged in metacentric

(m) pairs 1, 2, and 11, submetacentric (sm) pairs 3, 5, 7-10, and subtelocentric (st) pairs
4 and 6, FN=44 (Figure 1A). The extra chromosome (small m B-chromosome) was
present in three of the four analyzed specimens, 61.54% on average of the analyzed
cells (Table 2). C-banding showed the heterochromatin distributed preferentially on the

centromeric regions, besides additional blocks in the terminal regions of the
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chromosome 1q, interstitial markers in the 1p and in the q arm of chromosome pairs 2 to
7, as well as a conspicuous heterochromatic block in the pericentromeric region of the
pair 8 (Figure 1B). Furthermore, constitutive heterochromatin was located on the
pericentromeric region of the B chromosome (Figure 1B). Boana albopunctata
karyotype showed NOR in the terminal region of 8p (Figure 1B).

Boana faber showed 2n=24 chromosomes, and the karyotype was arranged in m
pairs 1, 2, 8, 10, and 12, sm pairs 3-5, 9, and 11, and subtelocentric (st) pairs 6 and 7,
NF=48 (Figure 1C). The heterochromatin was distributed in centromeric bands in all
chromosomes of the karyotype, besides interstitial bands on chromosome pairs 2, 3, 5,
6, and 7 (Figure 1D). The NOR site was located on the pair 11q (Figure 1D).

The karyotype of B. prasina showed 2n=24 chromosomes, arranged in m pairs 1,
812, sm pairs 2, 3, 5, and 6, and st pairs 4 and 7, NF=48 (Figure 1E). The C-banding
showed conspicuous terminal chromosome bands on the q arm of pair 1, large
pericentromeric blocks of chromosome pairs 4, 7, and 10, and interstitial bands in the p
arms of pair 1 and q arm of the chromosome pairs 3 to 5 (Figure 1F). Additionally, pair
11q presented a conspicuous interstitial heterochromatic block (Figure 1F). Boana
prasina karyotype showed NOR on the terminal region of the 12q (Figure 1F).

Chromosomal mapping of repetitive sequences

In B. albopunctata, the in situ location of the telomeric sequence was restricted
to the terminal regions of all chromosomes (Figure 2A). Double FISH using rDNA
probes showed interstitial 5S rDNA sites on both arms of chromosome 2, and the 18S
rDNA cluster in the terminal region of the 8p (Figure 2B). The microsatellite repeats
(CA)n, (GA)y, (CAG),, (CGC)y, (GAA),, (GACA),, and (GATA), showed hybridization
signals on the B. albopunctata karyotype (Figure 2 C-I, respectively). Conspicuous
markings of all microsatellites were detected in the interstitial position of one
homologous of pair 1 and the terminal region of the 8p (Figure 2 C-I). In addition,
(CA), motifs were evidenced in interstitial region of 9q (Figure 1C). The (GA), signals
were detected in the terminal region of most chromosomes, at the proximal region of the
q arm in pairs 4 and 5, in the interstitial region of the q arms of pairs 7 and 8, and the
terminal region of 8q (Figure 2D). The microsatellite (CAG), was located in the
terminal regions of the chromosomes, including the B chromosome, which also
presented accumulation in its pericentromeric region (Figure 2E). (GAA), motifs were

detected in the interstitial region of the pair 6p, in addition to dispersed signals along the
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chromosomes 2, 3, 4, and 9 (Figure 2F). The location of the (CGC), repeat also
coincided with the heterochromatin in the pericentromeric region of B chromosome
(Figure 2G). The (GACA), tetranucleotide was mapped in the terminal regions of all
chromosome pairs, the interstitial region of the pair 9q, and the pericentromeric region
of B chromosome (Figure 2H). The (GATA), sequence showed hybridization signals in
the terminal region of the p arm of the B chromosome and dispersed markings in pairs
3,4,6,7,and 11 (Figure 21).

In B. faber, the (TTAGGG), probe was located in the telomeric region, in
addition to accumulations in the pericentromeric region of all chromosomes (Figure
3A). Double FISH with the rDNA probes detected the 5S rDNA cluster in an interstitial
position in pair 2p, while the 18S rDNA was located in the terminal region of the q arm
of pair 11 (Figure 3B). In situ localization of the (CA),, (GA),, (CAG),, (CGC),,
(GAA), and (GACA), microsatellites revealed signals preferentially located at the
terminal regions, besides signals scattered along the chromosomes (Figure 3C-I,
respectively). Except for the centromeric and proximal regions, the microsatellite
(GAA), showed a dispersed pattern distribution along the chromosome arms (Figure
3F). (GATA), motifs were in situ located preferentially on the terminal regions of
chromosome pairs 1, 2, 3, 4, 5, and 10 (Figure 31).

The (TTAGGG), sequence was detected in the terminal regions of all
chromosomes of B. prasina (Figure 4A). Double FISH detected the 5S rDNA cluster on
the centromeric region of pair 2 and in the terminal region of the 5q, while the 18S
rDNA probe hybridized in the terminal region of the q arm of pair 12 and only one
homologous of pair 9 (Figure 4B). All the microsatellite repeats analyzed (CA, GA,
CAG, CGC, GAA, GACA, and GATA) hybridized exclusively to the q arm of pair 11

(Figure 4 C-I, respectively).

Analysis of rDNA sequences

The B. faber 5S rDNA sequence comprises 219 bp, 85.22% identity with 5S
rRNA from Rana temporaria (XR _005742848.1), and E-value of 2e-24 with the 5S
ribosomal RNA in Rfam. The non-transcribed region (NTS) corresponds from
nucleotide 1 to 97 and the transcribed region from 98 to 219. The partial sequence of B.
faber 18S rDNA comprises 989 bp, 95.49% identity with Boana boans 18S rDNA
(EF376085.1), and E-value of 9.5e-224 with eukaryotic small subunit ribosomal RNA
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in Rfam. The sequences were deposited in GenBank (IDs: ON809568 and ON809569,

respectively).

Discussion
Numerical chromosome changes in Boana

Boana genus is organized into seven phylogenetic species groups (Faivovich et
al., 2005). Except for the members of the B. benitezi group, which do not present
cytogenetic data so far, the species already karyotyped from the B. faber, B. pellucens,
B. pulchella, B. punctata, and B. semilineata groups, presented 2n=24 chromosomes,
including B. faber and B. prasina described in this study (Table 1). Despite 2n
conservation among these species, morphological chromosome alterations changing the
karyotypic formulas occurred independently in each species group lineage (Table 1).

On the other hand, B. albopunctata, Boana cf. alfaroi, B. leucocheila, and B.
multifasciata have 2n=22 (Ferro et al., 2018, and references therein). End-to-end
chromosome fusion, or reciprocal translocation involving the smallest pairs (NOR-
bearing), has been proposed to explain the numerical chromosomal reduction observed
in B. albopunctata species group, considering 2n=24 as a putative plesiomorphic
condition in Boana (Bogart, 1973; Gruber et al., 2007). Based on this assumption, the
NOR site is repositioned from chromosome 11 to 8 in species with 2n=24 and 2n=22,
respectively.

According to previous assumptions, the origin of a small B metacentric in B.
albopunctata appears as a subproduct of this numeric chromosomal reorganization
(Bogart, 1973; Gruber et al., 2007). Although the NOR location on pair 8 is conserved
in species with 2n=22 and on pair 11 or 12 in species with 2n=24 in the group B.
albopunctata, the NORs showed chromosomal repositioning in other groups of Boana,
without changing the 2n (see Table 1). Also, pairs 11 and 12 in karyotypes with 2n=24
of the B. albopunctata species group are usually m or sm chromosomes, indicating a
more complex mechanism for chromosome number reduction. Thus, although the
fusion between pairs 11 and 12 proposed by Gruber et al. (2007) may be parsimonious
in explaining the origin of 2n=22, the breakpoints and mechanisms related are not fully
understood. Besides that, no ITS vestiges were observed in the analyzed B.
albopunctata karyotype, suggesting the occurrence of double-strand breaks in the origin

of chromosomal fusion.
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Only some populations of B. leucocheila and B. albopunctata carry B
chromosomes (Table 1), similar in size and metacentric morphology (Gruber et al.,
2007; Ferro et al., 2018). In B. albopunctata, when the B chromosomes are present, in
all cases are metacentric small-sized but with distinct levels of heterochromatinization
(Gruber et al., 2007; Ferro et al., 2012). These findings, as observed in B. albopunctata
analyzed, indicate a population differentiation of the B chromosome by progressive
DNA repeats accumulation.

Using a chromosome probe obtained from the microdissection of a B
chromosome of B. albopunctata, Gruber et al. (2014) observed hybridization signals
just on the supernumerary. Based on the B chromosome painting data, Gruber et al.
(2014) suggested a composition enriched with repetitive DNA and an interspecific
origin of the B. In the present study, FISH experiments with microsatellite probes
showed that the pericentromeric region of the B chromosome is enriched with CGC and
GACA repeats, and in the terminal regions, there are CAG and GATA accumulations.
These microsatellites are also accumulated in pair 8. Based on this evidence, we suggest
that the B chromosome could have originated from an A set chromosome, microsatellite
enriched, such as the pair 8. However, future genomic studies allied to chromosome
painting and repetitive DNA probes from B are required to elucidate the mechanism of

origin of the B chromosome in these species.

Chromosome mapping

In Hylinae, NORs located on a small-sized chromosome are common in their
representatives, suggesting a homeology involving the NOR-bearing chromosomes
(Cardozo et al., 2011; Catroli et al., 2011). Most species of Boana share the putative
NOR plesiomorphic condition (on pair 11), although in some species of the B.
albopunctata, B. pulchella, and B. semilineata groups, the locus occurs in a higher size
chromosome (see Table 1). Multiple NORs, i.e., on two chromosome pairs, were
detected only in B. atlantica and B. prasina karyotypes (Baldissera et al., 1993;
Carvalho et al., 2014). The chromosomal dynamics of NOR location in anurans may be
the result of intra and inter-chromosomal rearrangements, like inversions, fusions, and
translocations, by TE-mediated transpositions events or reinsertion of errors during
amplification events (Schmid et al., 1995; Kaiser et al., 1996; Lourenco et al., 2000;
Huang et al., 2008; Cazaux et al., 2011; Ferro et al., 2018; Deon et al., 2022). In the

three Boana species analyzed, the NORs were located in usual chromosome positions
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for each species, previous corroborating studies (Gruber et al., 2007; Carvalho et al.,
2014; Schmid and Steinlein, 2016a). Boana prasina presented an additional 45S rDNA
site on the karyotype, as also observed by Baldissera et al. (1993), but a non-active
nucleolus. A detailed explanation of silent NOR was described in Arabidopsis genome,
where NOR silencing appears to be controlled by sequences outside the rDNA array
(McStay, 2016). This finding indicates that a rDNA unit transposition not carrying their
transcription regulators could imply non-activation.

Here we report, for the first time, the physical mapping of 5S rDNA loci in
species of Boana. In other anurans, the location of the 5S rDNA tends to be conserved
in the karyotypes of the species (Vitelli ef al., 1982; Rodrigues et al., 2012). The three
Boana species analyzed shared the chromosome location of 5S rDNA cluster.
Furthermore, B. albopunctata and B. prasina showed additional 5S rDNA sites. The 5S
rDNA clusters were considered unstable genomic regions in some groups, subjected to
double-strand breaks and chromosomal rearrangements, promoting karyotypic
remodeling (Glugoski ef al., 2018; Deon et al., 2020, 2022). These additional sites in
Boana suggest that the 5S rDNA family was also subjected to transposition or
translocation events of repetitive sequences in these karyotypes.

The distribution of heterochromatic bands tends to be quite diverse among the
karyotypes into the distinct species groups of Boana (Baldissera et al., 1993; Gruber et
al., 2007; Carvalho et al., 2009, 2014; Ferro et al., 2018). Heterochromatin features, such
as position, amount, and DNA repeat units, were efficient chromosome markers to
evaluate the karyotype diversification in the Boana studied species. The extensive
heterochromatic blocks presented in some chromosome pairs indicate repeat unit
amplification, reinforcing the role of the repetitive DNAs in chromosome evolution in
Boana.

The telomeric sequence distribution on B. faber karyotype illustrates the
repetitive  DNAs potential in minor changes in Boana karyotypes. Given the
maintenance of 2n=24, chromosomal fusions cannot explain the origin of the ITS
observed in the B. faber karyotypes (Schmid and Steinlein, 2016b). In some vertebrates,
telomeric-like sequences may be found in satellite DNA (Meyne et al., 1990; Garrido-
Ramos et al., 1998; Schmid et al., 2014; Schmid and Steinlein, 2016b). Moreover,
according to Schmid and Steinlein (2016b), the high intensity of (TTAGGG), sequences
in the heterochromatic pericentromeric area of B. faber shows that these repeats are part

of centromeric satellite DNA. So, the intense accumulation of pericentromeric
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(TTAGGG), sequences in B. faber karyotype is an apomorphic feature due to repetitive
DNA units’ diversification.

Ferro et al. (2018), characterizing AT/CG-rich regions, demonstrated the
dynamic of heterochromatic domains in Boana, and reinforced the need for repeat unit
localization to compare heterochromatic blocks in chromosome diversification. In this
study, the comparative in situ localization of seven microsatellites in B. albopunctata,
B. faber, and B. prasina karyotypes revealed genomic differences in the composition of
heterochromatin blocks. Despite these species belong to different taxonomic groups of
Boana, this finding reinforces a significant diversification in their repetitive DNA
content.

Some studies have reported that microsatellite sequences are not randomly
distributed in eukaryotic genomes, and closely related species tend to have the same
chromosomal locations (Cuadrado and Jouve, 2007; Ruiz-Ruano et al., 2015; Zheng et
al., 2016; Utsunomia et al., 2018). On the other hand, different patterns in the location
of microsatellite repeats may indicate karyotypic diversification in specific lineages,
which is occasionally linked to chromosomal rearrangements (Farré et al., 2012;
Glugoski et al., 2022). As the species studied here belong to different Boana groups
(Faivovich et al., 2005), the distribution of microsatellites in the karyotypes confirms
distinct chromosomal organizations.

Significant microsatellite sequence accumulations in euchromatic regions, such
as those found in B. albopunctata, are uncommon. In this species, the seven
microsatellites revealed specific sites in the euchromatic segment in only one
homologous member of pair 1. Specific accumulations of microsatellites are usual in
heteromorphic sex chromosomes due to the emergence of the non-recombinant region
(Schemberger et al., 2019). Thus, the association of this heteromorphic region as
polymorphic or associated with sex should be further investigated in B. albopunctata.
However, this pattern of microsatellite organization in the euchromatin was also
observed in the karyotypes of other vertebrates, non-related to the sex, as in Cheloniidae
(Machado et al., 2020) and Cycloramphidae species (Bueno et al., 2021). Still, the
absence of available genomic information does not allow us to understand the structure
and functions of these regions. In addition, the colocalization of microsatellites with the
NOR can be explained by the presence of repetitive DNAs in the intergenic spacer
(IGS) regions (Ruiz-Ruano et al., 2015; Ernetti et al., 2019).
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In B. faber karyotype, the GAA motif showed a dispersed and interspaced
pattern. The distribution of microsatellite sequences throughout genomes has been
associated with the activity of TEs, which may contain microsatellite repeats in its
sequences, thus contributing to units spread during transposition events (Akagi et al.,
2001; Coates et al., 2010; Pucci et al., 2016). In this way, the GAA expansion could be
disseminated into B. faber genome as part of a TE. On the other hand, all microsatellite
motifs mapped in B. prasina showed hybridization signals exclusive and coincident
with a heterochromatic block in the long arm of the pair 11. According to Ferro et al.
(2018), this heterochromatic block probably represents a synapomorphy within the B.
pulchella group, which currently includes B. prasina and 37 other species (Faivovich et
al., 2021). These data suggest extensive actuation of repetitive DNAs in minor
chromosomal changes promoting independent diversification in the distinct

phylogenetic groups of Boana.

Conclusion

The obtained comparative chromosome analysis revealed that the karyotypes of
B. albopunctata, B. faber, and B. prasina presented intrinsic differences, mainly related
to the presence of the B chromosome, the location and number of rDNA sites, and the
dispersion pattern, and location of microsatellite units. These findings revealed
karyological diversification among the species belonging to Boana taxonomic groups,
which may be associated with the dispersion of repetitive DNAs, promoting changes in

morphology and composition of the chromosomes.
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Figure 1. Karyotypes arranged from Giemsa staining and C-banding, respectively: (A,
B) B. albopunctata with 2n = 22 chromosomes and presence of one B chromosome, (C,
D) B. faber, and (E, F) B. prasina, both with 2n = 24 chromosomes. Above the
respective pairs, the NOR-bearing chromosome pairs revealed by silver impregnation

(arrows). Bar = 10 um.



Figure 2. Karyotype of B. albopunctata submitted to FISH with the following repetitive

sequences: (A) telomeric probe, (B) ribosomal probes, and (C-I) microsatellite

sequences. Bar = 10 um.
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Figure 3. Karyotype of B. faber submitted to FISH with the following repetitive

sequences: (A) telomeric probe, (B) ribosomal probes, and (C-I) microsatellite

sequences. Bar = 10 um.



Figure 4. Karyotype of B. prasina submitted to FISH with the following repetitive

sequences: (A) telomeric probe, (B) ribosomal probes, and (C-I) microsatellite

sequences. Bar =10 um.
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Table 2. Frequency of the B chromosome in four B. albopunctata analyzed specimens.

Specimen ID Metaphases N

B frequency

40 22

4 21
45 8

47 18

68,18%
90,48%
87,50%

0%

Total = 69

Average = 61,54%

Supplementary material

The following online material is available for this article:

Table S1 - Chromosome measurements of Boana species of the present study.

Chromosome percentage relative to the haploid set. Centromeric index =+ standard

deviation. m: metacentric; sm: submetacentric; st: subtelocentric.

Soeci Chwomasome pair
pecies 1 2 3 4 3 7

9 0 n 12 B
. albommerars 18670m)  1302(m) 1179 (m) 10810 958 (m)  786()  565(m)  541Gm)  S4(Gm) 467 (m) 442 (m) 270 (m)

- AIDOPUTICIANT 492004 040002 0312001 023:001 026£002 022001 0352003 036=001 036001 0322002 039=001 045000
B fub 1567(m) 1391 Gn) 1192(sm) 1082(sm) 1015(sm) 773 (st)  684(sH)  552(m)  508(sm) 508(Gm) 464(sm)  265(m)

-Jaer 0482003 040£001 0262001 029+002 0332001 0232002 0232000 0442002 0352002 048001 020:002 0422002
B orasi 2068 (m) 1309 (sm) 1126 (sm) 1126(st) 942 (sm) 681 (sm)  654(st)  524(m)  445(m)  419(m) 393 (m)  3.14(m)

- prasma 047£001 036004 0332003 019+0.01 031001 031=004 0282001 0452003 0472002 0442002 0472002 050=0.01
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4.2 Molecular characterization and chromosomal distribution of the 7cl/Mariner
transposon in Boana species (Anura, Hylidae)

Molecular characterization and chromosomal distribution of the Tcl/Mariner

transposon in Boana species (Anura, Hylidae)

Abstract

The hylid genus Boana comprises a diverse genus of Neotropical treefrogs, and despite
the frequent 2n=24 chromosomes found in its representatives, the karyotypic
organization of the species cannot be considered conserved, given the scarcity of studies
focusing on chromosomal mapping of repetitive DNA sequences. DNA transposons
play an important role in determining the size and structure of eukaryotic genomes.
Represented by several families, the Tcl/Mariner transposon is widely distributed in
animal and plant genomes, with its structure has been well studied. Here, the
Tcl/Mariner element was isolated, characterized, and mapped on chromosomes of three
Boana species in order to examine their sequence and their potential role in shaping the
karyotypes of hylid anurans. The physical mapping revealed dispersed signals in
euchromatins with small accumulations in some heterochromatic regions of all species
analyzed. All Tcl-like transposons isolated in this study presented high sequence
integrity and exhibited all functional domains, suggesting that these transposons had a
recent invasion phase and are active in the host genomes of these anuran species. B.
albopuntata and B. faber presented a DD36E motif, identical in structure to that of the
DD36E/Incomer family, while B. prasina showed a DD37E motif, but with evidence
that its origin is also from the DD36E/Incomer family. These findings improve our
understanding of the diversity of Tcl/mariner transposons and their participation in the

karyotype evolution within hylid anurans.

Key words: Tcl-like, transposable element, Hylinae, chromosome mapping.
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Introduction

Hylidae is a monophyletic group of treefrogs with 1,035 recognized species
grouped within three subfamilies (Frost, 2023). The Hylinae subfamily includes 745
species in 43 genera, including Boana, the senior synonym of Hypsiboas (Dubois,
2017), and groups 99 widespread species throughout the humid areas of Atlantic Forest,
Amazon, Brazilian savannah, and Caatinga (Frost, 2023). The species of the Boana
genus have been arranged into seven large species groups based on morphological and
molecular affinities (Faivovich et al., 2005; 2021; Wiens et al., 2005, 2010; Pyron and
Wiens, 2011; Pyron, 2014).

Eukaryotic genomes contain a large number of repetitive DNA sequences
(Charlesworth ef al., 1994). These sequences exist as paralog copies, even arranged in
tandem, as gene families and satellite DNAs, or spread across the chromosomes as
transposable elements (TEs) (Jurka et al., 2007; Metrovi et al., 2015). In situ
localization of ribosomal sites has been extensively described in anuran (Peixoto et al.,
2015, 2016; Dorigon et al., 2016; Ernetti et al., 2019; Venancio Neto et al., 2022). In
contrast, other repetitive DNA sequences have been poorly explored, including TEs,
histones, microsatellite repeats, and small nuclear RNAs (Peixoto et al., 2015, 2016;
Dorigon ef al., 2016; Ernetti et al., 2019; Venancio Neto et al., 2022).

TEs are classified into two classes according to their mechanism of transposition
and structural organization: RNA (class I or retrotransposons) or DNA (class Il or DNA
transposons) (Wicker et al., 2007). The superfamily Tcl/Mariner is widely distributed
in animal and plant genomes, belonging to the subclass cut-and-paste of DNA
transposons (Wicker et al., 2007). They show lengths from 1 to 5 kb, characterized by a
structure with two inverted terminal repeats and an open reading frame encoding the

transposase enzyme (Wallau et al., 2011). TEs have been studied for their importance in
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the modulation of biological events, especially evolutionary processes regarding gene
expression control and chromatin organization (Feschotte, 2008; Sinzelle et al., 2009).
TEs could also be associated with fragile sites and evolutionary breakpoint regions that
promote double-strand breaks, which are related to chromosomal rearrangements
(Eichler and Sankoff, 2003; Szamalek, 2005; Wells, 2007; Glugoski et al., 2018).
Considering the importance of in sifu localization, characterization of repetitive
DNAs, and the scarcity of such studies in Boana species, we performed a comparative
analysis using 7Tcl/Mariner element in three Boana species. The present study aimed to
determine whether there is evidence that TE 7c/-like transposons are active with intact
copies in three species of the genus Boana, which could help understand the
evolutionary relationships among TE and anuran karyotype. Here, the Tcl/Mariner
element was isolated, characterized, and mapped on chromosomes of three Boana
species in order to examine their sequence and the potential role in shaping the

karyotypes of hylid anurans.

Material and methods
Sequences obtaining, analyzing and characterization

The genomic DNA was extracted from portions of Boana albopunctata, Boana
faber, and Boana prasina muscle tissue using the cetyltrimethylammonium bromide
(CTAB) method (Murray and Thompson, 1980) and was used as template in
Polymerase Chain Reactions (PCR). This study was authorized by the Ethics
Committee for Animal Use from the Universidade Estadual do Parana (Process CEUA
2021/0001). The Tcl/Mariner sequences were amplified with a single primer 5°-
CACTCACCGGCCACTTTATTA-3" (Schemberger et al., 2016). The PCR consisted

of: 0.5 uM of the primer, 100 ng of the genomic DNA, 0.16 mM of the deoxynucleotide
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triphosphates (ANTPs), 1% reaction buffer (200 mM Tris, pH 8.4, 500 mM KCI), 2 mM
of the MgCI2, 1 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). Cycling
conditions were performed as follows: 7 min — 95 °C/(30 s — 95 °C/45 s — 60,5 °C/1 min
— 72 °C) 35x/7 min — 72 °C. The obtained amplicons were purified with Illustra GFX
PCR DNA and Gel Band Purification (GE Healthcare), inserted into plasmid vector
from CloneJET PCR Cloning (Thermo Scientific), and cloned into DH5a Escherichia
coli competent cells. The obtained clones were sequenced using an ABI-prism 3500
Genetic Analyzer (Applied Biosystems). Vector contaminations were identified and

removed using the VecScreen tool (http://www.ncbi.nlm.nih.gov/VecScreen/).

All sequences obtained were submitted to the CENSOR software online
(Kohany et al., 2006), Dfam (Storer et al. 2021) and Nucleotide Basic Local Alignment
Seach Tool (BLASTn) (Altschul et al. 1990) searches at the National Center for
Biotechnology Information (NCBI) for similarities of the Tcl/Mariner element. Open
Reading Frames (ORFs) and amino acid residues were obtained using Geneious v 7.1.9
(Kearse et al. 2012).

Terminal inverted repeats (TIRs) were identified manually in the sequences

obtained in the Geneious software. Potential ORFs were obtained from the Genscan

website  (http://hollywood.mit.edu/GENSCAN.html). Secondary structures from
identified transposases were predicted in the PSIPRED (McGuffin et al. 2000) and the
motifs NLS annotated using the PSORT II Prediction available in the PSORT Internet

server (https://psort.hgc.jp/).

Fluorescence in situ hybridization (FISH)
Mitotic chromosomes were obtained from bone marrow, using the method of

Baldissera et al. (1993). FISH was performed according to Pinkel et al. (1986), under
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high stringency conditions (~77%). Tcl/Mariner sequence probes were labeled with
digoxigenin 11-dUTP using the “Digoxigenin NT Labeling Kit” (Jena Bioscience,
Dortmund, Germany), according to the manufacturer’s instructions. For probe signal
detection, it was used anti-digoxigenin rhodamine fab fragments (Roche Applied
Science, Penzberg, Germany). Chromosomes were counterstained with 0.2 pug/mL of 4/,
6-diamidino-2-phenylindole dihydrochloride (DAPI) in the VECTASHIELD mounting
medium (Vector, Burlingame, CA, USA) and analyzed under an epifluorescence
microscope (Zeiss Axiolab microscope equipped with a Zeiss Axiocam ICcl CCD

camera 1.4-megapixel, using the Zen 2 lite imaging software).

Results
Tcl/Mariner physical chromosome mapping

The Tcl/Mariner signals were dispersed throughout the chromosomes of all
three species analyzed (Figure 1). In B. albopunctata they also appeared in small
accumulations in some heterochromatic regions (for more details see Venancio Neto et
al.,2022), mainly on pairs 1, 3, 4, 6, and on chromosome B (Figure 1A). In B. faber and
the signals for Tcl/Mariner were more concentrated on pair 1 and in B. prasina on pairs

1,2,3,6,8,and 12 (Figure 1B and C, respectively).

Tcl/Mariner molecular characterization

The 1,219 bp-long Tcl/Mariner fragment obtained from Boana albopunctata
(Anexo 8) and Boana faber (Anexo 8), both presented 97.87% identity with
Tcl/Mariner of Apareiodon sp. (GenBank KP860118.1). On the other hand, the 1,219

bp-long Tcl/Mariner fragment obtained from Boana prasina (Anexo 8) showed 97.06%

identity with Transposon Mariner of Characidium zebra (GenBank KY474353.1)
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(Table 1). According to Dfam, all obtained TE sequences showed absolute identity with
Tcl/Mariner (TCIDR3) of Danio rerio, and the analyses of similarity using the
CENSOR software revealed high similarity (> 98%) with non-autonomous 7c//Mariner
of Rhinella marina for all TE sequences (Table 1). The TIRs of these elements were 22
bp-long in B. faber and B. prasina, while in B. albopunctata had 28 bp. Only one ORF,
related to the transposase (~346 amino acid residues), was detected in the three TE
sequences (Figure 2), containing all the functional domains of 7cl/Mariner transposons:
two helix-turn-helix (HTH) motifs, the GRPR sequence, the nuclear localization signal
(NLS), and the catalytic motif DDE/D, which presented the number of amino acids

between the last two residues ranging between 36 in B. albopunctata ¢ B. faber

(DD36E) and 37 in B. prasina (DD37E) (Figure 3).

Figure 1. Karyotypes submitted to FISH using TE 7cl/Mariner probe: (A) B.
albopunctata, (B) B. faber and (C) B. prasina. Bar = 10 um.
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Table 1. Tcl/Mariner superfamily sequences isolated from B. albopunctata, B. faber
and B. prasina subjected to identity and similarity analysis using the BLASTn
algorithm, the Dfam database, and the Censor software.

Species Size BLASTn Dfam Censor (Similarity)
(bp)

(Identity) (E-value)

B. faber 1,219 Tcl/Mariner of Tc1DR3 — Incomer
Apareiodon sp. Tcl/Mariner Tcl/Mariner of
(KP860118.1) of Danio rerio  Rhinella marina

(97,87%) (0.00) (0.9893)
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3 » » ® 0 v
B. albopunctata ' crcic asq;a;ﬂu-r;mcnm_\:c-rz-rccnncrcc?ru"ucu?nmnnurucccu-r@ncucsrscfuc-rcm-rcE'A-r-rncacna-ucacamg'rcncacu?
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Figure 2. Sequences of TIRs and ORFs of the Tc//Mariner superfamily isolated from
B. albopunctata, B. faber and B. prasina.
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Figure 3. Secondary structures of transposases indicating DNA-binding of two HTH
motifs, NLS, the GRPR-like sequence, and the DDE catalytic domain of the
Tcl/Mariner superfamily isolated from B. albopunctata, B. faber and B. prasina.
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Discussion
Tcl/Mariner chromosome mapping

For the Boana species, the diploid number ranges from 22 to 24, with the latter
representing a possible synapomorphy for the hylid tribe Cophomantini (Duellman,
2001; Faivovich et al., 2005; 2021; Ferro et al., 2018). Diploid numbers of less than 24
chromosomes, as seen in B. albopunctata, have been considered apomorphies,
originating from chromosomal fusion events involving the smallest chromosome pairs
(FERRO et al. 2018 and references therein). Additionally, in some members of the
Boana genus, an intra- and inter-individual variations associated with a B chromosome
occurrence is also observed, such as B. albopunctata and B. leucocheila (Venancio Neto
etal., 2022).

Here we provide the in situ localization and the first data on the characterization
of Tcl-like transposons in hylid species. In addition to the scattered distribution of
Tcl/Mariner in euchromatic regions along the chromosomes of the three Boana species
analyzed, which can be explained by the fact that recent and active TEs preferentially
target euchromatic regions (Oliveira et al., 2013), this TE also formed larger clusters in
some regions co-localizing with heterochromatic sites (see Venancio Neto et al., 2022
for more details). TE insertions nonrandomly within heterochromatic regions enjoy a
lower likelihood of disrupting genes, making these regions a refuge for TEs
(Charlesworth et al., 1994; Blumenstiel et al., 2002; Maside et al., 2005). Therefore, the
Tcl/Mariner sequences present in Boana species can be considered recent, due to their
wide euchromatic dispersion. In addition, suggests that this TE may have participated in
the dispersion and evolution of these sequences. This pattern is characteristic of this
class of highly mobile elements due to their ability to increase the number of copies in

the absence of natural selection (Kidwell, 2002, Wicker et al., 2007; Biscotti et al.,
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2015). Additionally, TEs can be a substrate for non-homologous recombination, which
can trigger all kinds of chromosomal rearrangements (Gray, 2000), constituting the TEs
a source for karyotype evolution, as commonly observed in Boana lineages
differentiation, although the TE analysis is still poor in this anuran group.

In the present study, physical mapping of the 7Tc//Mariner transposon indicated
an abundance of this element in all chromosomes in the Boana species analyzed, as well
as along the length of the B chromosome of B. albopunctata. In fact, most B
chromosomes are primarily composed of repetitive sequences, especially TEs (Coan;
Martins, 2018), which use these parasite elements as safe havens since a variety of the
DNA sequences related to TEs have been found in B chromosomes (for review see
Camacho, 2005).

Our results with 7cl/Mariner probe agree with previous studies in the
salamander Dicamptodon tenebrosus (Brinkman et al., 2000) and in frog Leiopelma
hochstetteri (Green, 2004), which also revealed that B chromosomes share repetitive
sequences with chromosomes of the A complement, and so in conformity with the
hypothesis of an intraspecific origin of B chromosome. Our data suggest an intraspecific
origin of B chromosome in B. albopunctata, followed by distinct molecular
differentiation events occurring among populations, while other studies point to an
interspecific origin (Gruber et al., 2014). The presence of Tcl/Mariner sequences in the
B chromosome could be related to an invasion phase of this superfamily of DNA
transposons after the origin of the accessory chromosome, or in other way, correspond
to the relict of these sequences present in A complement before the advent of the B
chromosome. So, comparing the TE composition in A and B chromosomes is an
interesting matter to investigate the composition, diversification and origin of B

chromosomes in Boana genome.
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Tcl/Mariner characterization

The Tcl/Mariner superfamily are probably the most widespread DNA
transposons in nature, and display the highest diversity (Munoz-Lopez and Garcia-
Perez, 2010; Sang et al., 2019), although in eukaryotic genomes usually are present as
non-autonomous copies, generated by a degradation process (Fernandez-Medina et al.,
2012). In contrast, all Tc/-like transposons isolated in this study shared high sequences
integrity in the genomes of B. albopunctata, B. faber, and B. prasina, i.e., not harboring
internal stop codons or frameshift mutations and presenting all expected functional
domains, as well as intact TIRs. Therefore, it is reasonable to assume that these
Tcl/Mariner elements had a recent invasion phase and may still be active in the host
genomes of these anuran species.

Based on the variations in the catalytic domain of transposases (DDE/D
signature motif) from diverse organisms, 7c/-like transposons comprise at least nine
distinct groups (Bouuaert et al., 2015; Sang et al., 2019). Here, we increase the diversity
of the Tcl/Mariner superfamily by identifying distinct evolutionary profiles. Boana
albopunctata and B. faber presented a DD36E motif, very similar in structure
organizations to that of the DD36E/Incomer family (Sang et al., 2019), including a total
length of about 1.2 kb, the existence of a transposase of about 346 amino acids in
length, a DDE motif, two HTH motifs in the DNA-binding domains, and short TIRs. On
the other hand, B. prasina showed a DD37E motif, which although it has the same
catalytic signature already described (Shao and Tu, 2001; Zhang et al., 2016; Puzakov
et al., 2018), this Tcl element differs considerably in structure. For example,
DD37E/TRT from Danio rerio (DrTRT) described by Zhang et al. (2016) has 1,563 bp
in length, and its transposase encodes a 338 amino acid protein, versus a total length of

1,219 bp and an ORF with 346 amino acids from B. prasina of the present study.
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Additionally, according to Zhang et al. (2016) the DrTRT TIRs have a length of 38 bp
and the HTH are separated by the motif GRKK, while the B. prasina TIRs have 22 bp
with the HTH separated by the GRPR sequence. Furthermore, the presented sequence of
B. prasina closely resembles that of B. albopunctata and B. faber, except for the
deletion of a glycine between the two aspartic acids (DD) residues and the insertion of a
methionine between the residues of aspartic acid and glutamic acid (DE), but the three
sequences share the same length (1,219 bp). Therefore, despite the DD37E
configuration of the B. prasina sequence, considering the significant differences with
DrTRT as well as the similarities with the sequences of B. albopunctata and B. faber,
taken together, our findings suggest that the DD37E from B. prasina might potentially
originate from the DD36E/IC family.

DD36E/Incomer seems to have evolved from DD34E and is mainly distributed
across vertebrates (jawless fish, ray-finned fish, frogs, and bats), in which multiple
horizontal transfer events are believed to have played a role in its distribution (Sang et
al., 2019). These data suggest that the DD34E/Tcl transposons exhibit an unexpected
diversity and may evolve into many families as a common ancestor. Based on analyzes
of evolutionary dynamics, this family along with DD37E/TRT (Zhang et al., 2016),
DD35E/TR (Zong et al., 2020) and DD38E/IT (Gao et al., 2020), appear to be recently
evolved families with more active and intact copies found in many species across
multiple lineages.

Here we presented a new 7cl/Mariner transposon with similar structural
organization and close relationship with the known DD36E/Incomer family. Our results
not only identify the new Tc/ element, but also demonstrate that the active elements
with DD36E and DD37E signatures have regularly appeared throughout the evolution

of DD34E/Tcl transposons.
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Consideracoes finais

Estudos demonstraram que alguns grupos de espécies apresentam uma
variabilidade cromossomica consideravel, tanto estrutural ou microestrutural, quanto
numérica, mesmo que essas espécies sejam intimamente relacionadas. Entretanto, em
anfibios anuros, hd uma crenga de cariotipo conservado entre espécies. O presente
estudo obteve e aplicou uma série de marcadores cromossdmicos que demonstraram
diversificacdo cromossomica em trés espécies do género Boana, sendo B. albopunctata,
B. faber e B. prasina. Embora essas espécies pertencam a grupos taxondomicos
diferentes de Boana, as andlises aplicadas nesse estudo estabeleceram caracteristicas
cromossomicas compartilhadas e outras diversificadas na historia evolutiva desses
hilideos. O mapeamento de sequéncias repetitivas de DNA pode ser util para explorar
uma diversidade oculta, especialmente entre grupos que parecem compartilhar uma
macroestrutura cariotipica preservada.

Apresentamos de maneira inédita para Boana, o mapeamento in situ de
sequéncias repetitivas microssatélites e do transposon de DNA Tcl/Mariner. Esses
mapeamentos forneceram dados para inferéncias sobre a evolugdo genOmica e
cromossomica do grupo, colaborando para diminuicdo da escassez no cendrio de
estudos citogenéticos em anfibios. A importancia de estudos como este se da pelo fato
de anfibios terem grande parte de suas espécies ainda sem nenhuma andlise
cromossdmica frente a pungente ameacga que o grupo vem sofrendo, sendo caracterizado
como o grupo vertebrado mais ameacgado da atualidade. A comparacao da sequéncia do
Tcl/Mariner entre B. albopunctata, B. faber ¢ B. prasina gerou dados que sugerem uma
invasdo recente desse elemento no genoma dessas espécies ao demonstrar uma alta
integridade de todas as partes do transposon, além da presenca de transposase.

Os cariotipos dos representantes do género Boana oferecem um rico cenario para
investigacdes gendmicas acerca de questdes que ainda sdo incdgnitas como, por
exemplo, origem e fun¢do de cromossomos supranumerarios em algumas espécies. Com
base em tais estudos novos padrdes citogenéticos tendem a emergir, principalmente
quando relacionando diferentes localidades e populagdes, integrando dados, i.e.
morfoldgicos e comportamentais, em conjunto com novas evidéncias gendmicas para
inferéncias inéditas a respeito da evolucao do grupo.

Abordagens complementares com um maior nimero de espécies ou populagdes

e a analise do mapeamento in situ de diferentes classes de sequéncias repetitivas,
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representam respostas para lacunas existentes mudando a perspectiva e constroem novos

cenarios em relagdo a evolucao dos caridtipos deste grupo.
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Anexo 1: Carta de aprovagio da Comissio de Etica do Uso de Animal.

UNIVERSIDADE ESTADUAL DO PARANA
COMITE DE ETICA NO USO DE
ANIMAIS DA UNESPAR - CEUAS
REGISTRO CIAEP: 01.0614.2020
PORTARIA N.° 067/2020 - REITORIA/UNESPAR

hitp-ifunespar.edu br GOVERMO D0 ESTADD

Linksrsidatc Eslwiunl do Forang

Autorizacao

Certificamos que a proposta intitulada “Contribuicdo & citogenética de anfibios anuros da mata
atléntica no estado do Parana®, processo CEUA n2 2021 001 e protocolo UNEPAR n2 17.464.725-9, sob a
responsabilidade de Rafael Bueno Noleto e colaboracdo de Marcelo Ricardo Vicari, Sebastido Vendncio
Meto e Sabrina Chelegel - que envolve manutencdo efou utilizacdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto humanos) para fins de pesquisa cientifica (ou ensino) - encontra-se de
acordo com os preceitos da Lei n® 11.794, de B de outubro de 2008, do Decreto ¢ 6.899, de 15 de julho de
2009, e com as normas editadas pelo Conselho Macional de Controle da Experimentacdo Animal (COMCEA).
A proposta foi autorizada pela Comissao de Etica no Uso de Animais da Universidade Estadual do Parand
(CEUA UMESPAR) em reunido de 25/02/2021.

Lembramos da obrigatoriedade de apresentag3o do relatdric de atividades, em modelo da CEUA, para emissao do
certificado, como disposto nas Resolugtes Normativas do CONCEA.

Finalidade { ) Ensino (X) Pesquisa Cientifica
Vigéncia da autorizacio 25402 /2021 — 25/02/2025
Espécie/Linhagem Anfibios anuros
N2 de animais Ei]
Peso/fldade -
Sexo =
Origem Fauna silvestre

Paranagua, 22 de margo de 2020.

Assinado por:

Cassiana Baptista Metri

Chefe da Divisio do Comité de Etica em Pesquisa-Animal (CEUA) - UNESPAR-PRPPG
Portania N" 731/2020
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Anexo 2: Obtencdo de metafases mitoticas, segundo Baldissera, Oliveira e Kasahara
(1993), com adaptacdes.

Injecdo abdominal intraperitoneal de solu¢dao aquosa de fermento biologico e dextrose
na propor¢ao 1:2;

Ap0s 48 h, inje¢do abdominal intraperitoneal de solucdo de colchicina 0,1 % (0,1 mL /
10g de massa corporal);

Ap0s 4 h, anestesiar o espécime com lidocaina 5 % e extrair a medula 6ssea;

Tratar com solug@o hipotonica de cloreto de potassio (KCl) 0,075 M;

Desagregar o tecido até a obtencao de uma solugdo homogénea e deixar descansar por
40 min na solu¢ao de KClI a 37°C;

Pingar trés gotas de fixador (metanol e acido acético na propor¢ao 3:1) e deixar em
descanso por 10 min;

Centrifugar por 10 min a 6000 rpm (rotagdes por minuto) e descartar o sobrenadante;
Completar com solucao de fixador, re-suspender o material;

Centrifugar por 10 min a 6000 rpm, descartar o sobrenadante

Completar com solucao de fixador, re-suspender o material;

Repetir esse processo mais duas vezes e armazenar 2 mL do material no congelador.
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Anexo 3: Coloracao convencional com Giemsa.

Pingar duas gotas da solucdo em lamina limpa sobre vapor de banho-maria a 50°C,
aguardando até a completa secagem do material;

Corar com solug@o de Giemsa 5 % em tampao fosfato com pH 6,8, durante 10 min;
Retirar o excesso de corante com agua destilada e aguardar a completa secagem antes de

analisar.
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Anexo 4: Técnica de Bandamento C para detec¢do de heterocromatina constitutiva,

descrita por Sumner (1972), com modificagdes.

Apds a montagem as laminas envelheceram por 1 dia a 45°C e entdo foram mergulhadas
em de solucao 0,2 M de acido cloridrico (HCI) durante 15 min a 25°C e depois lavadas

com agua destilada;

Em seguida, as laminas foram mergulhadas em solu¢cdo de hidroxido de bario
Ba(OH), 5 % a 25°C, permanecendo por 3 min e 10 s;

Ap0s esse tempo o material foi lavado em solu¢do de HCl 1 M e em seguida em agua
destilada;

As laminas seguiram entdo para mergulho em solucdo salina 2 x SSC a 50°C, durante 25
min;

Finalmente foram entdo lavadas com dgua destilada e coradas com Giemsa 5 % por 10

min para posterior analise.
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Anexo 5: Detec¢do de regido organizadora de nucléolo por Ag-RON, descrita por

Howell e Black (1980), com modificagdes.

e Apds o preparo das laminas, pingar uma gota solucdo de gelatina incolor e duas gotas

de nitrato de prata (AgNOs3) a 50 %;

e Cobrir cuidadosamente com laminula e levar para incubar em camara timida a 60 °C por

3 min ou até a solu¢@o adquirir coloracao castanho-dourado;

e Lavar com agua destilada e deixar secar naturalmente.
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Anexo 6: Extracdo de DNA segundo o método CTAB, descrito por Murray e
Thompson (1980), com modificacdes.

Adicionar em um tubo de 1,5 mL ~ 0,2 g de tecido muscular juntamente com 240 ul de
tampao CTAB (concentragao final: 5 % de CTAB; 5 M de NaCl; 0,5 M EDTA; 1 M
TrisHCI pHS8), 13 ul de proteinase K (10 mg/mL) e 5 ul de B-mercaptoetanol;

Incubar a 60 °C em banho-maria, 16 h ou até o tecido ser totalmente digerido;

Em seguida adicionar 600 pl de cloroféormio e homogeneizar suavemente durante 5 min;
Centrifugar por 5 min a 8000 rpm, retirar o sobrenadante e transferir para um tubo novo;
Adicionar 600 pL de etanol absoluto e deixar a -20 °C por 1 h;

Centrifugar a 14000 rpm por 15 min e descartar o sobrenadante;

Lavar o pellet com 500 pl de etanol 70 % e centrifugar novamente a 14000 rpm por 2
min, retirar o sobrenadante e deixar o tubo com o DNA secando na estufa a 37 °C;
Resuspender o pellet com 15uLL de H20, adicionar 5 pL de RNAse e deixar 2 h a 37 °C;

Por fim, deixar 15 min a 65°C.
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Anexo 7: Hibridacdo in situ fluorescente (FISH) descrito por Pinkel, Straume e Gray

(1986), com modificagdes.

Preparagdo das Laminas e Hibridagao

Lavar as laminas em tampao PBS 1x durante 5 min., em temperatura ambiente;
Desidratar as 1aminas em série alcoodlica 70, 85 e 100%, 5 min cada;

Incubar as laminas em 100 pl de RNAse (0,4 % RNAse/2xSSC) a 37°C por 1 h em
camara umida com agua milli-Q;

Lavar 3 x por 5 min em 2xSSC;

Lavar durante 5 min em PBS 1x;

Incubar as ldminas por 10 min em solucao de pepsina 0,005% (em 10 mM HCI), a 37°C ;
Lavar em PBS 1x durante 5 min (shaker) em temperatura ambiente;

Fixar em paraformaldeido 4% durante 10 min em temperatura ambiente;

Lavar em PBS 1x por 5 min;

Desidratar as laminas em série alcoolicas (70,85, 100 %) por 5 min cada, voltar cada
alcool em seu frasco;

Simultaneamente a desidratagdo em série alcoolica, desnaturar a solug¢ao de hibridagao a
100°C por um periodo de 10 min e passa-la imediatamente ao gelo;

Desnaturar o DNA cromossdmico com formamida 70% em 2xSSC, a 70°C por 4 min;
Desidratar o material em série alcoodlica 70, 85 e 100% durante 5 min cada;

Preparar a cdmara imida a 37°C ;

Montar cada ldmina com 40 pl de solu¢do de hibridagdo, cobrir com laminulae deixar
overnight a 37°C;

Lavagens

Lavar 4 vezes em formamida 15 %/0,2xSSC pH 7.0 a 42 °C durante 5 min cada;

Lavar durante 5 min em solugao de Tween 0,5%/4xSSC, temperatura ambiente;
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Deteccao e amplificacdo do Sinal

Incubar as laminas em tampao 5% NFDM/4xSSC por 15 min;

Lavar 2 x 5 min com Tween 0,5%/4xSSC, em temperatura ambiente;

Incubar as laminas com 90 pl de FITC (0,1 ul FITC/100 ul NFDM) durante 30 min em
camara umida e escura, em temperatura ambiente;

Lavar 3 x 5 min com Tween 0,5%/4xSSC, ambiente;

Incubar com 90 pl de antidigoxigenina conjugada com rodamina (0,5 ul /100 pl de

NFDM) durante 1 h em camara imida e escura, em temperatura ambiente;

Lavar 3 x 5 min com Tween 0,5%/4xSSC em temperatura ambiente;

Desidratar em alcool 70 (descartar), 85 e 100%, 5 min. cada;

Montagem da Lamina

Misturar 200 pl de antifading mais1 pl de DAPI - 4°-6 diamidino - 2 - phenilindole (50

pg/ml);

Colocar a solu¢ao e cobrir com laminula;

Guardar no escuro.
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Anexo 8: Sequéncias nucleotidias de DNAs repetitivos obtidas no presente estudo.

rDNA 5S de Boana faber

>CATGCTGCAAATTGATTTCTTGATTTCAAAGTTCAAGAATGTAAAATTTTA
AAGGTGCTCTGGAGGCAGTATAAGGAGGCCCACCTGCCCAGCAAACGCTTA
CGGCCATACCAGCCTGATACGCCCGATCTCGTCCGATCTCAGAAGCCAAGC
AAGGTCGGGCCTGGTCAGTACCTGGATGGGAGACTGCCTGGGACTCCCAGG
TGCTGTAAGCCTTTT

rDNA 18S de Boana faber

>CCAGCTCCAGTAGCGTATATTGAACTTGCTGCAGTTAAAAAGCTCGTAGTT
GGATCTTGGGATCGAGCTGGCGGTCCGCCGCGAGGCGAGCTACTGCCTGTC
CCAGCCCCTGCCTCTCGGCACCTCCCCAATGCTCTTGACTGAGTGTCCCGGG
GGCCCGAAGCGTTTACTTTGAAAAAGTTAGAGTGTTCAAAGCAAGCCGGTC
GCCTGAATACTCCAGCTAGGAATAATGTAATAGGACTCCGGTTCTATTTTGA
TGGTTTTCGGAACTGGGGCCATGATTAAGAGGGACGGCGGGGGGCATCCGT
GGTGTGCCGCTAGAGGTGAAATTCTTGACCGGCCCAGACCAACCAAAGCGA
AAGCCTTTTCCAAGAATGTTTTCATCAGTCAAGAACGAAAGTCGGAGGTTC
GAAGACGATCAGATACCGTTGTAGTTCGGACCATAAACGATGCCAACTGGC
GATCCGGCGGCGTTATTCCCATGATCCGCCGAGCAGCTTCCGGGAAACCAA
AGTCTTTGGGTTCCGGGGGGAGTATGGTTGCAAAGCTGAAACTTAAAGGAA
TTGACGGAAGGGCACCACCAGGAGTGGAGCTGCGGCTTAATTTGACTCAAC
ACGGGAAACCTCACCCGGCCCGGACACGGAAAGGATTGACAGATTGATAGC
TCTTTCTCGATTCTGTGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGT
GATCAGTCTGGATCAATTGTCATCACTAACGAGACTCCTCCATGGTAAATAG
TTACGCGACCCCCGGCGGTCCGCGTCCAACTTCTTAGAGGGACAAGTGGCG
TTCAGCCACACGAGATCGAGCAATAACAGGTCTGTGATGCCCTTAGATGTC
CGGGGCTGCACGCGCGCTACACTGAACGGATCAGCGTGTGTCTACCCCTCTC
CGACAGGTGCGGGTAACCCGCTGAACCCCGTTCGTGATGGGGCTCGGGGAT
CCCAATTATTCCCCA
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Tcl/Mariner de Boana albopunctata

>ACTCACCGGCCACTTTATTAGGTACACCTGTCCAACTGCTTGTTAACACTT
AATTTCTAATTAGCCAATCACATGGTGGCAACTCAGTGCATTTAGGCATGTA
CACATGGTCAAGACAATCTCCTGCAGTTCAAACCGAGCATCAGTATGGGGA
AGAAAGGTGATTTGAGTGCCTTTGAACGTGGCATGGTTGTTGGTGCCAAAA
GGGCTGGTCTGAGTATTTCAGAAACTGCTGATCTACTGGGATTTTCACGCAC
AACCATCTCTAGGGTTTACAGAGAATGGTCCGAAAAAGAAAAAACATCCAG
TGAGCGGCAGTTCTGTGGGCGGAAATGCCTTGTTGATGCCAGAGGTCAGAG
GAGAATGGGCAGACTGGTTCGAGCTGATAGAAAGGCAACAGTGACTCAAAT
CGCCACCCGTTACAACCAAGGTAGGCAGAAGAGCATCTCTGAACGCACAGT
ACGTCGAACTTTGAGGCAGATGGGCTACAGCAGCAGAAGACCACACCGGGT
ACCACTCCTTTCAGCTAAGAACAGGAAACTGAGGCTACAATTTGCACAAGC
TCATCGAAATTGGACAGTAGAAGATTGGAAAAACGTTGCCTGGTCTGATGA
GTCTCGATTTCTGCTGCGACATTCGGATGGTAGGGTCAGAATTTGGCGCCAA
CAACATGAAAGCATGGATCCATCCTGCCTTGTATCAATGGTTCAGGCTGGTG
GTGGTGGTGTCATGGTGTGGGGAATATTTTCTTGGCACTCTTTGGGCCCCTT
GGTACCAATTGAGCATCGTTGCAACGCCACAGCCTACCTGAATATTGTTGCT
GACCATGTCCATCCCTTTATGACCACAATGTACCCAACATCTGATGGCTACT
TTCAGCAGGATAATGCGCCATGTCATAAAGCTGGAATCATCTCAGACTGGTT
TCTTGAACATGACAATGAGTTCACTGTACTCAAATGGCCTCCACAGTCACCA
GATCTCAATCCAATAGAGCATCTTTGGGATGTGGTGGAACGGGAGATTCGC
ATCATGGATGTGCAGCTGACAAATCTGCGGCAACTGTGTGATGCCATCATGT
CAATATGGACCAAAATCTCTGAGGAGTGCTTCCAGCACCTTGTTGTATCTAT
GCCACGAAGAATTGAGGCAGTTCTGAAGGCAAAAGGGGGTCCAACCCGTTA
CTAGCATGGTGTACCTAATAAAGTGGCCGGTGAGT

Tcl/Mariner de Boana faber

>ACTCACCGGCCACTTTATTAGGGACACCTGTCCAACTGCTCATTAACACTT
AATTTCTAATCAGCCAATCACATGGCGGCAACTCAGTGCATTTAGGCATGTA
GACATGGTCAAGACAATCTCCTGCAGTTCAAACCGAGCATCAGTATGGGGA
AGAAAGGTGATTTGAGTGCCTTTGAACGTGGCATGGTTGTTGGTGCCAGAA
GGGCTATTCTGAGTATTTCAGAAACTGCTGATCTACTGGGATTTTCACGCAC
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AACCATCTCTAGGGTTTACAGAGAATGGTCCGAAAAAGAAAAAACATCCAG
TGAGCGGCAGTTCTGTGGGCGGAAATGCCTTGTTGATGCCAGGGGTCAGAG
GAGAATGGGCAGACTGGTTCGAGCTGATAGAAAGGCAACAGTGACTCAAAT
AACCACCCGTTACAACCAAGGTAGGCAGAAGAGCATCTCTGAACGCACAGT
TCGTCGAACTTTGAGGCAGATGGGCTACAGCAGCAGAAGACCCCACCGGGT
GCCACTCCTTTCAGCTAAGAACAGGAGACTGAGGCTACAATTTGCACAAGC
TCAGCGAAATTGGACAGTAGAAGATTGGAAAAACGTTGCCTGGTCTGATGA
GTCTCGATTTCTGCTGCGACATTCGGATGGTAGGGTCAGAATTTGGCGTCAA
CAACATGAAAGCATGGATCCATCCTGCCTTGTATCAACGGTTCAAGCTGGTG
GTGGTGGTGTCATGGTGTGGGGAATATTTTCTTGGCACTCTTTGGGCCCCTT
GGTACCAATTGAGCATCGTTGCAACGCCACAGCCTACCTGAGTATTGTTGCT
GACCATGTCCATCCCTTTATGACCACAATGTACCCAACATCTGATGGCTACT
TTCAGCAGGATAATGCGCCATGTCATAAAGCTGGAATCATCTCAGACTGGTT
TCTTGAACATGACAATGAGTTCACTGTACTCAAATGGCCTCCACAGTCACCA
GATCTCAATCCAATAGAGCATCTTTGGGATGTGGTGGAACGGGAGATTCGC
ATCATGGATGTGCAGCCGACAAATCTGCGGCAACTGTGTGATGCCATCATG
TCAATATGGACCAAAATCTCTAAGGAATGCTTCCAGCACCTTGTTGAATCTA
TGCCACGAAGAATTGAGGCAGTTCTGAAGGCAAAAGGGGGTCCAACCCGTT
ACTAGCATGGTTTACCTAATAAAGTGGCCGGTGAGT

Tcl/Mariner de Boana prasina

>ACTCACCGGCCACTTTATTAGGAACAATTGTCCAACTGCTCGTTAACACTT
AATTTCTAATCAGCCAATCACATGGCGGCAACTCAGTGCATTTAGGCATGTA
GACATGGTCAAGACAATCTCCTGCAGTTCAAACCGGGCATCAGTATGGGGA
AGAAAGGTGATTTGAGTGCCTTTGAACGTGGCATGGTTGTTGGTGCCAGAA
GGGCTGATCTGAGCATTTCAGAAACTGCTGATCTACTGGGATTTTCACGCAC
AACCATCTCTAGGGTTTACAGAGAATGGTCCAAAAAAGAAAAAACATCCAG
TGAGCGGCAGTTCTGTGGGCGGAAATGCCTTGTTGATGCCAGAGGTCAGAG
GAGAATGGGCAGACTGGTTCGAGCTAATAGAAAGGCAACAGTGACTCAAAT
TGCCACCCGTTACAACCAAGGTAGGCAGAAGAGCATCTCTGAACGCACAGT
ACGTCGAACTTTGAGGCAGATGGGCTACAGCAGCAGAAGACCACACCGGGT
GCCACTCCTTTCAGCTAAGAACAGGAAACTGAGGCTACAATTTGCACAAGC
TCATCGAAATTGGACAGTAGAAGATTGGAAAAACGTTGCCTGGTCTGATGA
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GTCTCGATTTCTGCTGCGACATTCGGATGGTAGGGTCAGAATTTGGCGTCAA
CAACATAAAAGCATGGATCCATCCTGCCTTGTATCAACGGTTCAAGCTGGTG
ATGGTGTCATGGTGTGGGGAATATTTTCTTGGCACTCTTTGGGCCCCTTGGT
ACCAATTGAGCATCGTTGCAACGCCACAGCCTACCTGAGTATTGTTGCTGAC
CATGTCCATCCCTTTATGACCACAATGTACCCAACATCAGATGGCTACTTTC
AGCAGGATAATGCGATGCCATGTCATAAAGCTGGAATCATCTCAGACTGGT
TTCTTGAAAATGACAATGAGTTCACTGTACTCAAATGGCCTCCACAGTCACC
AGATCTCAATCCAATAGAGCATCTTTGGGATGTGGTGGAACGGGAGATTCG
CATCATGGATGTGCAGCCGACAACTTTGCGGCAACTGTGTGATGCCATCATG
TCAATATGGACCAAAATCTCTGAGGAATGCTTCCAGCACCTTGTTGAATCTA
TGCCACGAAGAATTGAGGCAGTTCTGAAGTCAAAAGGGGGTCCAACCCGTT
ACTAGCATGGTGTACCTAATAAAGTGGCCGGTGAGT



