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RESUMO

O grupo Caesalpinia € composto por 27 géneros e 225 espécies. Apresenta distribuicao
pantropical em florestas tropicais sazonalmente secas (do inglés SDTF), principalmente no
continente americano. Cariotipicamente o grupo é caracterizado pela estabilidade numérica
(2n = 24), porém apresenta uma alta diversidade na quantidade e distribuicdo de bandas
heterocromaticas. Neste trabalho, a caracterizacdo do grupo foi expandida para 12 novas
espécies, as quais mostraram bandas pericentroméricas CMA'/DAPI" e CMAYDAPI-
associadas com as suas distribuicbes geogréficas. Além disso, foi demonstrado
estatisticamente uma autocorrelacdo da intensidade CMA/DAPI ao longo do cromossomo,
tamanho do genoma e a distribuicdo geografica (latitude) no grupo. Embora, o
retrotransposons LTR Ty3/Gypsy da linhagem Tekay, seja um dos principais componentes da
heterocromatina CMA™ pericentromerica nas espécies de Caesalpinia do Nordeste brasileiro
(Cenostigma microphyllum, Libidibia ferrea e Paubrasilia echinata), nossos resultados
demonstram que ndo € o elemento mais abundante em Erythrostemon hughesii. De fato, E.
hughesii (uma espécie sem bandas CMA™ pericentromericas) tem uma baixa proporcdo de
retrotransposons Ty3/Gypsy-Tekay e uma elevada abundancia de sequéncias de DNA satélites
na heterochromatina. Isso demonstra que as bandas de heterocromatina CMA™* séo altamente
polimorficas no grupo Caesalpinia e representa um hotspot de sequéncias repetitivas. Os
resultados do presente trabalho corroboram a importancia das analises citogenémicas no
grupo Caesalpinia para a caracterizacdo cromossomica, assim como a importancia do uso de

sequéncias repetitivas nos métodos comparativos.

Palavras-chave: Coloracdo CMA/DAPI. Evolucdo do genoma. Métodos comparativos
filogenéticos. Sequéncias repetitivas.



ABSTRACT

The Caesalpinia group is formed by 27 genera and 225 species with pantropical distribution in
seasonally dry tropical forests (SDTF), mainly in the American continent. Karyotypically the
group is characterized by numerical stability (2n = 24), however was observed a high
diversity in the amount and distribution of heterochromatin bands. In this work, the
characterization of the group was expanded to 12 new species, which showed pericentromeric
CMA*/DAPI- and CMAYDAPI- bands, associated with their geographic distributions. In
addition, was statistically demonstrated a self-correlation of CMA / DAPI intensity along the
chromosome, genome size and geographical distribution (latitude) of the group. Although the
retrotransposons LTR Ty3 / Gypsy of the Tekay lineage, being one of the main components of
the heterochromatin CMA™ pericentromeric in the Northeast Brazil Caesalpinia species
(Cenostigma microphyllum, Libidibia ferrea and Paubrasilia echinata), our results
demonstrate that it is not the most abundant element in Erythrostemon hughesii. In fact, E.
hughesii (a species without CMA™ pericentromeric bands) has a low proportion of Ty3 /
Gypsy-Tekay retrotransposons and a high abundance of satellite DNA sequences in their
heterochromatin. This demonstrates that the CMA™ heterochromatin bands are highly
polymorphic in the Caesalpinia group and represent a hotspot of repetitive sequences. The
results of the present study corroborate the importance of cytogenomic analyzes in the
Caesalpinia group for chromosome characterization, as well as the importance of using

repetitive sequences in comparative methods.

Keywords: CMA / DAPI double staining. Genome evolution. Heterochromatin. Phylogenetic
comparative methods. Repetitive sequences.
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1 INTRODUCAO

O grupo Caesalpinia pertence a familia Leguminosae e inclui 27 géneros e 225 espécies com
uma ampla distribuicdo no mundo, ocorrendo principalmente em regides tropicais. Desde as
primeiras analises citogenéticas, o grupo mostrou distintas caracteristicas interessantes, como
uma variagdo no tamanho cromossémico e, como consequéncia, no tamanho do genoma.
Anélises citomoleculares tém descrito polimorfismo no nimero, posicdo e composicdo das
bandas heterocrométicas, sendo distribuidas preferencialmente nas regies pericentromeérica e
subtelomérica dos cromossomos.

Nos Ultimos anos, o uso de analises comparativas para inferir a historia evolutiva de
diferentes caracteres aumentou, mas ainda sdo poucos 0s que integram dados citogenéticos,
gendmicos e ambientais. Em Caesalpinia, a integracdo de dados citomoleculares e
geograficos revelou trés padrdes de heterocromatina pericentromérica, relacionados aos
principais centros de diversidade das espécies neotropicais do grupo. A identificacdo desses
padrdes demonstrou a utilidade das marcas citogenéticas nas analises citogeogréaficas.
Adicionalmente a combinacdo com outros dados citoldgicos, como o tamanho do genoma,
pode revelar mais precisamente a historia de evolugdo cromossémica do grupo.

A histéria evolutiva de um cariotipo € frequentemente dificil de determinar,
especialmente para eventos de diferenciagdo profunda. Recentemente, 0 sequenciamento de
proxima geracdo (NGS) de trés espécies brasileiras do grupo (Cenostigma microphyllum,
Libidibia ferrea e Paubrasilia echinata) permitiu obter uma visdo geral do contetdo genético
e das sequéncias repetitivas desses genomas. Constatou-se que os elementos transponiveis do
tipo retrotransposon integram a maior parte da heterocromatina pericentromérica do tipo
CMA*. Sabe-se que elementos transponiveis, devido a sua capacidade de se mover, podem
gerar alteracGes nos genomas e ter um papel adaptativo em resposta ao meio ambiente,
podendo neste caso, explicar os padrdes heterocromaticos observados em Caesalpinia.
Entretanto, analises citogenéticas e gendmicas de mais espécies sdo necessarias para elucidar
essas relacOes entre 0 genoma e 0 ambiente. Portanto, o objetivo deste trabalho foi expandir a
caracterizagdo das espécies do grupo Caesalpinia do ponto de vista citomolecular e gendmico,
buscando discutir a diversificagdo da heterocromatina no grupo.

O contetido desta dissertacdo foi divido em dois capitulos, o primeiro contém a
caracterizacdo citomolecular de diferentes especies dos géneros Coulteria, Erythrostemon,

Libidibia, Mezoneuron, Pomaria e Tara, assim como analises comparativas e correlagdes dos
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caracteres citogenéticos, tamanho do genoma e bandeamento CMA/DAPI com dados
ecoldgicos (manuscrito submetido ao periédico Plant Systematics and Evolution). No capitulo
dois sdo abordados os aspectos citogenémicos de uma espécie do género Erythrostemon, que
possui bandas heterocromaticas CMA™ subterminal e com ocorréncia no México. Foi
realizada a caraterizacdo da fracdo repetitiva do genoma de E. hughesii e 0 mapeamento das
sequencias repetitivas mais abundantes. Além disso, realizamos uma anélise comparativa
dessa espécie com as especies do grupo que ocorrem no Brasil (Cenostigma, Libidibia e
Paubrasilia) cujos genomas foram caracterizados previamente (manuscrito a ser submetido

no periédico Planta).
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2 REFERENCIAL TEORICO

2.1 GENOMA E O MEIO AMBIENTE

Os organismos evoluem e se adaptam através de mudangas em seus genomas, € essas
mudancgas podem favorecer certos genes ou vias moleculares e melhorar a sobrevivéncia e o
fitness reprodutivo do organismo hospedeiro. Alguns estudos tém demonstrado adaptacéo do
genoma ao meio ambiente, assim como relacdo entre polimorfismos genéticos e exposicdes a
diferentes condi¢bes ambientais (Pluess et al. 2016; Yang et al. 2016; Sun et al. 2017). As
combinacBes especificas de interacdo gendtipo x ambiente oferecem mudltiplos efeitos em
resposta ao ambiente (Des Marais et al. 2013). Por exemplo, Deatherage et al. (2017)
sequenciaram o genoma completo de 30 linhagens de Escherichia coli que evoluiram por
2.000 geracbes em cinco ambientes que diferiam apenas nas temperaturas experimentadas.
Essas colbnias apresentaram mutacGes génicas especificas em cada temperatura e algumas
tenderam a ser benéficas, representando assinaturas genémicas de adaptacdo. Modificacdes
adaptativas dentro de um conjunto comum de mutacdes em diferentes genes, permite a

adaptacao e evolucdo do genoma nos estagios iniciais.

A adaptacdo no nivel genébmico é um processo complexo que resulta do grande
ndmero de genes que podem potencialmente evoluir de forma convergente e ao acaso
(Thomas e Hahn 2015; Zou e Zhang 2015). Uma adaptacdo convergente de organismos
filogeneticamente distintos ao mesmo ambiente foi observada em diferentes espécies de
manguezais. Lyu et al. (2018) estudaram a composicdo de sequéncias repetitivas e seus
possiveis efeitos na adaptacdo dos genomas de diferentes espécies de manguezais e seus
parentes ndo-manguezais que colonizam independentemente a interface entre terra e mar.
Neste trabalho, todas as linhagens de verdadeiros manguezais reduziram significativamente
seu conteudo repetitivo em comparagdo com seus parentes ndo-manguezais, € COmMO
consequéncia, apresentaram diminui¢do do tamanho do genoma. A eliminacdo da maioria dos
elementos maoveis, representou uma estratégia convergente empregada pelos mangues para se

adaptar a novos ambientes estressantes.

Diferentes estudos tém relatado que as sequéncias repetitivas, especificamente os ETs,
tornam-se ativas sob condicGes de estresse, e essa ativagdo é frequentemente tomada como

evidéncia de um papel adaptativo (Chenais et al. 2012; Casacuberta e Gonzalez 2013; Negi et
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al. 2016; Rey et al. 2016; Horvath et al. 2017). Essa hipotese se baseia no fato de que a
ativagdo de ETs levaria a um aumento na taxa de mutacdo, gerando variabilidade sob a qual a
selecdo natural pode atuar (Horvath et al. 2017). Além disso, como alguns ETs sdo
conhecidos por conter sequéncias reguladoras da resposta ao estresse, se os ETs forem
ativados pelo estresse, eles podem distribuir elementos de resposta por todo o genoma que
podem ajudar a reprogramar essas redes de genes (Cowley et al. 2013). Atualmente, existe
uma concordancia relativamente ampla de que os ETs tém contribuido para varias inovacoes
fundamentais na evolucdo adaptativa (Chuong et al. 2017; Esnault et al. 2019), por exemplo,
servindo como origem para pequenos RNAs (Slotkin e Martienssen 2007; Berezikov 2011) ou
como enriquecedores de regides promotoras de genes (Niu et al. 2019).

A ativacdo e a transposicdo de ETs associados ao stress foram discutidas em detalhes
em algumas revisfes (Negi et al. 2016; Galindo-Gonzalez et al. 2017; Horvéth et al. 2017,
Schrader e Schmitz 2019). Como unidades de transcricdo, os ETs possuem suas proprias
sequéncias reguladoras, onde diferentes fatores podem impactar algumas copias de uma
familia particular de retroelementos (Lanciano e Mirouze 2018). Por exemplo, em formigas
do género Cardiocondyla ilhas de ETs tem um papel fundamental na rapida adaptacdo a
diferentes habitats. Os retroelementos das superfamilias BEL/Pao, DIRS, LOA/Loa, Ngaro,
R1/R2 e RTE, bem como transposons de DNA das superfamilias Academ, Kolobok-Hydra,
Maverick, Merlin e TcMar-Mariner, ocupam as ilhas de ET com numeros de cdpias
significativamente maiores do que outros elementos transponiveis. Essas ilhas de ET
funcionam como pocos génicos para a diversificacdo genética em populacdes fundadoras
dessa espécie invasora, atuando na diferenciacdo, adaptacdo e especiacdo do grupo (Schrader
et al. 2014).

Em plantas, as inser¢des de ET fornecem um mecanismo mutagénico potente para a
evolucgéo de novos genes e suas funcionalidades. Em soja, um retrotransposon tipo Tyl/copia,
designado SORE-1, encontra-se inserido em genes responsaveis pela sensibilidade ao
fotoperiodo. Quando o gene é duplicado, a inser¢do do retrotransposon causa a perda da
fungéo genética por silenciamento, levando a adaptagdo do cultivo de soja em altas latitudes
(Kanazawa et al. 2009). Adicionalmente, em girassol, trés espécies de origem hibrida antiga
tém eventos de proliferacdo de sequéncias repetitivas dentro das familias de retrotransposon
LTR-Ty3/gypsy e Tyl/copia. Os elementos do tipo Tyl/copia sofreram aumento no ndmero

de copias apds ou associados as origens dessas espéecies, embora a escala de proliferacdo seja
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menor do que a dos elementos do tipo Ty3/gypsy. Nesse trabalho, a similaridade das
sequéncias de Tyl/copia nos genomas das trés espécies hibridas e das duas espécies parentais
revelam que uma Unica sub-linhagem desses elementos exibe caracteristicas de amplificacdo
recente e provavelmente serviu como linhagem de fonte proliferativa. A proliferacdo de LTR-
retrotransposons indica que as condi¢des gendmicas e/ou ambientais associadas as origens
desses taxons hibridos de girassol propiciaram & ndo repressdo de pelo menos dois grupos
principais de elementos transponiveis (Kawakami et al. 2010). A relacdo ET-estresse é
complexa, embora as evidéncias tenham demonstrado que os ETs sdo ativados sob estresse na

maioria dos estudos, em outros as inser¢fes de ET demonstraram ter um efeito deletério.

2.2 ANALISES CITOGENETICAS X MEIO AMBIENTE

2.2.1 Evolugéo do tamanho genémico

VariagBGes cromossdmicas podem estar relacionadas a distribuicdo ecolégica e geografica das
plantas, e a0 mesmo tempo sua divergéncia nos genomas ocorre como consequéncia
adaptativa as condicdes ambientais especificas (Tapia-Pastrana et al. 2012). Diferentes
atributos sdo o resultado de uma combinacéo de gendétipo e ambiente, por exemplo, o tamanho
do genoma. Até hoje questiona-se a evolugdo correlacionada entre GS e fatores ecoldgicos,
devido aos resultados contrastantes obtidos em diferentes estudos (Smarda et al. 2007; Diez et
al. 2013; Kang et al. 2014; Jordan et al. 2015). Por exemplo, nas tribos Cardueae e
Anthemideae (Asteraceae) o GS esta correlacionado com caracteristicas cariolégicas,
fisiologicas e ambientais (Garnatje et al. 2004). No entanto, Jakob et al. (2004) observaram
que no nivel taxondmico mais alto das espécies de Hordeum L. (Poaceae), as correlacGes
ambientais estavam ausentes. E em Zea mays L. a diversidade de GS nas linhagens de milho
filogeneticamente independentes esta negativamente correlacionada com a altitude (Diez et al.
2013).

Embora existam discrepancias sobre a existéncia ou nao de relacfes entre 0 GS e 0
ambiente, a grande maioria dos trabalhos apontam para uma diversidade de GS associada a
adaptacGes ambientais ou ecolégicas. Du et al. (2017) em Lilium L. (Liliaceae) por meio de
uma andlise integrativa de citogenética e filogeografia, descreveram como eram as relacGes
entre a diversidade e evolugdo do GS e sua correlacdo com caracteristicas carioldgicas e

ecologicas em varios taxons do grupo. Eles mostraram que existe uma correlacdo negativa
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entre 0 GS e a temperatura/precipitacdo anual, dois fatores ambientais que sdo diretamente
afetados pela posicdo ou elevacdo geografica. Nesse caso, as espécies que ocorrem nos
ambientes das montanhas Hengduan e Himalaia, na China, exibem um GS relativamente
pequeno, e geralmente crescem acima de 3.000 m em ambientes relativamente extremos. Por
outro lado, as espécies do Extremo Oriente e da América do Norte normalmente crescem em
altitudes mais baixas, com ambientes relativamente menos severos, e exibem um GS maior,

sugerindo que um GS pequeno evolui como uma adaptacdo a ambientes estressantes.

Do mesmo modo, Bilinski et al. (2018) analisaram como eram as mudancas no
tamanho do genoma em linhagens domésticas e selvagens de milho que ocorriam em
gradientes altitudinais na Mesoamérica e na América do Sul. Eles encontraram que as
diferencas nos tempos de floracdo em diferentes altitudes afetam indiretamente os clines no
tamanho do genoma, devido a uma relacdo mecanicista entre o tamanho do genoma e a
producdo celular e a taxa de desenvolvimento. Nessa interacdo, o tamanho do genoma sofre
pressdes paralelas e diferencial de selecdo natural de acordo com a altitude. Os autores
apontam uma relacdo da variacdo do genoma a importantes diferencas nos fendtipos com

adaptacOes independentes a alta altitude.

O tamanho do genoma é uma caracteristica adaptativa importante (Bilinski et al.
2018). Ele varia muitas vezes de magnitude entre as espécies, devido a alteracdes na ploidia e
no conteddo de DNA haploide (Hidalgo et al. 2017; Pellicer et al. 2018). Na auséncia de
poliploidia, as altera¢cdes na quantidade de DNA repetitivo sdo as principais responsaveis
pelas diferencas de GS entre as espécies (Du et al. 2017). Conforme relatado na Fritillaria L.,
um caso extremo de expansdo genémica atraveés do acumulo de DNA repetitivo, 80-90% do
DNA dessas espécies é derivado de repeticdes altamente heterogéneas. A falta de eliminacéo
e a baixa transposicdo de DNA repetitivo desempenham papéis importantes na evolucdo de
genomas, principalmente naqueles extremamente grandes (Kelly et al. 2015).

Os ETs geralmente proliferam mais rapidamente do que podem ser removidos,
contribuindo assim para o crescimento do tamanho do genoma (Brookfield 2005; Lisch
2013). A maioria das espécies da familia Brassicaceae (Burnett) tem GS pequenos, no
entanto as espécies do clado monofilético Hesperis L. possuem os maiores genomas do grupo
(Mandakova et al. 2017). Estudo recentes mostraram que existe uma correlacéo positiva entre
0 aumento do tamanho do genoma e o conteudo de ETs, onde a proliferagdo de

retrotransposons LTR, iniciou no ancestral do clado Hesperis e, posteriormente, nos taxons
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das seis tribos. Supde-se que a predomindncia da obesidade gendmica no grupo esteja
associada a selecdo para habitos de vida bienais ou perenes, e em alguns casos a expansdo do
genoma foi neutralizada pela eliminacdo de ETs, permitindo em algumas espécies uma

transi¢do adaptativa a estratégia de vida anual (Hlouskova et a. 2019).

2.2.2 Evolucéo do cariotipo

A diversidade cromossdmica pode ter efeitos importantes na evolucdo de alguns grupos, pois
essas alteracdes afetam a estrutura cromossémica e a simetria do cariétipo (Peruzzi et al.
2009; Gao et al. 2015). Nesse sentido, as analises citogenéticas contribuem frequentemente
para o entendimento da evolucgéo das plantas e para a determinacédo dos fatores envolvidos na
diversificacdo dos grupos e taxons (Lan e Albert 2011; Lamo et al. 2016). As analises de
cariotipo sdo uma ferramenta importante para revelar padrdes de evolucdo cromossémica. As
principais informacBes fornecidas pelas andlises citogenéticas para o entendimento da
evolucdo cromossémica sdo: nimero cromossémico, posicdo dos centrébmeros, numero e
posicdo das regides organizadoras nucleares (RONSs), quantidade e distribuicdo da
heterocromatina, composicdo do DNA repetitivo e conteudo total do DNA (Poggio et al.
2008). Esses estudos podem gerar dados quantitativos e estatisticamente reproduziveis que
permitem estabelecer correlacbes com outros fatores como a morfologia, filogenia e as

condicdes ambientais (Van-Lume et al. 2017).

VariacOes fenotipicas e padrbes de diversidade bidtica tendem a existir em gradientes
ambientais, cujas causas ainda representam um enigma para os biélogos evolucionistas e
biogeogréficos. Certas diferencas cariotipicas terem o potencial de atuar como barreira
genética e, consequentemente, podem revelar fortes evidéncias de estruturagdo populacional
(Bloch et al. 2009; Amaro et al. 2012). Menezes et al. (2017) analisaram sequéncia de DNA
multilocus, modelos de nicho climatico e caracteristicas cromossdmicas para investigar e
comparar os padrées filogeograficos de duas vespas sociais parapatricas do género Synoeca.
Nesse trabalho, os autores observaram que as espécies de vespa exibiram padrdes
contrastantes de dispersdo espacgo-temporal e experimentaram alteragdes cromossémicas
substanciais como variagdo no numero e tamanho cromossémico, assim como padrdes
distintos em relacéo aos locais ricos em GC e AT. Essas altera¢fes cromossdmicas e a dire¢éo
da dispersdo populacional foram orientadas latitudinalmente ao longo da Mata Atlantica

Brasileira.
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A integracdo de andlises filogeograficas e citogenéticas, baseadas em caracteristicas
estruturais e quantitativas do cari6tipo, mostrou-se Gtil em estudos evolutivos e taxondmicos
em varios grupos de angiospermas (Guerra 2000; Weiss-Schneeweiss e Schneeweiss 2013).
Em Nierembergia (Solananeceae) uma combinacdo de dados cariotipicos dentro de uma
filogenia datada foram usados para analisar como aconteceu a evolugdo cromossomica no
grupo e inferir como os processos geoldgicos ou climaticos influenciaram a diversificacdo do
género (Acosta et al. 2016). O uso de marcadores citogenéticos classicos e moleculares, como
coloracdo convencional e fluorescente, e hibridacbes por FISH do DNA ribossémico,
permitiram demonstrar que Nierembergia estd mais relacionada ao género Bouchetia do que
Leptoglossis, assim como a existéncia de duas linhagens dentro do género. Essas duas
linhagens se diferencam por uma diminuicdo no comprimento do cariotipo e no tamanho dos
cromossomos. Portanto, quando as duas linhagens ancestrais de Nierembergia foram isoladas,
ocorreram grandes divergéncias na evolugdo cromossomica e, em seguida, cada linhagem
passou por especiacdo separadamente. Deste modo, os dados carioldgicos fornecem outra
fonte de marcadores para a compreensao da sistematica, padrdes evolutivos e processos de

divergéncia nas plantas (Crawford et al. 2005).

A combinacdo de carateres cromossémicos com a morfologia, biogeografia e
marcadores moleculares, muitas vezes auxiliam na identificacdo de casos de hibridacdo e
rearranjos cromossomicos envolvidos na especiacdo (Weiss-Schneeweiss et al. 2008;
Baltisberger e Horandl 2016; Chiarini e Gauthier 2016). No entanto, algumas vezes a
morfologia cromossémica conservada gera dificuldade na identificacdo de marcadores
espécie-especificos. No caso das espécies de Caesalpinia, 0 uso de outros marcadores
cromossémicos, como a distribuicdo e quantidade de heterocromatina, pode contribuir na
caracterizacdo citomolecular do grupo assim como na diferenciacdo das espécies (Almeida et
al. 2007; Van-Lume et al. 2017; Moreno et al. 2018; Rodrigues et al. 2018).

Nas angiospermas a heterocromatina aparentemente ndo apresenta uma distribuicdo
aleatdria, em vez disso, encontra-se em regides cromossdmicas preferenciais (Guerra 2000) e
em alguns casos relacionadas com as condi¢Ges ambientais. Em Notolathyrus, por exemplo,
Chalup et al. (2015) evidenciaram padr@es diferenciais de distribuicdo e conteddo de bandas
heterocromaticas DAPI*, apresentando uma posicdo diferencial dependendo da distribuicdo
geografica das plantas. Nos biomas subtropicais o contetdo de heterocromatina e 0 nimero de

bandas era menor em comparagdo com o0s biomas temperados. Os dados evolutivos



18

cromossémicos revelaram que as espécies sul-americanas sd8o um grupo homogéneo e
monofilético da secdo. Por outro lado, a variagdo na quantidade de heterocromatina ndo foi
diretamente relacionada a variacdo no conteddo de DNA das espécies de Notolathyrus, apesar
disso, a correlacdo observada entre a quantidade de heterocromatina e algumas variaveis

geogréficas e biocliméticas sugere que essa variagao deve ter um valor adaptativo.

Recentemente alguns trabalhos tém mostrado diferentes padrdes heterocromaticos
usados como marcador citomolecular para contar relagdes evolutivas entre grupos (Deanna et
al. 2018; Moreno et al. 2018; Wahlang et al. 2019). Por exemplo, em Cynodon (Poaceae) um
género com ampla distribuicdo em areas tropicais e subtropicais, diferentes eventos de
ploidizacdo causaram rearranjos estruturais, como delecdes, insercdo ou duplicacBes de
sequéncias de DNA, permitindo variagdo na morfologia, tamanho e ndmero dos
cromossomos. Esses eventos resultaram em uma ampla diversidade de cariétipos, que
contribuiram no isolamento reprodutivo e, consequentemente, para a especiacdo de Cynodon.
As analises citogenéticas comparativas do grupo utilizando bandeamento CMA/DAPI e
hibridagcbes por FISH, mostraram que as espécies estdo caracterizadas pela auséncia ou
presenca de bandas de heterocromatina CMA ou DAPI e poucos sitios de DNA ribossémico.
As analises PCM indicaram que o ancestral comum mais recente de Cynodon tinha poucos
sitios de DNA ribossdémico e diferentes numeros de bandas CMA/DAPI e que durante 0s
eventos de poliploidizacdo, houve perdas e ganhos de sequéncias heterocromaticas
principalmente nas regides centroméricas e dos bracos curtos dos cromossomos (Chiavegatto
et al. 2019). Dessa forma, analises comparativas dos numeros, quantidade e posi¢bes das
sequéncias de DNA ribossémico e bandas heterocromaticas tém valor ndao apenas para a
identificacdo de cromossomos e genomas, mas também para a elucidacdo de diferencas e

relagdes evolutivas, ecoldgicas e taxondmicas entre grupos.
2.3 A CIENCIA UNIFICADORA: CITOGENOMICA

A relacdo intima entre a sequéncia de DNA e a estrutura e fungdo cromossdémica destaca a
necessidade de integrar dados gendmicos e citogenéticos para entender de maneira mais
abrangente o papel que a arquitetura do genoma desempenha na plasticidade do genoma
(Deakin et al. 2019). Embora os avanc¢os da tecnologia NGS tornaram o sequenciamento de
todo o0 genoma de um organismo accessivel, existe muita informagdo sobre a composicao de
muitos genomas eucariotos que ainda ndo compreendemos. O genoma dos eucariotos esta

composto por diferentes tipos de sequéncias de DNA, que podem ser classificadas como
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sequencias Unicas e sequéncias repetitivas, sendo estas Gltimas divididas em duas grandes
familias, chamadas “repeti¢des em tandem” e “repeti¢cdes dispersas”. Cada uma dessas duas

familias é dividida em varias subfamilias (Figura 4) (Richard et al. 2008).

As repeticbes dispersas contém geralmente todos os transposons, genes de RNA de
transferéncia e genes paralogos, enquanto as repeticdes em tandem contém sequéncias em
tandem, o DNAr e o DNA satélite. Os mecanismos moleculares que criam e propagam as
repetices dispersas e em tandem sdo especificos para cada classe e sdo utilizados para sua
classificacdo (ver glossario de conceitos). Atualmente, sabe-se que os elementos repetitivos
podem ser amplamente abundantes em alguns eucariotos, compondo mais de 50% do genoma
humano (De Koning et al. 2011), mais do 70% do genoma do milho (Meyer 2001) e mais do
90% do genoma da cebola (Fu et al. 2019).

Unique DNA
Sequences

/

Tandem Dlspersed

Repeats %/ Repeats

ﬂ ll @ Paralogues / \

Paralogues Satellite DNA (
Transposons (DNA)
l @ Clwss I elements (Class I r]cmcnts

LTR DNA

LINES SINES E{etrotransposon; E‘ransposong

Retro(pseudo-)genes

Figura 4. Sequéncias de DNA repetitivas em genomas eucari6ticos e seus mecanismos de evolucao, reproduzido
de Richard et al. (2008). As duas categorias principais de elementos repetidos (repeticbes em tandem e
repeti¢des dispersas) sdo mostradas, juntamente com subcategorias, conforme descrito no texto. As setas azuis
apontam para mecanismos moleculares envolvidos na propagacdo e evolucdo de sequéncias repetidas. REP,
desvio de replicacdo; GCO, conversdao de genes; WGD, duplicacdo de genoma inteiro; SEG, duplicacdes
segmentares; RTR, transcri¢do reversa; TRA, transposicao.

Devido a seu mecanismo de transposicdo “cortar e colar” e "copiar e colar”, os ET

podem modificar a sequéncia cromossdmica original, ocasionando diferentes efeitos e
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rearranjos que influenciam a evolucdo da regulacéo génica e sua funcéo (Kazazian 2004; Liu
et al. 2019). Os ETs fornecem agentes de evolugdo adaptativa e adaptacdo, criando variantes e
diversidade genética. Em Deschampsia P.Beauv., uma Poaceae que ocorre na América do Sul
e na Antartica, 73.3% do genoma total é representado por DNA repetitivo, sendo os ETs 0s
mais abundantes e os DNA satélites os mais variaveis. Essa variacdo observada no padrdo de
DNA satélite poderia ter facilitado o isolamento reprodutivo entre as popula¢fes de D.
antarctica devido a falha no reconhecimento homdélogo dos cromossomos, € como
consequéncia a sua diferenciacdo geografica (Gonzalez et al. 2017). Esse estudo destaca a
importancia de mudangas na organizagdo cromossdmica com base na amplificagéo diferencial

ndo aleatoria de unidades repetitivas de DNA no genoma.

Quanto a organizacdo das sequéncias repetitivas, diferentes familias de ET podem
ocorrer em agrupadas em tandem ou apresentar-se espalhadas ao longo dos cromossomos
(Gaeta et al. 2010; Macas et al. 2015; Horvath et al. 2017). A literatura indica que 0s
retroelementos geralmente se acumulam em padrbes dispersos pelos cromossomos,
diferentemente dos DNAs satélites que formam clusters mais definidos (Heslop-Harrison e
Schmidt 2007; Heslop-Harrison e Schwarzacher 2011; Ribeiro et al. 2017). No entanto,
existem exemplos que relatam que os membros das superfamilias Copia e Gypsy tém um
perfil heterogéneo, podendo ser localizados dispersos, agrupados ou uma combinacdo de
ambos em alguns cromossomos (Belyayev et al. 2001; Gaeta et al. 2010). De Souza et al.
(2018) reportaram distribuicbes independentes para cada familia de retroelementos LTR,
apresentando um acUmulo variado dessas sequéncias no genoma de Eleocharis R.Br.
(Poaceae). Essa variabilidade foi maior em E. montana, onde as sondas Oryco, Del e CRM
hibridizaram na metade dos cromossomos dessa espécie, em contraste a sonda Athila/Ogre-
Tat teve sinais pontuais em todos 0s cromossomos. A variacdo na distribuicdo dos
retroelementos indicam que cada familia de LTR tem atividade independente no genoma e

nos cromossomos, com diferentes historias e destinos evolutivos.

Os novos meétodos de sequenciamento de nova geragdo (NGS), combinado com a
abordagem de genome skimming, tem permitido a identificacdo de diferentes familias de
elementos repetitivos em espécies ndo modelos, assim como a analise comparativa desses
elementos na compreensdo da composicdo, abundancia e evolugdo de sequéncias repetitivas
(Ekblom e Galindo 2011; Du et al. 2017; Gonzalez et al. 2017; De Souza et al. 2018). Dentre

as ferramentas em bioinformatica recentes, destaca-se o RepeatExplorer que, por meio de uma
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andlise de clustering, identifica a composi¢cdo e abundancia de cada classe de elementos
repetidos que compdem o genoma (Novak et al. 2013). As técnicas citogenéticas voltadas
especificamente para as regifes de heterocromatina sdo complementares a essas abordagens
NGS, revelando como os genomas sdo organizados estruturalmente em cromossomos, cComo
eles sdo moldados pela interacdo de forcas evolutivas e como as mudangas na estrutura dos
cromossomos contribuem para a especiagdo (Dion-Coté et al. 2016). Tais abordagens
integrativas em plantas comecam a revelar que as alteragdes na estrutura cromossdmica estdo

associadas a divergéncia e evolucéo.

Do ponto de vista dos caridtipos e da biologia cromossémica, o entendimento sobre a
dindmica e evolucdo das sequéncias repetitivas ainda é superficial, porque a diversidade da
fracdo repetitiva de DNA depende ndo apenas dos genomas analisados, mas também da
historia evolutiva e o papel de cada um (De Souza et al. 2018). Em diferentes espécies do
género Paphiopedilum Pfitzer, (Orchidaceae), sequéncias de DNA satélite especificas
apresentaram uma distribuicdo cromossdmica mais semelhante em espécies estreitamente
relacionadas do que em espécies mais distantes filogeneticamente. Os autores sugerem que
desde a origem do DNA satélite nesse grupo, houve claramente mudancas consideraveis em
sua abundancia e distribuicdo cromossdmica entre as diferentes espécies, evoluindo

rapidamente, e adquirindo um forte sinal filogenético (Lee et al. 2018).

Igualmente, Arachis L. (Fabaceae) é um género que constitui o pool genético
secundario de amendoim, com espécies diploides e alopoliploides com diferentes genomas
(A, B, D, F, G e K), e nesse grupo as sequéncias repetitivas tém desempenhado um papel
importante para a diferenciacdo do genoma A e B no grupo. Nesse genoma, 0s retroelementos
LTR e quatro DNAs satélites sd@o os elementos mais abundantes e compdem as regifes de
heterocromatina pericentromerica e/ou regides eucromaticas. Analises comparativas
revelaram que o satélite Agla_CL8sat esta presente na heterocromatina dos genomas A, K e
F, sugerindo que os DNA satélites estdo intimamente relacionados entre os diferentes
genomas e que foram amplificados diferencialmente a partir de uma biblioteca ancestral,

levando a grandes mudancas nos padrdes de heterocromatina (Samoluk et al. 2019).

2.4 O GRUPO CAESALPINIA
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2.4.1 Caracterizagdo do grupo

O grupo Caesalpinia é um grupo morfologicamente heterogéneo composto por arvores,
arbustos, cipds ou herbaceas com uma grande quantidade de homoplasia e convergéncia
morfologicas, que dificulta a determinacdo de caracteres diagnosticos Unicos para cada clado
(Lewis e Schrire 1995, Lewis 1998, Gagnon et al. 2013, 2016). O grupo inclui 27 géneros e
cerca de 225 espécies e, embora ndo tenha sinapomorfias morfoldgicas diagnosticas Unicas
para o clado como um todo, o grupo Caesalpinia pode ser reconhecido por uma combinacédo
de caracteristicas, como a presenca de tricomas glandulares, espinhos, flores simétricas
bilaterais com uma seépala inferior um tanto modificada e estames livres aglomerados ao redor
do pistilo. As flores variam muito e podem ser fortemente modificadas, dependendo do
sistema de polinizacdo, e os frutos de cada clado sdo extremamente diversos, refletindo uma

impressionante variacao nas estratégias de dispersao de sementes (Gagnon et al. 2016).

Atributos morfol6gicos sdo utilizados para dividir o grupo em dois grandes subclados,
o clado I contém todas as espécies que estdo armadas com espinhos ao longo dos galhos
(embora Coulteria carega de espinhos), e que possuem idioblastos na lamina folhar. Por outro
lado, o clado Il contém apenas espécies que ndo possuem espinhos e quase todas as espécies
gue nao apresentam idioblastos nas folhas (os dltimos também estdo ausentes em C.
mimosoides no clado | (Lersten e Curtis 1996) e em Haematoxylum Gronov.). todas espécies
do clado Il sdo caracterizadas pela presenca de estruturas glandulares multicelulares nas
hastes, folhas e inflorescéncias (embora Haematoxylum dinteri Harms, Caesalpinia
mimosoides Lam. e membros de Coulteria no clado | também possuam). No nivel genérico,
os frutos sdo altamente variaveis e do ponto de vista taxondmico sdo mais Uteis como
caracteres diagndsticos que as flores. Varios dos géneros reconhecidos até agora podem ser
diferenciados com base nas caracteristicas dos frutos (Gagnon et al. 2016). No entanto, um
conjunto de carateristicas morfoldgicas combinados pode auxiliar na distincdo de cada
género, por exemplo, a presenca de tricomas glandulares, espinhos, folhas geralmente
pulvinadas, bipinadas ou pinadas definem o género Tara (Gagnon et al. 2016; LPWG, 2017).
Nesse sentido, um enfoque de sistematica integrativa, utilizando outros conjuntos de
caracteres (citogeneéticos, bioguimicos, anatbmicos, etc.) auxiliam na melhor caracterizagdo

dos géneros no grupo.

O grupo Caesalpinia é distribuido nas regies tropicais do mundo, com apenas

pequenas incursdes envolvendo apenas quatro géneros no bioma temperado (por exemplo
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Pomaria), apresentando um sinal claro de conservadorismo de nicho tropical (Gagnon et al.
2019). Muitos subclados do grupo estdo restritos ao bioma suculento, mas outras espécies
também ocorrem em savanas tropicais, florestas tropicais, manguezais costeiros ou outros
habitats costeiros e areas secas temperadas quentes e propensas a geada (Simpson et al. 2005,
2006). O grupo esta praticamente ausente da Amazo6nia e pouco representado em florestas
tropicais nos paises neotropicais e na Africa, mas é mais comum nas florestas tropicais do

Sudeste Asiatico, onde ocorre os clado de cipos (Gagnon et al. 2019).

As espécies neotropicais crescem principalmente nos habitats sazonalmente secos e
semiaridos, especialmente nas SDTF (Gagnon et al. 2016). A distribuicdo atual das SDTF na
Ameérica do Sul é descontinua em grandes areas desde a Caatinga no Nordeste do Brasil até o
vale do Rio Uruguai (Werneck et al. 2011). Evidéncias fosseis e climaticas indicam que o
bioma SDTF ¢ relativamente antigo e data do Eoceno médio da América do Norte; sugerindo
que a atual distribuicdo disjunta do SDTF representa os remanentes de um bioma continuo
(Werneck et al. 2011).

2.4.2 Estudos citogenéticos

As andlises citogenéticas no grupo abrangem analises citogenéticas classicas e moleculares. O
primeiro trabalho realizado por Beltrdo e Guerra (1990), revelou 0s nimeros cromossémicos
de diferentes espécies no grupo. Cangiano e Bernardello (2005) fizeram as primeiras
descricdes cromossémicas em células somaticas de trés espécies de Caesalpinia L. (C.
gilliesii Wall. ex Hook.,, C. mimosifolia Griseb. e C. paraguariensis (D.Parodi) Burkart)
endémicas da Argentina. Borges et al. (2012) descreveram cariotipicamente citotipos
diploides e tetraploides de Libidibia ferrea (Benth.) L.P.Queiroz que se encontravam isolados
reprodutivamente. Rodrigues et al. (2012) apresentaram o cariétipo, a morfometria
cromossdmica e o padréo de heterocromatina por bandeamento C em Caesalpinia calycina
(=Erythrostemon calycinus), Caesalpinia microphylla (=Cenostigma microphyllum),
Caesalpinia pluviosa var. peltophoroides (=Cenostigma pluviosum), e em Caesalpinia ferrea
(=Libidibia ferrea). Adicionalmente, dois anos depois, Rodrigues et al. (2014) incluiram uma
caracterizacdo citogeneética de outras 14 espécies, desta vez com ocorréncia na América do
Sul. Lopez et al. (2014) relataram as descri¢Bes citogenéticas como nimero cromossoémico e
morfologia cromossémica de diferentes individuos de Caesalpinia spinosa (=Tara spinosa)

de duas localidades peruanas. Em resumo, todos esses trabalhos descrevem um cariétipo de
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2n = 24 cromossomos, de pequeno tamanho (~2 um) e com uma morfologia

predominantemente meta / submetacéntricos.

As primeiras abordagens citomoleculares no grupo comegaram com bandeamento com
fluorocromos, principalmente CMA e DAPI, realizadas por Souza e Benko-Iseppon (2004),
em Caesalpinia pulcherrima (L.) Sw. Esse bandeamento revelou diversas bandas terminais
(ricas em GC) em todos os cromossomos. Adicionalmente, Van-Lume et al. (2017) usando
também bandeamento CMA/DAPI relataram em 20 espécies de Caesalpinia, um maior
nimero de bandas em diferentes posicdes cromossdmicas dependendo das espécies
analisadas. Nesse trabalho, também foi apresentado 0 mapeamento cromossémico dos DNAr
5S e 35S, demonstrando pouca varia¢do no nimero e na posicao. Recentemente, Rodrigues et
al. (2018) estudaram os locais de heterocromatina rica em GC e DNAr 35S para avaliar a
diversidade do cariétipo em 10 espécies do grupo, revelando blocos de CMA/DAPI
exclusivamente nas regides terminais dos cromossomos, coincidindo com os locais de 35S
DNA ribossdmico em todas as espécies analisadas. Esses trabalhos relatam uma elevada
diversidade citomolecular no grupo, reforcando a necessidade de continuar com as analises

citogenéticas em outras espécies.

2.4.3 Caesalpinia grupo modelo

Quais atributos fariam o grupo Caesalpinia se tornar um grupo modelo para futuros estudos

relacionando marcadores citomoleculares com tracos ecoldgicos?

- A idade (55 Milhdes de anos), distribuicdo geogréafica (Fig. 5) e as taxas evolutivas
constantes, sugerem estabilidade ao longo do tempo e adaptacdo ao Bioma Suculento em

escala global.



25

NA: ~ 70 sp.

—é‘. Car: ~ 16-31 sp.
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Figura 5. Areas geograficas de ocorréncias do grupo Caesalpinia, reproduzido de Gagnon et al. (2019). Azul
escuro: America Central e América do Norte temperada e quente; Azul claro: América do Sul; Verde: as ilhas do
Caribe, incluindo as Antilhas maiores e menores; Amarelo: Africa, incluindo Madagascar e a Peninsula Arébica;
Vermelho: sul da Asia, da india a peninsula indo / malaio; Lilas: regido da Australia / Pacifico, separada da Asia
pela linha de Wallace, entre Bornéu e Sunderland. E indicada uma estimativa do ndmero de espécies do grupo
gue habitam cada area.

- As especies ttm um genoma principalmente diploide com 2n = 24 cromossomos
(Beltrdo e Guerra 1990; Souza e Benko-Iseppon 2004; Cangiano e Bernardello 2005; Borges
et al. 2012; Rodrigues et al. 2012, 2014, 2018; Lopez et al. 2014; Van-Lume et al. 2017,
2019) com poucas espécies descritas como poliploides (Alves e Custodio 1989; Beltrdo e
Guerra 1990; Caponio et al. 2012). A poliploidia é disploidia sdo fontes de variagdo numérica
na evolucdo das plantas com flores. Na sua auséncia outros eventos ou processos contribuem

com a diversificacao e especia¢do em Caesalpinia.

- O grupo apresenta uma variagdo natural do tamanho gendmico. No geral, os valores de
2C variam 7,73 vezes, de 0,92 pg/2C em Cenostigma bracteosum (Tul.) G.P.Lewis a 7,11 pg /
2C em Pomaria lactea (Schinz) B.B.Simpson & G.P.Lewis . As espécies do Clado I
presentam genomas maiores (valores de 2C de 1,70 a 7,11 pg), em comparagdo com o Clado
I, onde os valores de 2C variaram de 0,92 a 2,98 pg (Rodrigues et al. 2018; Souza et al. 2019).
Adicionalmente essa variacdo foi relacionada com diferentes tracos ecoldgicos. Souza et al.
(2019) utilizando métodos comparativos filogenéticos para 40 espécies do grupo em um
contexto espacgo-temporal, observaram uma correlagédo positiva entre o GS e a latitude, assim
como correlagbes adicionais com as varidveis de temperatura e precipitagdo. O tamanho
gendmico no grupo aumentou em 10% quando existia uma diminuigdo da temperatura de 0,39

°C. Como consequéncia, 0 GS no grupo € menor em temperaturas mais altas e latitudes mais
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https://www.ipni.org/a/12197-1
https://www.ipni.org/a/9098-1
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proximos do equador, enquanto que o GS aumenta em temperaturas menores e latitudes mais
afastadas do equador (Fig. 6). Os autores sugerem que a variacdo do GS é o resultado do
impacto contrastante do estresse de alta temperatura nas espécies que ocupam 0 bioma
suculento em comparacdo com o estresse hidrico ou de temperatura menos pronunciado nas

espécies das zonas temperadas.
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Figura 6. A distribuicdo geogréafica da variacdo do GS para as espécies do grupo Caesalpinia, reproduzida de
Souza et al. (2019). A direita, reconstrugdo ancestrais do tamanho gendémico (2C pg) na filogenia. A esquerda,
grafico de latitude versus tamanho do genoma, mostrando a correlagdo entre essas variaveis. Cores quentes
menor GS e cores frias maiores GS.

- A presenca de polimorfismos citomoleculares. Van-Lume et al. (2017) ao fazer
analises citomoleculares usando os fluorocromos CMA e DAPI em 20 espécies do grupo,
encontrou trés padrdes distintos na heterocromatina proximal dos taxons estudados
(CMA*/DAPI, CMAYDAPI- e CMAY DAPI9), assim como variabilidade nas quantidades de
heterocromatina em cada cariotipo. Espécies dos géneros Guilandina, Paubrasilia,
Cenostigma, Libidibia e Biancaea apresentaram bandas proximais CMA*/DAPI", espécies
dos géneros Arquita, Balsamocarpon e Erythrostemon mostraram bandas proximais
CMAYDAPI- com menos intensidade que as outras bandas e o resto das espécies ndo
apresentaram bandas proximais CMA?*, por exemplo, Caesalpinia pulcherrima e
Erythrostemon hughesii, cujas bandas CMA™ sdo terminais. Adicionalmente, esses padrdes
mostraram uma relacdo com o ambiente. Ao investigar os padrdes de variagdo filogenética,
ambiental e geogréfica, os autores descobriram que existe correlacdo entre os padrdes

CMA/DAPI e o nicho ecoldgico onde elas ocorrem (Fig. 7), permitindo caracterizar 0s
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caridtipos de acordo com a presenca das bandas CMA em trés centros de diversidades
geogréficas: Cordilheira dos Andes, Mesoamérica (incluindo México, América Central, sul
dos EUA e Caribe) e Nordeste do Brasil. Os autores sugerem que no grupo, a heterocromatina
evoluiu de forma nédo aleatoria e esta correlacionada com as distribuicdes geograficas / nichos
ecoldgicos das espécies, indicando que o ambiente desempenha um papel na fixacdo desses
cariotipos, embora andlises adicionais sejam necessarias para estabelecer os mecanismos

causais subjacentes a conservacdo com o nicho observado.
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Figura 7. Gréfico de dispersdo mostrando os resultados da Analise de Componentes Principais (PCA) baseada
em individuos do grupo Caesalpinia, tomada de Van-Lume et al. (2017). Os dois primeiros eixos explicam
52,92% e 18,72% da variacdo entre as 19 variaveis climaticas. Os tipos heterocromaticos CMA*/DAPI-
(vermelho), CMAYDAPI- (verde) e CMAYDAPI® (azul) sdo rotulados nas elipses de 95% de inércia.

- Existéncia de homologia citogendmica das bandas heterocromaticas entre espécies
filogeneticamente distantes. Van-Lume et al. (2019) por meio de analises NGS e ferramentas
bioinforméticas caracterizaram a composi¢do da heterocromatina de trés espécies do grupo
que ocorrem no Nordeste do Brasil, Cenostigma microphyllum, Libidibia ferrea e Paubrasilia
echinata e testaram a homologia dessas regides cromossdmicas. Estimou-se que as fragoes
repetitivas representam 41,70%, 38,44% e 72,51% em C. microphyllum, L. ferrea e P.

echinata, respectivamente. Os elementos repetitivos do tipo LTR da superfamilia Ty3/Gypsy
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foram os mais abundantes nos trés genomas, especificamente a linhagem Tekay, seguido da
linhagem Athila e poucos DNA satélites. As hibridac6es por FISH revelou uma distribuicdo
proximal para os elementos Tekay espécies-especifico em todos os cromossomos das trés
espécies, co-localizados com as bandas CMA*, e padrdes proximal na heterocromatina de L.
ferrea ou restritos aos cromossomos acrocéntricos de C. microphyllum para o elemento Athila
(Fig. 8). A analise filogenética baseada nas sequéncias de DNA indicou que os elementos
Tekay identificados nas trés espécies do nordeste do Brasil formavam um grupo monofilético.
Os autores sugerem uma colonizacdo ancestral da linhagem Tekay na heterocromatina
proximal, sendo, a composi¢do atual da heterocromatina pericentromérica nessas espécies o
resultado de uma combinacdo da manutencdo de uma distribuicdo ancestral do Tekay com um

acumulo espécies-especifico de outras repeticdes.

L. ferrea

Libidibia

Hoffmannseggia
Arquita__

Pomaria

clade |

Erythrostemon

Cenostigma

Mezoneuron
Pterolobium __
Biancaea __

Guilandina Gelrebia _

clade Il

Coulteria
Denisophytum

L
Paubrasilia

-60 Mya -50 -40 -30 -20 -10 0

[JCMAbands @ Ty3-Gypsy/ Tekay @ CemiSat163
% 35S rDNA O Ty3-Gypsy/ Athila @ LifeSat148
@ LifeSat257

Figura 8. Relagdes filogenéticas (Gagnon et al. 2019) e mapeamento citogendmico comparativo de bandas
heterocromaticas CMA*/DAPI", principais retrotransposons LTR Ty3/Gypsy (Tekay e Athila) e DNAs satélite
em trés espécies pertencentes ao grupo Caesalpinia do nordeste do Brasil, reproduzido de Van-Lume et al.
(2019). As espécies analisadas sao destacadas no cladograma com uma linha preta grossa.

Esse histérico demonstra qudo recente e pouco, porem interessante, € o conhecimento
de citogenémica do grupo. O desenvolvimento do NGS, e novas ferramentas bioinformaticas
cada vez mais accessiveis, espécies nao-modelo tornaram-se mais passiveis de analises
aprofundadas de caracterizacao, principalmente do componente repetitivo do DNA de seus
genomas, como € o caso das espécies do grupo. No entanto, ainda hd muito por estudar e

analisar, pelo que consideramos o grupo Caesalpinia um grupo modelo muito conveniente
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para estudos citogenémicos, biogeogréficos e evolutivos que permitam fornecer respostas

para as questdes ainda ndo resolvidas. Por fim, supfe-se que esse conhecimento permita

extrapolar as informac6es obtidas para outros organismos, considerando uma origem comum

das espécies.

Tabela 1: Numero de espécies do grupo Caesalpinia que possui caracterizacdo citogenética e citomolecular
disponiveis. Pg= picogramas. rDNA= DNA ribossémico.

N L 2C Sitios de rDNA A
Género/ espécies (00) 2n 55/35S Referéncia (2C/ 2n)
Arquita Gagnon, G.P.Lewis & C.E.Hughes
A. trichocarpa (Griseb.) Gagnon, G.P.Lewis 3.57 24 1-4 V:ritlj_zjnfz aelt. aglzoé?))lln
& C.E.Hughes '
A.  mimosifolia (Griseb.) E. Gagnon, G.P. /Van-Lume et al.
Lewis & C.E.Hughes - 24 2-4 (2017)
Balsamocarpon / Van-Lume et al.
B. brevifolium Clos. ) 24 ) (2017)
Biancaea Tod. 193 24 i Souza et al. (2019)/
B. decapetala (Roth) O.Deg. ' Van-Lume et al. (2017)
Caesalpinia L. Souza et al. (2019)/
C. pulcherrima Sw. 1.61 24 1-5 Van-Lume et al. (2017)
3.60 Ohri et al. 2004
Cenostigma Tul. Souza et al. (2019)/
C. bracteosum (Tul.) Gagnon & G.P.Lewis 092 24 48 14 Alves z(a;&(;;stodlo
C. eriostachys (Benth.) Gagnon & G.P.Lewis 1.76 - 1-4 Souza et al. (2019)
C. microphyllum (Mart. ex G.Don) Gagnon & 188 24 14 Souza et al. (2019)/
G.P.Lewis ' Van-Lume et al. (2017)
. . Souza et al. (2019)/
C. pluviosum (DC.) Gagnhon & G.P.Lewis 1.88 24 1-4 Van-Lume et al. (2017)
C. pyramidale (Tul.) Gagnon & G.P.Lewis 1.80 24 14 Souza et al. (2019)/
' Van-Lume et al. (2017)
Coulteria Kunth
C. mollis Kunth
1.72 - - Souza et al. (2019)
C. pumila (Britton & Rose) Sotuyo & 192 24 i Souza et al. (2019)/
G.P.Lewis ' Van-Lume et al. (2017)
Erythrostemon Klotzsch
E. acapulcensis (Standl.) Gagnon & G.P.Lewis 221 ) ) Souzaetal. (2019)
E. angulatus (Hook. & Arn.) Gagnon & 403 24 i Souza et al. (2019)/
G.P.Lewis ' Van-Lume et al. (2017)
E. calycinus (Benth.) L.P.Queiroz 1.54 24 - Rodrigues et al. (2018)
E. coccineus (G.P.Lewis & J.L.Contr.) Gagnon
& G.P Lewis 2.34 - - Souza et al. (2019)
E. coluteifolius (Griseb.) Gagnon & G.P.Lewis 569 24 1.5 Souza et al. (2019)/
' Van-Lume et al. (2017)
E. coulterioides (Griseb.) Gagnon & G.P.Lewis  6.18 24 1-- Souza et al. (2019)/
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Van-Lume et al. (2017)

E. exilifolius (Griseb.) Gagnon & G.P.Lewis Souza et al. (2019)/

562 24 17 Van-Lume et al. (2017)
E. exostemma (Sessé & Moc. ex DC.) Gagnon
& G.P.Lewis 2.29 - - Souza et al. (2019)
E. gilliesii (Hook.) Klotzsch 494 24 i Souza etal. (2019)/

Van-Lume et al. (2017)
E. hintonii (Sandwith) Gagnon & G.P.Lewis 2.29 - - Souza et al. (2019)
E. hughesii (G.P.Lewis) Gagnon & G.P.Lewis Souza et al. (2019)/

218 24 1-4 Van-Lume et al. (2017)
E. melanadenius (Rose) Gagnon & G.P.Lewis 2.24 - - Souza et al. (2019)
E. mexicanus (A.Gray) Gagnon & G.P.Lewis 401 24 i Ohri et al. 2004/
' Fedorov (1974)
E. nelson.u (Britton & Rose) Gagnon & 597 i i Souza et al. (2019)
G.P.Lewis
E. pannosus (Brandegee) Gagnon & G.P.Lewis  2.47 - - Souza et al. (2019)
E. placidus (Brandegee) Gagnon & G.P.Lewis 2.59 - - Souza et al. (2019)
E. sousanus J.L.Contr., Sotuyo & G.P.Lewis 341 - - Souza et al. (2019)
E. yucata}nenms (Greenm.) Gagnon & 215 i i Souza et al. (2019)
G.P.Lewis
Guilandina L. Souza et al. (2019)/
G. bonduc L. 1.34 24 1-4 Van-Lume et al. (2017)
Hoffmannseggia Cav. H. doelli Phil 2.40 - - Souza et al. (2019)
Libidibia Schltdl. Ohri, 1998/ Kumari and
L. coriaria Schltdl. 1.70 24 - Bir (1989)
24
. ' Souza et al. (2019)/
L. ferrea (Mart. ex Tul.) L.P.Queiroz 1.83 L;82 1/5-4/8/12 Van-Lume et al. (2017)
Souza et al. (2019)/
L. paraguariensis (D.Parodi) G.P.Lewis 1.81 24 - Cangiano e Bernardello
(2005)
L. punctata (Willd.) Britton 1.70 - - Souza et al. (2019)
Mezoneuron Desf.
M. hildebrandtii Vatke 255 ) )
Souza et al. (2019)
Paubrasilia Gagnon, H.C.Lima & G.P.Lewis .
P. echina.ta (Lam.) Gagnon, H.C.Lima & 2.89 24 1-4 \R/Zgr'&ljriseegta;i_((22001187))/
G.P.Lewis
Pomaria Cav. 7.11 - - Souza et al. (2019)
P. lactea (Schinz) B.B.Simpson & G.P.Lewis
Tara Molina 508 24 i Souza et al. (2019)/
T. cacalaco (Bonpl.) Molinari & Sanchez Och. ' Sarkar et al. (1982)
. . . Souza et al. (2019)/
T. spinosa (Molina) Britton & Rose 2.65 24 -

Bandel (1974)
T. vesicaria (L.) Molinari, Sanchez Och. & Mayta 2.78 24 - Souza et al. (2019)
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Abstract

The pantropical Caesalpinia Group includes 225 species in 27 monophyletic genera, and the
group has undergone recent phylogenetic, taxonomic and biogeographic revisions. Previous
works have reported a diverse pattern of heterochromatin distribution related to ecological
niche/ geographic distribution and variation in genome size, also correlated with
environmental variables. In order to investigate the relationship between cytogenetic and
ecological traits using the Caesalpinia Group as a model, new cytomolecular data
(chromosome number and morphology, CMA/DAPI staining and number and position of 5S
and 35S rDNA sites) for 14 species in six genera were generated. These data were analysed
by phylogenetic comparative methods. All species studied have 2n = 24 (16M/SM + 8A) and
most of them just one pair of 5S rDNA sites and two to five pairs of 35S rDNA sites. Three
heterochromatic patterns were observed on the chromosomes: (i) pericentromeric
CMA'/DAPI- bands, (ii) pericentromeric CMAYDAPI- bands, and (iii) terminal CMA*/DAPI-
bands. The ‘Coulteria + Tara’ and ‘Arquita + Balsamocarpon + Erythrostemon + Pomaria’
clades (except for E. gilliesii, E. hughesii and E. mexicanus) independently showed

CMAYDAPI bands associated with larger genomes and geographic distributions at higher
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latitudes. We statistically demonstrate that heterochromatin (CMA/DAPI intensity along the
chromosome), genome size and latitude are autocorrelated in the Caesalpinia Group. On the
other hand, we found a non-significant correlation between genome size and amount of
heterochromatin. We argue that environmental factors associated with different latitude may
have played a role in contributing to the diversification of the heterochromatin in Caesalpinia

Group.

Key words: CMA/DAPI staining, fluorescent in situ hybridization, genome size,
heterochromatin, phylogenetic comparative methods.

Introduction

The repetitive fraction of the eukaryotic genome is very complex and variable. The
differential accumulation and elimination of specific repeats are key drivers of genome size
variation in flowering plants (Bennetzen and Wang 2014; Pellicer et al. 2018). Part of this
genome fraction can be cytologically revealed as heterochromatin by several techniques such
as C-banding (Schwarzacher and Schweizer 1982) or differential fluorochrome staining
(Schweizer 1976; Guerra 2000). Diverse studies have described polymorphisms in
heterochromatin distribution and their potential biological significance (AmbroZova et al.
2011; Siljak-Yakovlev et al. 2017; Van-Lume and Souza 2018) revealing the importance of
this type of study in the interpretation of plant biodiversity.

Recent cytogenetic studies have revealed that some heterochromatic polymorphisms can
be related to ecological traits such as latitude (Menezes et al. 2017), altitude (Bilinski et al.
2017), historical changes in sea level (Acosta et al. 2016), or ecological niche (Van-Lume et
al. 2017). In general, the heterochromatin comprises repetitive sequences that often evolve
quickly and, hence, can vary in nucleotide composition, abundance and chromosomal
distribution, impacting genome structure and/or genome size (Plohl et al. 2008). The
Caesalpinia Group (Leguminosae) presents an interesting model to test these relationships
because the group is karyotypically stable in terms of chromosome number and ploidy level
and yet has ecologically-differentiated cytotypes, with species showing a correlation between
the composition and distribution of heterochromatin, geographic distribution and ecological
niche of the species (Van-Lume et al. 2017). In addition, a correlation between genome size

and latitude/temperature has also been demonstrated in this group (Souza et al. 2019),
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highlighting that species of the Caesalpinia group represent clear examples of plants showing

a link between genomic and environmental variables.

The Caesalpinia Group comprises 27 genera and approximately 225 species of mainly
arboreal and shrubby species (several are suffrutescent) (Gagnon et al. 2016, 2019). The
group is distributed pantropically, with the Americas as the center of species diversity. In
South America, the group represents an important ecological component with a higher
intra/intergeneric diversity and abundance in tropical forests, especially in seasonally dry
tropical forests (SDTF) within the Succulent Biome (Dryflor et al. 2016; Gagnon et al. 2019).
Several species of this group are well-known and of considerable economic importance, such
as Paubrasilia echinata (Lam.) Gagnon, H.C.Lima & G.P.Lewis known as “pau-brasil”
(Brazil wood), the national tree of Brazil and the only wood used to make professional high-
quality violin bows (Gasson et al. 2009). Cenostigma pyramidale (Tul.) Gagnon & G.P.
Lewis is valued in the Caatinga region of northeast Brazil as one of several species used for
firewood and charcoal production (Gasson et al. 2009). Other genera, such as Erythrostemon
Klotzsch, Libidibia Schitdl., Mezoneuron Desf., Tara Molina and Pomaria Cav., contain
species which are widely cultivated in warm climates, either as attractive ornamentals or for
their medicinal properties (Castafieda et al. 2017). The group has a complex taxonomic
history and has undergone recent nomenclatural alterations based mostly on molecular
phylogenetic studies (Manzanilla and Bruneau 2012; Gagnon et al. 2013, 2015, 2016).
Nevertheless, an integrative approach using additional sets of characters (cytogenetic,
phylogenetic, biochemical, anatomical, etc.) may also help to further elucidate the systematics

and evolution of the group.

Many species in the Caesalpinia group have been extensively analysed cytogenetically
(e.g. Beltréo and Guerra 1990; Borges et al. 2012; Rodrigues et al. 2014, 2018; Van-Lume et
al. 2017), and so far, they all present a stable karyotype (2n = 24), with small (~2 pm)
predominantly meta/submetacentric chromosomes (Beltrdo and Guerra 1990; Rodrigues et al.
2014, 2018; Van-Lume et al. 2017). Double staining with chromomycin Az (CMA) and 4',6-
diamidino-2-phenylindole (DAPI) fluorochromes revealed the presence of heterochromatin on
terminal or pericentromeric chromosomal regions, and high variation in the intensity of CMA
and DAPI staining along the chromosomes (Van-Lume et al. 2017; Rodrigues et al. 2018).
Thus, the CMA/DAPI index (CDI) was introduced to mathematically express the ratio

between the intensity of the CMA and DAPI fluorescence in the pericentromeric region of the
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chromosomes to highlight further diversity in the distribution and composition of
heterochromatin (Van-Lume et al. 2017). The CDI discriminated three distinct patterns
(CMA*/DAPI-, CMAYDAPI~ and CMAYDAPI®) in the pericentromeric heterochromatin of
20 species (Van-Lume et al. 2017). These three heterochromatic patterns were shown to be
correlated with the main centers of diversity in the neotropical species of the Caesalpinia
Group: i.e. (i) the Andes (CMAY%DAPI), (ii) Mesoamerica (CMAY%DAPI®), and (iii)
Northeastern Brazil (CMA/DAPI") (Van-Lume et al. 2017).

Despite these cytogenetic insights, there are still only a few molecular cytogenetic studies
for the Caesalpinia Group species. For example, the distribution of ribosomal DNA (rDNA)
was characterized for 20 species, and in general shows conservation of the number/position of
5S rDNA (a single pair per karyotype) and diversity in the number of 35S rDNA, ranging
from three to seven pairs situated only at the terminal region of the chromosomes (Van-Lume
et al. 2017; Rodrigues et al. 2018). In three species of northeast Brazil (i.e. Cenostigma
microphyllum [Mart. ex G.Don] Gagnon & G.P.Lewis, Libidibia ferrea [Mart. ex Tul.]
L.P.Queiroz and Paubrasilia echinata) the composition of heterochromatin was genomically
investigated (Van-Lume et al. in press). The most abundant repetitive element in the
heterochromatin in all three species were Ty3/Gypsy retrotransposons belonging to the Tekay
lineage. However, Ty3/Gypsy Athila and satellite DNA were also identified in some CMA*
bands of C. microphyllum and L. ferrea (Van-Lume et al. in press). In species with
numerically stable karyotypes, as seen in Caesalpinia Group species, the physical mapping of
heterochromatin and rDNA sites have been used in classical cytotaxonomic studies (Seijo et
al. 2004; Silvestri et al. 2015; Moreno et al. 2018). More recently, the use of phylogenetic
comparative approaches (PCM) which integrate cytogenetic and phylogenetic data to identify
karyotypic synapomorphies supporting clades identified from molecular phylogenies (Moreno
et al. 2015; Chiarini et al. 2018; Lee et al. 2018; Ribeiro et al. 2018) are increasing. These
approaches represent a new frontier in plant cytogenetics, being used to shed insights on
genomic evolution (Puttick et al. 2015; Kolano et al. 2016; Costa et al. 2017; Van-Lume et al.
2017; Sader et al. 2019).

The objective of this study was to characterize the heterochromatin and rDNA distribution
in chromosomes of Caesalpinia Group species, specifically investigating by PCM the
relationships among heterochromatin, genome size and environmental variables. We provide

new cytomolecular analysis for 14 species of six genera in the group based on chromosome
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number and morphology, double staining with the fluorochromes CMA and DAPI and
fluorescent in situ hybridization (FISH) for 5S and 35S ribosomal DNA (rDNA). Our
sampling included species of the genera Coulteria, Erythrostemon, Libidibia, Mezoneuron,
Tara and Pomaria, significantly increasing the number of species previously analysed by
Van-Lume et al. (2017) and Rodrigues et al. (2018). Additionally, the molecular phylogeny of
Gagnon et al. (2016) was used to interpret karyotypic evolution and the relationships between
cytogenetic and ecological data. By combining the new data obtained here together with
previous studies, we aimed to address three questions in the Caesalpinia Group: 1) What is the
extent of heterochromatic variability in the broad taxonomic sampling? 2) Are the Caesalpinia
Group clades (Gagnon et al. 2016) supported by karyotypic synapomorphies? 3) How are

heterochromatin, genome size and ecological variables interrelate?

Materials and Methods
Plant material

A total of 14 species (on average six individuals per species) belonging to the genera
Coulteria, Erythrostemon, Libidibia, Mezoneuron, Pomaria and Tara were analysed (Table
1). The seeds were obtained from the Millennium Seed Bank (Royal Botanic Gardens, Kew,
U.K.) or from field collections (see Table 1), then germinated and grown in the experimental

station of the Laboratory of Cytogenetics and Plant Evolution, in Recife, northeastern Brazil.
Chromosomal preparations and CMA/DAPI banding

Root tips obtained from germinated seeds were pre-treated with 0.002 M 8-hydroxyquinoline
for 5 h at 18 °C, fixed in ethanol:acetic acid (3:1, v/v) for 2-24 h at room temperature and
stored at -20 °C. For preparation of slides, fixed root tips were washed in distilled water and
digested in a 2% (w/v) celullase (Onozuka)/20% (v/v) pectinase (Sigma) solution at 37 °C, for
90 min. Meristems were macerated in a drop of 45% acetic acid and spread on a hot plate
following Ruban et al. (2014).

The CMA/DAPI double-staining technique was used for fluorochrome banding following
Vaio et al. (2018) with few modification (stained with CMA 0.1 mg/mL for 60 min).
Subsequently, the slides were aged for three days before analysis in an epifluorescence Leica
DMLB microscope with filters for CMA and DAPI. Images were captured with a Cohu CCD
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video camera using the Leica QFISH software. Finally, the best images were edited in Adobe
Photoshop CS3 version 10.0.

Fluorescent in situ hybridization (FISH)

All in situ hybridizations followed Pedrosa et al. (2002). To localize the rDNA sites, 5S
rDNA (D2) from Lotus japonicus labelled with Cy3-dUTP (GE) and 35S rDNA (pTa71) from
Triticum aestivum labelled with digoxigenin-11-dUTP (Roche) were used as probes.
Labelling of probes was done by nick translation. The 35S rDNA probe was detected with
sheep anti-digoxigenin FITC conjugate (Roche) and amplified with goat anti-sheep FITC
conjugate (Serotec). The hybridization mixture contained formamide 50% (v/v), dextran
sulfate 10% (w/v), 2x SSC and 5 ng uL* of each probe. The slides were denatured at 75 °C
for 5 min. Stringent washes were performed, reaching a final stringency of approx. 76%.

Images of the best metaphase plates were captured as indicated above.
Chromosomal measurements

Three metaphases of each species showing clear chromosome morphology were measured
using Adobe Photoshop CS3 version 10.0 software. The ratio of chromosome arms (AR = the
long arm length/short arm length) was used to classify the chromosomes as metacentric (AR =
1-1.49), submetacentric (AR = 1.50-2.99), or acrocentric (AR > 3.00), following Guerra
(1986). Average lengths of the entire chromosome complement, homologous pairs and size of
chromosome CMA bands and rDNA sites were measured and compared for the construction
of idiograms in Drawid V0.26 program (Kirov et al. 2017). Intensity measurements were
made at 10 points along the largest chromosomal pair in three metaphases per species using
ImageJ 1.8v. The CDI (CMA/DAPI index; Van-Lume et al. 2017) was used to express the
ratio between the intensity of the CMA and DAPI fluorescence in the pericentromeric region
of the chromosomes. Thus, (i) CDI < 0.90 indicates CMA™ bands; (ii) CDI = 1 + 0.1
represents neutral CMA? centromeres; and (iii) CDI > 1.1 indicates CMA* bands. Based on
these results, the pericentromeric region was categorized as: (1) CMA'/DAPI-, (2)
CMAYDAPI or (3) CMAYDAPI® (Van-Lume et al. 2017).

Phylogenetic Comparative Method

In order to investigate heterochromatic patterns within the Caesalpinia Group, species

occurrence data were downloaded from the Global Biodiversity Information Facility (GBIF)
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website (https://www.gbif.org) and a distribution map was plotted using the software QGIS v.
2.18 (QGIS Development Team 2014). Two criteria were used to minimize the effect of
erroneous GBIF distribution data: i) we carried out a taxonomic survey to filter only valid
names based on the most recent Caesalpinia Group classification (Gagnon et al. 2016); and ii)
only species with vouchers deposited in herbaria were recorded. The data were cleaned to
exclude oceanic points and locations that were unlikely to be natural occurrence (e.g.,
occurrences in botanical gardens at more northern latitudes). For the cultivated species
included in our study (Biancaea decapetala, Caesalpinia pulcherrima, Cenostigma
pluviosum, and Erythrostemon gilliesii) only their neotropical distribution was considered
because Africa and Asia are outside the scope of our study. From the collection sites of every
species, we extracted climatic variables from the WorldClim 1.4 (5 min) generic grid format
(Hijmans et al. 2005), utilizing the package “raster” 2.6—7 (Hijmans 2017) implemented in the
R software 3.3.3 (R Core Team 2017).

Data analyses were performed in R software v.3.0.1 (R Core Team 2011). Climatic niches
[sets of temperature and precipitation conditions where a species can occur (Bonetti and
Wiens, 2014)] of karyotypes were also compared using a dimension-reducing principal
component analysis (PCA) for all 19 bioclim variables using the prcomp function of the
“stats” package in R Studio (R Core Team 2017). The PCA biplot was constructed with the R
package “factoextra” (Kassambara and Mundt 2017) and the biplot was converted to a density

plot with the package “ggplot” (R Core Team 2017) to improve data visualization.

For comparative analysis, were used the CMA/DAPI patterns and CDI coefficient of the 14
newly characterized species and the 18 species already published by Van-Lume et al. (2017)
plotted in the molecular phylogeny of Gagnon et al. (2016). In total, we included 13 genera
from the two main lineages of the Caesalpinia Clade (Gagnon et al. 2016). Clade | includes
Coulteria + Tara + Guilandina + Biancaea + Paubrasilia + Mezoneuron + Caesalpinia sensu
stricto, and Clade Il includes Erythrostemon + Cenostigma + Libidibia + Balsamocarpon +
Pomaria + Arquita (Fig. 4). Genome size data were obtained from Souza et al. (2019).
Because the estimated heterochromatin amounts and CDI coefficient are distributed non-
randomly with respect to phylogeny, PICs were obtained considering phylogenetic
relationships among taxa (Felsenstein 1985; Harvey and Pagel 1991).

Correlations between genome size and the total amount of heterochromatin were investigated

in two ways: (i) the amount of heterochromatin, as estimated from the extension of CMA
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bands along the chromosome and (ii) intensity of CMA/DAPI staining, evaluated by
calculating CDI values for all species analysed. Potential correlation were evaluated by PICs
analysis implemented in the package ape v.4.0 (Paradis 2012). The Comparative Analysis by
Independent Contrasts (CAIC) software package (Purvis and Rambaut 1995) was used to
identify and calculate PICs using three different phylogenetic frameworks: (i) the entire
phylogenetic tree containing all 32 species with cytological data, (ii) a tree that just included
the nine species in Clade I, and (iii) a tree that just included the 20 Clade Il species. As
normality is not an assumption for Pearson correlation analyses and as various
transformations (e.g. square root or log) did not improve skewness of the cytological data, we
used untransformed data for all analyses.

To assess the variation of the CDI coefficient in relation to genome size and latitude, a
multiple regression analysis was performed including all 32 species sampled. The scatter3D
function in the plot3D package (Soetaert 2014) was used to create a three-dimensional
scatterplot graph to visualize how the CDI depends linearly on the genome size and latitude as
predictor variables. A 3D plane of tendency and standard statistical analyses were also
performed using the same package, but without considering phylogenetic-statistical analyses.

CoreIDRAW version X7 software was used to plot graphic data and draw the tree topology.
Results
Karyotype and heterochromatin distribution in Caesalpinia Group species

Analysis of all 14 species showed stability in chromosome number (2n = 24) and morphology
with 16 meta/submetacentric and eight acrocentric chromosomes in each karyotype (Fig. 1,
Table 1, Online Resource 1). The total chromosome length ranged from 1.50 pum in Tara
spinosa to 9.1 um in Pomaria lactea (Online Resource 1). Measurements of the percentage of
the genome occupied by CMA/DAPI-staining heterochromatic bands, the type of CMA/DAPI

staining and the number of rDNA sites are listed in Table 1.

Double staining analyses using CMA and DAPI fluorochromes revealed CMA*/DAPI™ bands
on the short arms of the acrocentric chromosomes in all species analysed. In the
pericentromeric region of the chromosomes, three patterns of CMA/DAPI banding were
identified, corresponding to those previously described by Van-Lume et al. (2017). Only one
species (Mezoneuron hildebrandtii) showed no heterochromatic CMA*/DAPI" bands in the

pericentromeric region (Fig. 1n). Eleven species (Coulteria mollis, C. pumila, C. platyloba,
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Erythrostemon pannosus, E. angulatus, E. placidus, E. calycinus, Pomaria lactea, Tara
cacalaco, T. spinosa and T. vesicaria) presented pericentromeric CMA%DAPI- bands (Fig. 1)
while the remaining two species (Libidibia coriaria and L. punctata) showed pericentromeric
CMA*/DAPI bands (Fig. 11-m). The intensity of the bands varied between the species (Online
Resource 1). The percentage of heterochromatin in each karyotype, based on CMA/DAPI
staining, ranged from 4.67% (M. hildebrandtii) to 51.07% (E. calycinus, Fig. 1g) of the total

chromosome complement (Table 1).
Chromosomal distribution of rDNA sites

In general, FISH analyses revealed a single 5S rDNA site per karyotype (Fig. 2), except in M.
hildebrandtii (Fig. 2j) and P. lactea (Fig. 2k) which had two sites, and T. spinosa (Fig. 2m)
which had three. Most species presented a 5S rDNA site located in the interstitial or terminal
region of submetacentric chromosomes. In contrast, in the three Coulteria species analysed
and M. hildebrandtii, the 5S rDNA site was located on the short arm an acrocentric

chromosome in synteny with the 35S rDNA (Figs. 2 a-c, j and Figs 4).

The number of 35S rDNA sites was variable between species, although typically they were
located on the short arms of the acrocentric chromosomes, and co-localized with CMA*
bands. In general, three or four sites were observed per species. However, a divergent number
of 35S sites were observed in E. calycinus (Fig. 2e) and T. spinosa (Fig. 2m) with five and
two sites, respectively. Interestingly, for E. angulatus only three of the seven CMA™ sites
overlapped with the 35S rDNA sites. Idiograms showing all the cytogenetic markers obtained

for the Caesalpinia Group species are illustrated in Figs. 4.

Evolution of the heterochromatin and its correlation with environmental variables and

genome size

Climatic niches of all analysed species were compared using principal component analysis
(PCA) on a full set of 19 WorldClim variables (Fig. 3a). This PCA revealed that the
distribution and climatic niches of Tara/Coulteria were ecologically distinct from the other
two groups of CMA?C species. Similarly, CMA* species also clustered into a group that was
distinct from the two groups of CMAP species, demonstrating that each group of species with

a particular type of heterochromatin has its own climatic niche (Fig. 3a).
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While a relationships between CMA/DAPI banding and ecological niche/geographical
distribution (Van-Lume et al. 2017), and the correlation between genome size and
environment (latitude/ temperature) (Souza et al. 2019) was previously found for the
Caesalpinia Group, our increased sampling of species now allows the investigation of how
genome size is correlated with heterochromatin. The PICs analysis showed a non-significant
relationship between genome size and the heterochromatin amount (R = 0.06, p = 0.629 and
DF = 24) in species of the Caesalpinia Group. In contrast, when analysing the two major
clades separately, a negative (but non-significant) correlation was found in clade I (R = -
1.098, p = 0.31 and DF=7) while a positive (but non-significant) correlation was observed in
clade Il (R = 0.83, p = 0.41 and DF=15) (Online Resource 2). In both cases, the high p values

may be a result of low sampling, as indicated by the low DF values.

We also evaluated the relationship between genome size, latitude and CMA/DAPI intensity in
the heterochromatin by combining the CMA/DAPI fluorochrome intensity (CDI) index values
generated in this work (see Methods and Materials, Online Resource 1) with those from Van-
Lume et al. (2017), and presenting the results as a 3D graph (Fig. 3b). Overall, there was a
negative relationship between the CDI index and genome size (R= -2.81, p < 0.001 and
DF=26) and between the CDI and genome size and latitude (R=-1.54, p < 0.01 and DF=26)
(Fig. 3b). Thus, species with smaller genome sizes and distributed at lower latitudes were
shown to be associated with positive CMA bands and hence a higher GC content in the
heterochromatin. In contrast, species with larger genome sizes which are typically distributed
at mid latitudes were associated with more neutral CMA banding patterns and hence lower
GC content, with the CDI values close or equal to one. The previously reported correlation
between genome size and environmental conditions (latitude and temperature) was thus
maintained with the increase in species number analysed here (R= 20.04, p < 0.0001 and
DF=26).

Discussion

New sampling confirms three consistent patterns of heterochromatin and cytogenetic markers

among Caesalpinia Group species

The phylogenetically-broader sampling combining our new with already available data (Van-
Lume et al. 2017) represent 13 of the 27 genera recognized in the group (Gagnon et al. 2016),
increased the number of species by 85%, confirming the existence of three patterns of
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heterochromatin distribution (CMAYDAPI°, CMAY%DAPI" and CMA*/DAPI) in the
Caesalpinia Group (see Van-Lume et al. 2017). This larger sampling allowed us to
demonstrate that CMA® bands have arisen several times independently (homoplasy) in clade
Il (Arquita, Balsamocarpum, Erythrostemon and Pomaria) and clade | (Coulteria and Tara)
(Fig. 4). The occurrence of CMA? bands in species which occupy similar habitats but are in
phylogenetically distinct subclades reinforces the previously identified trend showing that
similarity in ecological conditions can be associated with similar karyological pattern (see
Van-Lume et al. 2017). In the Caesalpinia group, the species with CMA? bands are distributed

in higher latitudes and to have the largest genomes (Souza et al. 2019).

Phylogenetic interpretation of the cytogenetic markers revealed few putative synapomorphies,
e.g. variability in the clade comprising Biancaea + Mezoneuron + Guilandina + Caesalpinia
sensu strictu, with each genus is characterized by different patterns with or without
pericentromeric CMA* bands (Fig. 4). However, most analyzed characters (i.e. type of
heterochromatin, number of rDNA sites, etc.) were shown to be homoplastic. Such homoplasy
makes interpretation of karyotypic markers difficult in species and genera of the Caesalpinia
group (Van-Lume et al. 2017). Despite this, we did observe a common 5S and 35S rDNA
synteny within Clade I, in contrast with the variation in number of sites and chromosomal
positions observed in clade Il (except perhaps in Cenostigma), suggesting that Cenostigma
species are more closely related to clade | than to the rest of the clade Il. Similar results were
observed in the genus Aristolochia (Aristolochiaceae) (Berjano et al. 2009).

Cytofluorometric analyses of the intensity of heterochromatic bands has been used as a valid
method for estimating the in situ base composition of DNA (Schweizer 1976; Leemann and
Ruch 1982). In the Caesalpinia Group, most terminal CMA® bands on acrocentric
chromosomes coincided with a 35S rDNA hybridization site, as previously observed in
related species of this group (Van-Lume et al. 2017; Rodrigues et al. 2018) and other
unrelated genera (Berjano et al. 2009; Gaeta et al. 2010). The other CMA™ bands, observed in
the pericentromeric region of sub/metacentric chromosomes, correspond to other guanine-
cytosine (GC)-rich pericentromeric sequences, such as satellite DNA and LTR-
retrotransposons (Van-Lume et al. 2019). In the Caesalpinia Group, the CMAY
pericentromeric heterochromatin was previously shown to be evolving dynamically and non-
randomly by undergoing expansions and contractions in association with biogeographical and

ecological conditions (Van-Lume et al. 2017). Such rapid evolution of repetitive sequences,
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which typically occupy the heterochromatin, can lead to changes in composition and/or
abundances of a particular sequence (especially retrotransposons and satellite repeats) even
between related species (Alkhimova et al. 2004; Salim and Gerton 2019; Van-Lume et al.
2019). The recent study of the identity and abundance of LTR Ty3/Gypsy-Tekay, Athila
retrotransposons and distinct satellite DNAs in the pericentromeric heterochromatin of some
Caesalpinia Group species support the observation that rapid repeat evolution is related to the
cytological variability observed in heterochromatin (Van-Lume et al. 2019). Based on this, we
suggest that the presence of CMA? bands in unrelated species (i.e. as observed in Coulteria +
Tara [clade 1] and Arquita + Balsamocarpon + Erythrostemon + Pomaria [clade I1]) reflects
convergence caused by the ecological and environmental similarity of the habitats that these

species occupy (Fig. 3a).

Despite the heterochromatic variability observed across the Caesalpinia group, the genera
Cenostigma and Libidibia (both with CMA* bands) and the Coulteria + Tara subclade (with
CMA? bands) are noteworthy by their stable CMA/DAPI banding pattern. Biogeographical
data appear to correlate with these results, since each stable karyotype group tends to share a
similar biome distribution in contrast to the species belonging to genera that are more
polymorphic in their heterochromatin bands (e.g. Erythrostemon). We suggest that these
heterochromatically-stable genera arise because of their distribution within the Succulent
Biome, which presents a strong phylogenetic conservatism despite its fragmented distribution
(Gagnon et al. 2019). In contrast, the rest of the species analysed, which are distributed in two
or more biomes (Gagnon et al. 2019), show either polymorphic or no heterochromatic bands.
It is also possible that the heterochromatic stability in Cenostigma, Libidibia and
Coulteria+Tara is related to their relatively recent divergence time (~ 17 Mya) compared with
the Caesalpinia Group as a whole which arose in the early Eocene, 54.78 Mya (Fig. 4,
Gagnon et al. 2019).

Different patterns of CMA/DAPI staining indicates complex evolution of the heterochromatin

in the Caesalpinia group

In the Caesalpinia group, genome size evolution and diversity is predicted to be driven, in
part, by the contrasting impact of high-temperature stress in species occupying the Succulent
Biome compared with species occupying more Temperate zones (Souza et al. 2019).
Recently, Gagnon et al. (2019) clearly demonstrated that the distribution of Caesalpinia group

species show a strong relationship between biomes and growth forms: species in the
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Succulent Biome are almost all trees or shrubs while in temperate regions they are suffrutices.
In addition to a correlation with climatic variables/environment, we have shown that the CDI
patterns can also be driven by plant life cycle/morphological traits (Gagnon et al. 2019). In
our study, comparative analyses showed that the smallest genomes and highest CDI values are
found in tree species, such as Paubrasilia echinata (2C = 1.15 pg and CDI=1.11), while the
largest genomes and mid value CDI indices were found in suffrutices, e.g. Pomaria lactea
(2C = 7.11 pg and CDI=0.98). Thus, the differences in genome size and CDI patterns
observed in the Caesalpinia Group may be driven partly by the impact of genome size at the
nuclear and cellular level which, in turn, can have a knock-on effect at the whole plant level to
influence the parameters that various adaptive traits can adopt (Cavalier-Smith 2005; Souza et

al. 2019) and hence the environment that a plant can occupy (Pellicer et al. 2018).

Nevertheless, this analysis revealed that the conspicuous polymorphism in amount of
heterochromatin (size of CMA bands) in Caesalpinia group species did not correlate with
genome size variation. Our hypothesis is that repeats detected here using CMA/DAPI
fluorochrome banding (i.e. CMA™ bands) comprise only part of the total repetitive fraction of
the genome and do not play the major role in determining differences in genome size between
the Caesalpinia group species. The literature indicates that retrotransposons are often
dispersed across plant chromosomes, rather than being localized in discrete clusters as
observed for satellite DNAs (e.g. Heslop-Harrison and Schwarzacher 2011; Ribeiro et al.
2017; Van-Lume et al. 2019). In Caesalpinia group species, for example, in Cenostigma
microphyllum, the heterochromatin is comprised of a dispersed repetitive sequence as a
conserved unit (LTR transposable elements) and few tandem sequences (satellite DNAS)
(Van-Lume et al. 2019). Certainly, such observations agree with the majority of studies which
have explored how repetitive DNA contributes to genome size variation. Such studies have
shown than it is the dispersed transposable elements (particularly retrotransposons) which
typically play the primary role in genome size variation between species, at least in species

with small genomes (e.g. Macas et al. 2015).

We therefore suggest that the repetitive elements present in the heterochromatin (CMA*
bands) do not represent a large fraction of the genome and hence do not contribute
significantly to the genome size variation reported. Instead, the highlight how the repeats
present in the heterochromatin may be responding to environmental factors. Subsequent

comparative cytogenomic analysis by next generation sequencing (NGS) will clarify the
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nature, relative abundance and diversity of these different kinds of heterochromatin (see Van-
Lume et al. 2019) and help characterize how their evolution and interaction is influenced by

environmental variables.
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Table 1 List of analysed species describing their respective karyotype formula (KF),
heterochromatin proportion (%H), CMA/DAPI pattern, number of 5S and 35S rDNA sites,
and the type (s) of chromosome they occur on, as SM: submetacentric, AC: acrocentric, and

genome size 2C in picograms (pg) together with coefficients of variation (CV).

Fig. 1 Heterochromatin banding patterns identified using CMA/DAPI fluorochrome staining.
The three distinctive patterns of heterochromatin staining comprise: (i) CMAYDAPI- (a-k),
(ii) CMA*/DAPI" (I-m) and CMAYDAPI® pattern (n). CMA is shown in yellow and DAPI in
blue. Coulteria mollis (a); C. pumila (b); Erythrostemon angulatus (c); E. pannosus (d); E.

placidus (e); Tara cacalaco (f); E. calycinus (g); Pomaria lactea (h); Tara vesicaria (i); T.
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spinosa (j); Coulteria platyloba (Kk); Libidibia coriaria (l); L. punctata (m) and Mezoneuron
hildebrandtii (n). Scale bar =5 pm

Fig. 2 In situ hybridization showing the number and location of 5S (red) and 35S (green)
rDNA sites in Coulteria mollis (a); C. pumila (b); C. platyloba (c); Erythrostemon angulatus
(d); E. calycinus (e); E. placidus (f); E. pannosus (g); Libidibia coriaria (h); L. punctata (i);
Mezoneuron hildebrandtii (j); Pomaria lactea (k); Tara cacalaco (I) and T. spinosa (m).
Arrows show 5S rDNA sites. Arrowheads indicate small 35S rDNA sites and empty arrows
indicate CMA" sites. Scale bar = 5 um

Fig. 3 Relationships between heterochromatin and environmental variables in the Caesalpinia
Group. a, geographic distribution of species with pericentromeric CMA* bands (red dots),
Tara/ Coulteria species with pericentromeric CMA® bands (blue dots), other species with
CMA? bands (green dots); on the left, a density plot showing the results from an individual-
based Principal Component Analysis (PCA) of the three groups described above. b, multiple

linear regression showing the relationship among genome size (2C), latitude and CDI values

Fig. 4 Comparative haploid idiograms of clade | and Il of Caesalpinia Group for taxa
characterized in this study (bold font) and in Van-Lume et al. (2017) (gray). The idiograms
show the relative chromosomes size, centromeric position, CMA" bands (yellow),
CMA/DAPI patterns, and 5S (red) and 35S (green) rDNA site. Phylogenetic relationships are
based in Gagnon et al. (2016). Bold branches represent support equal to 1. Scale bar = 5 pum

Online Resource 1 List of analysed species describing their chromosome pairs number (CP),
chromosome length (CL), standard deviation (SD), the ratio of chromosome arms (AR) and
the CMA/DAPI intensity index (CDI index)

Online Resource 2 Scatterplots of independent contrasts between genome size and
heterochromatin proportion in clade | (a), clade Il (b) and the Caesalpinia group (c).
Phylogeny includes species characterized in this study (black) and those obtained from Van-
Lume et al. (2017) (gray). Contrast values for genome size and heterochromatin proportion
were plotted above and below branches, respectively. The two characters were statistically

non-correlated
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Main Conclusion: Cytogenomic characterization of Erythrostemon hughesii reveals a
heterogeneity of repeats in its subtelomeric heterochromatin. Comparative analyses
suggest that the species-richness in the Caesalpinia group could be related to

heterochromatin heterogeneity.

Abstract

In numerically stables karyotype, repetitive DNA variability is one of the main causes
of genome and chromosome evolution. Species from the Caesalpinia Group are
karyotypically characterized by present 2n = 24 with small chromosomes and highly
variable CMA" heterochromatin patterns, correlated with environmental variables.

Erythrostemon hughesii differ from other species of the group, because of the presence
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of subtelomeric CMA™ bands, while most species in the group have pericentromeric
bands. Here we perform a repeatome characterization of E. hughesii genome based on
genome skimming and chromosomal distribution of the most abundant elements. The
repetitive fraction of the E. hughesii represents 28.73% of the genome. The most
abundant elements were satellite DNAs (7.83%) and LTR-RT Tyl/copia-Ale (1%) and
Ty3/gypsy CRM (0.88%) and Athila (0.75%). The hybridization signals of four
satDNAs and four LTR elements were present in most CMA™ subtelomeric bands. The
repeatome in E. hughesii was distinct from Northeast Brazilian species, mainly by their
high heterochromatic diversity and low amount of Ty3/gypsy-Tekay. Sequence
homology of Tekay element is congruent with a clade-specific origin of this repeats
after the Caesalpinia Group divergence. The strong reduction in the Tekay elements
abundance in E. hughesii genome correlated with the loss of proximal CMA*
heterochromatin and the invasion of several other repeats in the chromosomes
subtelomeric region. Repeatome variability suggest that the species-richness in
Caesalpinia Group could be related to heterochromatin heterogeneity as a factor of

genomic divergence, which is the major prerequisite for speciation process.

Keywords: cytogenetics, genome evolution, mobile elements, repetitive sequences,
satellite DNA.

Abbreviations

CMA: chromomycin A3

DANTE: Domain-based Annotation of Transposable Elements
DAPI: 4', 6-diamidino-2-phenylindole

FISH: Fluorescent in situ hybridization

LTR: Long terminal repeat

NGS: Next generation sequencing

rDNA: ribosome DNA

RT: retrotransposons

satDNA: satellite DNA

TAREAN: tandem repeat analyzer

TE: transposable elements
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Introduction

Repetitive DNA represents a substantial fraction of many plant genomes and is
frequently referred to as the ‘repeatome’ (Goubert et al. 2015; Maumus and Quesneville
2016; Jouffroy et al. 2016; Hannan 2018; Pita et al. 2019). Changes in repeat abundance
and distribution can lead to genetic changes and genome evolution (Feschotte et al.
2002; Lisch 2013; Bennetzen and Wan 2014; Van't Hof et al. 2016). The repeatome
comprises a diversity of different DNA sequences that can broadly be divided into two
main groups comprising: (i) tandem repeats and (ii) dispersed repeats. These can be
further divided into numerous families of repetitive sequences (Ma et al. 2007; Richard
et al. 2008). The tandem repeat fraction comprises tandem genes such as ribosome DNA
(rDNA) and satellite DNA (satDNA) (Richard et al. 2008, Garrido-Ramos 2015). The
dispersed repeats which comprise the other major group of repetitive sequences are
largely composed of transposable elements (TE) which can change their position within
the genome by self-encoded proteins, causing a diversity of effects such as mutations,
insertions, deletions and structural rearrangements that can influence genetic regulation
(Kazazian 2004) and genome size (Macas et al. 2015; Hlouskova et al. 2019).

Despite the diversity of TEs that have been identified, they can broadly be divided
into two major classes according to their mode of transposition within the genome: (i)
retrotransposons (RT, class | elements) and (ii) DNA transposons (class Il elements)
(Wicker et al. 2007; Bourque et al. 2018). In plant genomes, Long Terminal Repeats
(LTR) RTs are a very large and diverse group of TEs comprising more than 75% of the
nuclear genome in some species (e.g. Baucom et al. 2009, Wendel et al. 2016). LTR-
RTs are typically classified into superfamilies that include Tyl/copia (also known as the
family Pseudoviridae in the ICTV classification of viruses) and Ty3/gypsy
(Metaviridae) (Wicker et al. 2007; Krupovic et al. 2018), these are further divided into a
vast number of diverse elements in plants (Neumann et al. 2019). The Ty3/gypsy
superfamily includes two major lineages, the chromovirus and non-chromovirus
sequences, which differ by the presence or absence of the chromodomain protein
respectively (Neumann et al. 2019). There is ample evidence demonstrating that the
transposition of LTR-RTs is one of the main drivers of genome size increases in plants
(e.g. Zhang et al. 2017; Wicker et al. 2018; Baniaga and Barker 2019), resulting in
extremely large genomes in some species that tolerate LTR-RT accumulation (e.g.
Kelly et al. 2015). Since repetitive DNA plays an important role in genome evolution,
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documenting its composition and dynamics is essential to shed light on the origin and
evolution of genomic diversity (Garrido-Ramos 2017, Bennetzen and Wang 2014,
Wendel et al. 2016).

The development of high through-put sequencing technology has opened up the
possibility of unraveling details about the repetitive fraction of different genomes and
performing comparative analyses of the entire repeatome of non-model and non-
cultivated species (Belyayev et al. 2019; Van-Lume et al. 2019). These advances have
been accompanied by the development of novel bioinformatic approaches which enable
the repeatome to be characterized. They include the RepeatExplorer pipeline (Novék et
al. 2013) which uses a graph-based clustering approach for de novo repeat
identification, classification and protein domain searches. It has been widely used to
explore a diversity of plant repeatomes (e.g. Macas et al. 2015; Li et al. 2019; Liu et al.
2019; Samoluk et al. 2019; Van-Lume et al. 2019). Methods for investigating repetitive
sequence structure, variation, and evolution today often combine genomic
characterization with a cytogenomic approach to determine the physical location of
different repetitive DNA families on the chromosomes using fluorescence in situ
hybridization (FISH) (e.g. Lee et al. 2018; Samoluk et al. 2019; Van-Lume et al. 2019;
Zhang et al. 2019; Hlouskova et al. 2019).

An ideal taxonomic model for utilizing these approaches is the Caesalpinia group
(Leguminosae: Caesalpinioideae). Cytogenetically, its species have been extensively
studied (Beltrdo and Guerra 1990; Borges et al. 2012; Rodrigues et al. 2014; 2018; Van-
Lume et al. 2017; Mata-Sucre et al. 2020) and have shown a stable diploid karyotype 2n
= 2x = 24. Nevertheless, double staining with CMA (chromomycin Asz) and DAPI (4', 6-
diamidino-2-phenylindole) specific fluorochromes has revealed a large variation in the
amount and distribution of heterochromatin, both in proximal and terminal chromosome
regions (Van-Lume et al. 2017; Rodrigues et al. 2018; Mata-Sucre et al. 2020). Three
proximal heterochromatin patterns were shown to be associated with particular
environmental variables associated with the main neotropical centre of diversity: the
Andean species with neutral CMA bands and negative DAPI bands (CMA%DAPI),
species from Mesoamerica without proximal fluorochrome bands (CMA%DAPI°), and
species from northeastern Brazil with CMA®" bands and negative DAPI bands
(CMA*/DAPI) (Van-Lume et al. 2017). Furthermore, the analysis of additional species
of the Caesalpinia group showed an intensity of the CMA™ bands (Mata-Sucre et al.
2020) and genome sizes (Souza et al. 2019) that were directly correlated with ecological
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variables, highlighting that this is an ideal plant group for analysing the role of the
environment in genome evolution.

Despite previous extensive cytogenetic studies, only three species with
CMA'/DAPI- bands have been analysed to determine the sequence composition and
evolution of the repetitive fraction of the genome (Van-Lume et al. 2019). The most
abundant type of repetitive element in the genomes of Cenostigma microphyllum,
Libidibia ferrea and Paubrasilia echinata was the Tekay element belonging to the
Chromovirus lineage of Ty3/gypsy LTR-RTs. Through cytogenomic analysis, the CMA”*
heterochromatin bands were enriched with Tekay elements in all three species.
However, the heterochromatin of C. microphyllum and L. ferrea also contained
additional species-specific repetitive sequences (i.e. Ty3/gypsy-Athila and satDNAS).
The authors suggested that the abundance of these TEs, modulated by ecological
factors, could have led to the correlation between ecological niche and the
heterochromatic banding patterns previously reported (Van-Lume et al. 2017).
Nevertheless, the abundance and distribution of Tekay elements in the genomes of
species without proximal heterochromatin, such as Erythrostemon hughesii, was not
studied (Van-Lume et al. 2017).

Erythrostemon is one of the most diverse genera of the Caesalpinia group with 31
species widespread across low-elevation seasonally dry tropical forests in a disjunct
geographical distribution: (i) USA, Mexico, and Central America (22 species), and the
Caribbean (one species in Cuba and Hispaniola); (ii) Northeast Brazil (one species), and
(iii) Argentina, Bolivia, Chile and Paraguay (seven species) (Gagnon et al. 2016, 2019).
A comparative cytogenetic analysis of the Caesalpinia group showed that most of the
species in the group had CMAY/DAPI- proximal bands (Van-Lume et al. 2017; Mata-
Sucre et al. 2020). However, one species, E. hughesii (G.P. Lewis) Gagnon & G.P.
Lewis, from Oxaca state in Mexico (Lewis et al. collection number 1795, the type
specimen) presented a distinctive CMA/DAPI banding pattern (Van-Lume et al. 2017).
This shrub has CMA™ heterochromatic bands in the subterminal/terminal regions of
almost all chromosomes but no proximal CMA® heterochromatic bands (Van-Lume et
al. 2017).

Due to its distinctive CMA™ bands, this study aims to identify and characterize
repetitive sequences in the Erythostemon hughesii genome, using Next-Generation
Sequencing (NGS) data, and bioinformatics analysis with RepeatExplorer and

chromosome mapping using FISH. Our work poses three questions: (i) What types of
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repetitive elements are found in the subtelomeric CMA™ heterochromatin bands of E.
hughesii? (ii) What is the abundance of Ty3/gypsy Tekay elements in E. hughesii?, the
most abundant repeat identified in the genome of other Caesalpinia group species
analysed to date, and (iii) How has the repetitive fraction of analysed Caesalpinia group

genomes fluctuated over time when viewed within a phylogenetic context?

Materials and methods

Plant material, DNA extraction and whole-genome sequencing

Seeds of Erythrostemon hughesii (G.P. Lewis) Gagnon & G.P. Lewis were obtained
from the Millennium Seed Bank of the Royal Botanic Gardens, Kew (ID K000264581).
During the cytogenetic analyses the seedlings were grown and kept in the experimental
garden of the Laboratory of Plant Cytogenetics and Evolution (UFPE, Recife-PE,
Brazil).

Total genomic DNA was obtained from young leaves using the CTAB extraction
protocol of Weising et al. (2005) and sequenced using the lllumina HiSeq 2000
platform in the Max Planck-Genome-Center, generating 1,984,766 reads paired-end
reads of 250 bp. Since Erythrostemon hughesii has a genome size of 1C = 1.09 pg
(1,066 Mbp) (Souza et al. 2019), the 496 Mbp of sequence data obtained is estimated to

have covered 0.4x of the genome.

Identification of repetitive sequences
A graph-based clustering analysis in the pipeline RepeatExplorer2 (Novék et al. 2010,
2013) was used to identify and quantify the repetitive sequences in the 1,984,766 reads
of low coverage sequencing data. The resulting clusters were classified by similarity
searches against the Conserved Domain Database for the annotation of protein domains
present in repeats (Marchler-Bauer et al. 2011) which is integrated into
RepeatExplorer2. The genome proportion of the repetitive fraction, and for each
individual repeat identified in the E. hughesii genome present in least 0.01% of the
genome, was calculated using the number of clustered reads versus the total amount of
reads used for analysis, after excluding chloroplast and mitochondrial reads which
represent possible contaminants.

The TAREAN (TAndem REpeat ANalyser) pipeline (also implemented in
RepeatExplorer2) was used to identify tandem repeat sequences. This tool also relies on

graph-based repeat clustering, and allows the identification and characterization of
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satDNAs from unassembled sequence reads (Novéak et al. 2017). The BLAST tool was
used to characterize, where possible, the unidentified clusters by comparisons against
the public database NCBI. To confirm that the satDNA clusters obtained from
TAREAN were genuine satellite sequences, the contigs classified as putative satellite
sequences were aligned and their monomers were detected using a Dot-plot analysis in
JDotter (Brodie et al. 2004). To investigate the degree of homology among each of the
characterized satDNAs, we considered that monomeric sequences with 50 - 80%
similarity belonged to different families of the same superfamily of satDNAs, sequences
while those with more than 80 - 95% similarity were variants of the same family (ie.
subfamily), and those showing > 95% similarity were considered to be variants of the
same monomer, as proposed by Ruiz-Ruano et al. (2016).

To investigate the similarity between the satDNA EhugSat3 490 and rDNA
regions (see Results), we assembled the complete 35S rDNA sequence with
NOVOPIasty (Dierckxsens et al. 2016) using a random selection of all 1,984,766 read
pairs. A partial ribosomal 18S RNA gene sequence from Cuscuta campestris (GenBank
accession AY880318.1) was used as the seed sequence for the ‘seed-and-extend’
algorithm implemented in NOVOPIlasty. The annotation of ribosomal regions was

performed using Geneious ver. 7.1.9 (http://www.geneious.com, Kearse et al. 2012),

then manually verified and corrected by comparison with sequences of related species in
GenBank.

Phylogenetic relationships of Gypsy-Tekay elements

To explore the homology and understand the dynamic evolution of the LTR-
chromovirus of the superfamily Ty3/gypsy-Tekay RT sequences, we analysed these
elements in more detail using similarity searches against the Ty3/gypsy-Database
(Neumann et al. 2019) and comparative approaches using data for three other species of
the Caesalpinia group taken from Van-Lume et al. (2019). The reverse transcriptase
protein domains of Ty3/gypsy-Tekay elements from E. hughesii were extracted and
filtered by quality (alignment sequence identity 0.35, alignment similarity 0.45 and
alignment proportion length full-length 0.8) from contigs using the DANTE (Domain-
based Annotation of Transposable Elements) tool in the RepeatExplorer2 platform
(Novak et al. 2013). This tool annotates and classifies protein domains based on
homology comparisons with the database of available Viridiplantae protein domains
(Neumann et al. 2019).
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For analysis of phylogenetic relationships, the reverse transcriptase protein
domains obtained from a database of retrotransposon protein domains (REXdb)
(http://repeatexplorer.org/) were aligned together with a specific set of reverse

transcriptases from previously published legume Ty3/gypsy elements (Neumann et al.
2019) using MAFFT (Katoh and Standley 2013). A total of five clusters for E. hughesii,
two from Cenostigma microphyllum, two from Libidibia ferrea and three from
Paubrasilia echinata (Van-Lume et al. 2019) were included in the final alignment. This
alignment was used for construction of phylogenetic trees using neighbor-joining

methods in Geneious Prime 2019 (http://www.geneious.com) and, for the comparative

analyses, with a reverse transcriptase database of all Chromovirus lineages previously
published (Neumann et al. 2019). A sequence from TatlV_Ogre family for a non-

chromodomain containing Ty3/gypsy element was used as the outgroup.

Abundance of repeats reconstructed over time

A comparative analysis of the repetitive fraction of our E. hughesii data was performed
by combining the data generated here with the equivalent data obtained from the three
other species previously analysed from the Caesalpinia group: Cenostigma
microphyllum, Libidibia ferrea and Paubrasilia echinata (Van-Lume et al. 2019). For
this, the abundance of the five most abundant repeats in these genomes (Ty1l/copia-Ale,
Ty3/gypsy-Athila, Ty3/gypsy-CRM, Ty3/gypsy-Tekay and all satellite sequences
identified) were compared. To explore changes in their abundance over time, these data
were reconstructed using the ‘character reconstruction’ function of the software
Mesquite 2 (Maddison and Maddison 2014) and the phylogenetic/ age relationships
proposed by Gagnon et al. (2019).

Primer design, PCR amplification and probe labeling

The satDNA and TE primers were designed using Primer3 (Rozen et al. 2000) in the
Geneious program from the most conserved part of the repetitive sequences identified in
the clusters from RepeatExplorer2 and K-mer graphics (Online Resource 1). The
sequences were amplified by PCR from 50 pL reactions containing 2 ng of product
(satDNA or TEs), 0.1 mM dNTP, 1 x PCR buffer, 0.4 uM primer, 2 mM MgCl, and
homemade TagDNA polymerase. The reactions involved 30 cycles of amplification (1
min at 94 °C, 1 minute at 60 °C and 1 minute at 72 °C). The probes were labeled by
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nick translation (Pedrosa et al. 2002) with Cy3-dUTP and hybridized in situ to E.
hughesii metaphases, always sequentially to the CMA and DAPI banding (see below).

Chromosomal preparations and CMA / DAPI banding

Root tips obtained from germinated seeds were pretreated with 0.002 M 8-
hydroxyquinoline for 5 h at 18 °C, fixed in ethanol:acetic acid (3:1 v/v) for 2-24 h at
room temperature and stored at -20 °C. For preparation of slides, fixed root tips were
washed in distilled water and digested in a 2% (w/v) cellulase (Onozuka)/20% (v/v)
pectinase (Sigma) solution at 37 °C, for 90 min. The meristem was macerated in a drop
of 45% acetic acid and spread on a hot plate following Ruban et al. (2014). The
CMAJ/DAPI double-staining technique was used for fluorochrome banding following
Mata-Sucre et al. (2020). Slides were aged for 3 days before their analysis using an
epifluorescence Leica DMLB microscope. Images were captured with a Cohu CCD
video camera using the Leica QFISH software. Finally, the images of the best cells were

edited in Adobe Photoshop CS3 version 10.0 for brightness and contrast only.

Fluorescent in situ hybridization (FISH)

All in situ hybridizations were performed following Pedrosa et al. (2002). In situ
hybridization of satDNA and TEs-Cy3 probes used a hybridization mixture containing
formamide 50% (v/v), dextran sulphate 10% (w/v), 2x SSC and 50 ng/uL of each probe.
The slides were denatured at 75 °C for 5 min. Stringent washes were performed, to give
a final stringency of approx. 76%. To localize the rDNA sites, 5S rDNA (D2) from
Lotus japonicus was labelled with Cy3-dUTP (GE) and 35S rDNA (pTa7l) from
Triticum aestivum labelled with digoxigenin-11-dUTP (Roche). The 35S rDNA probe
was detected with sheep anti-digoxigenin FITC conjugate (Roche) and amplified with
goat anti-sheep FITC conjugate (Serotec). Images of the best cells were captured as

indicated above.

Results

Repeatome fraction analysis and identification

A total of 1,199,444 Illumina reads were analysed with RepeatExplorer2 (Fig 1)
corresponding to a genome coverage of 0.3x (1C = 1.09 pg). Of these, 638,260 reads
were grouped into 90,849 clusters while 561,184 remained unclustered (Fig 1la).

Considering only those clusters with at least 0.01% genome abundance, a total of
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331,829 reads were grouped into 174 clusters and identified as repetitive elements,
together comprising 28.73% of the whole genome of E. hughesii (Fig 1b).

The satDNAs were the most abundant repetitive sequences, representing 7.83% of
the E. hughesii genome and 27.8% of the analysed repetitive fraction (Table 1, Fig 1b).
The two superfamilies of retrotransposons, Ty3/gypsy and Tyl/copia, were in similar
proportions in the genome, representing 2.48% and 2.32% of the genome, respectively.
Five families of Ty3/gypsy elements were identified, of which the CRM and Athila
lineages were the most abundant, accounting for 0.88% and 0.75% respectively (Table
1). In contrast, the Ty3/gypsy Tekay lineage was one of the less abundant elements,
representing just 0.28% in the genome. For the Tyl/copia superfamily, eight families
were identified, among these the Ale linage was the most abundant (1.00%). Other
repetitive sequences which were not LTR-RT or satellite repeats were found in lower
proportions (<0.50%), this group included non-LTR-RT such as LINE elements, various
DNA transposons, CACTA, Harbinger, hAT, Mutator elements and pararetroviruses
(Table 1).

Chromosome distribution of LTR-RT elements

The E. hughesii karyotype is characterized by 11 of the 12 chromosome pairs presenting
subtelomeric CMA* bands, the remaining chromosome pair does not have a
heterochromatin band (see arrowheads in Fig 23, c, e, g). The chromosomal locations of
the most abundant identified repeats were determined by fluorescence in situ
hybridization (FISH) using probes designed to target the Integrase domains of the Ale,
Athila and CRM elements and the chromo domain of the Tekay element. Hybridization
signals revealed these four LTR-RT elements were clustered within the heterochromatic
subtelomeric regions (Fig 2), co-localizing with the CMA™ bands and 35S rDNA sites
(as shown, for example, in Fig 2b for the Tyl/copia-Ale element). Only the CRM
chromovirus Ty3/gypsy element showed small additional signals in the centromeric

region (Fig 2f).

Identification and chromosome mapping of satellite DNA sequences

The TAREAN output of RepeatExplorer2 identified five clusters that contained putative
satellites, representing 27.8% of the repetitive fraction of the genome (and hence 7.83%
of the whole genome) based on the characterization of 174 clusters (Fig 1b). Two
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clusters (CL1 and CL2) (hereafter referred as EhugSatl 48 and EhugSat2_48), together
comprised c. 7% of the whole genome (with EhugSatl_48 corresponding to 5%). Based
on the sequence similarity of the 48 bp monomeric consensus sequences (89.4%
similarity) and the Dot-plot comparison of the consensus sequences (Online Resource
2), EhugSatl_48 and EhugSat2 were classified as two subfamilies of the same family
following Ruiz-Ruano et al. (2016). The other three clusters (CL 136, CL166 and
CL167) corresponded to three distinct satDNA families (hereafter referred to as
EhugSat3 490, EhugSat4 877 and EhugSat5 974). Overall they were less abundant,
together comprising just 0.033% of the genome.

Chromosomal mapping of these sequences revealed distinct hybridization sites
which co-localized with the CMA* bands (Fig 3). For EhugSatl 48 (Fig 3b) and
EhugSats_974 (Fig 3f), these sites were seen to co-localize with all the CMAY
chromosomal bands with varying intensities, including the 35S rDNA sites (Fig 3a).
EhugSat2_48 presented signals in all CMA™ subtelomeric bands and weak signals, or
absence of signals, in the 35S rDNA sites (Fig 3c). In contrast, EhugSat3_490 presented
signals only in the 35S rDNA sites (Fig 3d). Comparing this satDNA sequence with the
assembled 35S rDNA sequence in NovoPlasty, showed a similarity of 35%, thus we
consider this cluster (i.e. EhugSat3 490) to be derived from 35S rDNA (Online
Resource 3). FISH of EhugSat4 877 revealed eight hybridization sites, with strong

signals in the subtelomeric regions of the chromosomes (Fig 3e).

Phylogenetic relationships between Ty3/gypsy-Tekay elements identified in Caesalpinia
group species

To determine the evolutionary relationships between the LTR-RT Ty3/gypsy-Tekay
elements in Caesalpinia group species, we inferred phylogenetic trees based on
alignments of the reverse transcriptase protein domain (Fig 4). The consensus sequences
from RepeatExplorer2 of five clusters of Ty3/gypsy elements in E. hughesii together
with two clusters from Cenostigma microphyllum, two clusters from Libidibia ferrea
and three clusters from Paubrasilia echinata (obtained from Van-Lume et al. 2019)
were analysed. Phylogenetic analysis of these clusters indicated sequence similarity of
79.1% between the Chromovirus-Tekay elements from E. hughesii and the previously
analysed Caesalpinia group species from Northeastern Brazil which together formed a
well-supported clade (Fig 4a). Internal relationships revealed there was considerable

similarity between E. hughesii and L. ferrea (83.6%), and between P. echinata and C.
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microphyllum (80%). A single contig (CL307) of E. hughesii showed less sequence
similarity (70%) with the rest of the Caesalpinia Group Tekay elements identified,
instead being more similar (80%) to a Tekay sequence identified in Glycine genus (Fig
4).

Ancestral reconstruction of repeat abundance evolution in Caesalpinia group species
Reconstruction of the abundances of the five main repeat types identified (i.e. satDNAs
and the Ale, Athila, CRM and Tekay RT) in the four Caesalpinia group species with
available data showed large oscillations in their abundance over time. This was
particularly striking for Ty3/gypsy-Tekay, which ranged from 54% in P. echinata to
0.28% in E. hughesii. Based on a previous time-calibrated phylogeny (Gagnon et al.
2019) we define P. echinata as the first diverging lineage of our sampling, since this
species has an older origin (~ 50 Mya) than Cenostigma (~ 15 Mya), Erythrostemon (~
35 Mya) and Libidibia (~ 25 Mya). Using this information, and hence assuming that the
homogeneous repeat composition identified in P. echinata was the plesiomorphic state
for these Caesalpinia group species, the ancestral reconstruction analysis points to the
following possible evolution of the abundance of the five repeat types identified in the
other three species. A gradual reduction in Tekay abundance was predicted to have
occurred across the phylogeny for the three species, although the extent of decrease
varied between the three species (Fig 5). The opposite trend was observed for the total
abundance of satellites which reached their maximum abundance (8%) in E. hughesii
(Fig 5, Online Resource 4). These predicted evolutionary trends have given rise to the
contrasting heterochromatin compositions observed in the four extent species. The most
homogeneous heterochromatin was observed in P. echinata with its CMA* proximal
heterochromatic bands are dominated by Tekay elements. In contrast, the three other
species had more complex heterochromatin, with contrasting LTR-RTs and satellites
present in the heterochromatic CMA™ bands.

Discussion

Diversity and abundance of repetitive elements within Erythrostemon hughesii

heterochromatin
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The repeat characterization of Erythrostemon hughesii (1.06 Gbp/1C) using
RepeatExplorer2 revealed that nearly a third (i.e. 28.7%) of its genome is composed of
repetitive elements. This is comparable to some other Caesalpinia group species
analysed so far (e.g Cenostigma microphyllum (2.81 Gbp/1C) with 41% repetitive
content and Libidibia ferrea (1.79 Gbp/1C) with 38%), but less abundant than in the
Paubrasilia echinata genome (2.82 Gbp/1C) with 72% (Van-Lume et al. 2019). The
most abundant repeats identified in E. hughesii were five satellite DNA (satDNA)
sequences which together comprised 7.83% of the genome. This contrasts with the other
Caesalpinia group species analysed so far, where satDNA sequences made up less than
1% of the genome (Van-Lume et al. 2019). However, such satDNA abundance is not a
common feature of all legume genomes because different species have been reported
with sequences relatively rich in satDNA and with abundances greater than 1% of their
genome. (e.g. Ribeiro et al. 2017; Robledillo et al. 2018; Samoluk et al. 2019; Online
Resource 4). The satellite sequences characterized here in E. hughesii were shown to
distributed in most of the heterochromatic bands showing that these families of repeats
are the major components of the CMA™ heterochromatin bands. Other studies have
shown that the DNA sequences present in satellite repeats together with their abundance
and distribution can diverge rapidly between species (Koukalova et al. 2009; Plohl et al.
2012). We suggest that the high abundance, subtelomeric location and diversity of the
satellite repeat sequences in E. hughesii are responsible for the marked difference of the
E. hughesii karyotype compared to the other Caesalpinia group species.

Although diverse, the most abundant LTR-RT and satDNA families were clearly
present co-localized in the E. hughesii heterochromatin CMA™ bands. Even though RTs
are typically dispersed along chromosomes, unlike satDNAs that form more defined
clusters (Heslop-Harrison and Schwarzacher 2007, 2011; Ribeiro et al. 2017; Piccoli et
al. 2018), there are a few examples in plants where members of the Tyl/copia and
Ty3/gypsy superfamilies have been shown to be colocalized and/or intermixed,
sometimes with satDNAs repeats in cytologically recognized heterochromatin, a
situation that has been described as ‘grouped TEs’ (Belyayev et al. 2001; Gaeta et al.
2010). Whether this represents a lack of in-depth studies is unclear. Certainly, here we
have observed a preferentially grouped pattern for the LTR-RT elements identified in
the heterochromatin, as observed in other Caesalpinia group species (Van-Lume et al.

2019), and some other legumes (Albernaz et al. in prep.).
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The localization of all LTR-elements and satDNA sequences together in the E.
hughesii heterochromatin demonstrated its heterogeneous composition. How TE blocks
accumulate in certain regions of the genome was still poorly understood although the
importance of the epigenetic state of the repeat and the chromatin conformation of
particular regions of the genome are considered to play a role (see Janssen et al. 2018).
Only a few studies have revealed TE complexes, where particular TE clusters are
interrupted by other TEs, by genes or by a short tandem arrangement of other TEs (e.g.
Giordano et al. 2007; Paco et al. 2019), forming nests of clustered TEs as a consequence
of TE integration, intra-chromosomal recombination or variant replication (Vitte et al.
2013; Gao et al. 2015). These TE complexes can be copied and amplified, resulting in
many duplications of TE nests as independent fragments across the genome (Bergman
et al. 2006; Coline et al. 2014; Zhang et al. 2017), and contributing to genome evolution
of the species. Whether such processes are also responsible for giving rise to the
diversity of repeat sequences in the subtelomeric heterochromatic CMA™ bands in E.

hughesii are currently unclear.

Comparative cytogenomic analysis revealed the Ty3/gypsy-Tekay evolutionary history

in the Caesalpinia group

The major difference shown in the comparative analysis of the Caesalpinia group
species was the significant difference in the abundance of Ty3/gypsy-Tekay repeat
elements between species. While the three Brazilian species contained an abundance of
these elements ranging from 17 to 54% of the genome (Van-Lume et al. 2019), in E.
hughesii (Mesoamerican) Tekay elements comprised less than 1% of the genome. These
observed differences suggest that the activity of these elements (i.e. amplification) and
the rate at which they are deleted via recombination-based processes, clearly differ
between these species, as also shown for many other species that have been studied.
For example, in a comparative analysis of repeats present in sugarcane (Saccharum
officinale) and other grasses, evolutionary analyses showed that the proliferation of
LTR-RTs varied between RT-lineages in different species, because of contrasting repeat
dynamics giving rise to differences in the rate at which new repeats were inserted or
removed from the genome (De Setta et al. 2012).

Comparative reverse transcriptase sequence analysis showed an interesting
evolutionary history of the Tekay elements in the Caesalpinia group. The Chromovirus-
Tekay elements of analysed Caesalpinia group species formed a monophyletic which
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also included reverse transcriptase sequences belonging to Lotus japonicus and Glycine
species and which are considered to belong to an ancestral Tekay lineage. This
observation reinforces the suggestion that the Tekay elements identified in the
Caesalpinia group species colonized their genomes prior to the divergence of these
genera (Van-Lume et al. 2019). Although our sample is still small, our analysis shows
that the Tekay elements identified in Cenostigma are more closely related to species
belonging to a different clade of the Caesalpinia group as proposed by Gagnon et al.
2016, recognizing that major clades in the group need to be revised, as previously
suggested based on phylogenetic (Gagnon et al. 2016; 2019) and cytomolecular (Mata-
Sucre et al. 2020) data.

RTs are an important source of genetic diversity and polymorphisms, and they
have the potential to cause sequence and structural changes that lead to genetic
variations within plant species (e.g. Rebollo et al. 2011; Bennetzen and Wang 2014; Nie
et al. 2019). Despite the different location of the heterochromatic bands in the
chromosomal sub-telomeric region, our cytogenetic analysis showed strong
hybridization signals of the Tekay element in the sub-telomeric CMA™ heterochromatic
bands, similar to those observed in the Brazilian species which have proximal CMA*
bands. Remarkably, the large reduction in abundance of Tekay elements in the E.
hughesii genome (comprising just 0.28% of the genome, Table 1) compared to the
Brazilian species (as noted above) correlated with the loss of proximal CMA*
heterochromatin (Fig 5). This suggests that the sub-telomeric CMA* bands may
represent an evolutionary novelty in E. hughesii, arising from several invasions of other
repeats into the subtelomeric region of its chromosomes and/or structural
rearrangements (e.g. Ren et al. 2018). What may have driven the reorganization and
repeat turnover giving rise to the distinct composition and location of CMA™ bands in E.
hughesii is currently unclear. However, a role for the environmental impact on changes
in repeat dynamics is possible, given that it has been shown in Caesalpinia group
species, that proximal heterochromatic polymorphisms may arise from the shared
effects of the environment, phylogeny and geography (Van-Lume et al. 2017; Mata-
Sucre et al. 2020).

The observed dominance of LTR-RT in the repeat fraction of the genome has
been shown to be a common feature of higher plant genomes in which retroelements
represent one of the major forces driving genome evolution (e.g. Bennetzen and Wang

2014; Horvath et al. 2017). Van-Lume et al. (2019) analysing Caesalpinia group
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species, suggested that Tekay and/or Athila Ty3/Gypsy element enrichment in the
CMA" proximal bands may have contributed to explaining the association between
heterochromatin bands/genome size and ecological traits (Van-Lume et al. 2017; Souza
et al. 2019). It was hypothesized that species with heterochromatin composed
predominantly of RTs (as in the Northeast Brazilian species of the Caesalpinia group),
could be susceptible to genetic variation triggered by environmental changes. The data
presented here suggest that this scenario may be more complex, since E. hughesii
heterochromatin is enriched in both TEs and especially satDNA, making it difficult to
disentangle the potential role of ecological factors in impacting the dynamics of these
two distinctive types of repeats. The analysis of other species in the Caesalpinia group,
as well as correlation tests of the abundance of specific repeats with ecological variables
may help to identify more precisely how these repetitive elements influence the

interaction between genomes and the environment.

The relationship between heterochromatin repeat diversity and species-richness

Our ancestral reconstruction analyses suggested that the heterogeneity of repetitive
sequences present in the heterochromatin changed drastically over time (Fig 5). The
species with a repeat-rich heterochromatin, i.e. C. microphyllum, L. ferrea and E.
hughesii (in clade Il of the Caesalpinia group phylogeny) belong to genera with a
relatively high species-richness: Cenostigma (14 spp.), Libidibia (7 spp.) and
Erythrostemon (31 spp.) (Gagnon et al. 2016). In contrast, Paubrasilia echinata (in
clade 1), which has its heterochromatin dominated by Tekay elements, is a monospecific
genus (Gagnon et al. 2016). Although our study sample is small, these data suggest a
possible association between the accumulation of diverse repeat types in the
heterochromatin and species-richness in the Caesalpinia group. Interestingly, a literature
search for studies analysing the cytogenomic composition of heterochromatin (looking
for publications that used an approach similar to ours) revealed this trend was also
apparent in other legumes, as well as in some other angiosperm families, although the r?
values were lower (Online Resources 5 and 6). Evolutionary changes in karyotype
structure have long been implicated in speciation events, and lineage-specific variations
in the genome and karyotype structure can account for different levels of species
diversity (Herrick and Sclavi 2019). Heterochromatin, which can be highly enriched in

TEs and other repeats (as shown here), and therefore has the potential to undergo rapid
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evolutionary changes, has been suggested to play a role in genome divergence and,
consequently, speciation (Fig 6; Ferree and Barbash 2009; Hughes and Hawley 2009;
Herrick and Sclavi 2019); certainly there are studies showing how heterochromatin can
be involved in intra-genomic conflicts, greatly influencing the genomic landscape of
speciation (Austin et al. 2009; Brown and O'Neill 2010; Sawamura 2012).

TE abundance, TE-derived genomic features and chromosomal rearrangements
involving TE sequences are frequently lineage-specific and, therefore, suggest that TEs
may have contributed to the process of speciation in some species, either as a cause, or
an effect (Bohne et al. 2008; Stapley et al. 2015, 2017). The hypothesis that non-coding
DNA is of structural importance cytogenetically, driving the speciation process, has
been proposed for mammals, since it was observed that different amounts of non-coding
DNA associated with heterochromatin account, in part, for different levels of species
richness (Herrick and Sclavi 2019). In plants we suggest that species with
heterochromatin composed of several diverse repeats are more likely to generate
genomic polymorphisms (e.g., loss or gain of some repeats) that provide an increased
potential to undergo speciation events (Fig 6; Online Resource 5 and 6). Nevertheless,
to establish in more detail the evolution of heterochromatin and the sequences it
contains and how this impacts speciation events and hence species diversity, it is clearly
necessary to analyse a larger sample of species. For this, a survey of a broader,
phylogenetically-representative sample of species in the Caesalpinia group, with its
robust phylogeny (Gagnon et al. 2019) and well circumscribed genera (Gagnon et al.
2016, 2019) which range in species number from 1-225, has the potential to be an
excellent model for exploring the role of heterochromatin repeats in plant speciation.

Conclusions

All repetitive sequences (four TEs and five satellites) characterized here for the E.
hughesii genome were shown to be present in the sub-telomeric heterochromatic CMA*
bands, revealing a high diversity of repeats in these regions. Comparative analyses
showed that the main differences between E. hughesii and the repeat profiles of the
heterochromatic CMA™ bands in three other Caesalpinia group species were the
reduction of Ty3-gypsy/Chromovirus RTs and an increase of satDNAs. This difference
in repeat abundance may be associated with the loss/change of proximal CMA™ bands in

E. hughesii and the invasion of several other repeats into the sub-telomeric region of its
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chromosomes. Comparative cytogenomic analyses suggest that the species-richness of
genera in the Caesalpinia group could be related to the heterochromatin heterogeneity
which may play a role in driving genomic divergence, which is one of the major
prerequisites for speciation to occur. The results presented here contribute to
understanding the complex history of genome and karyotype evolution in Caesalpinia

group species.
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Table 1 Summary of the repetitive elements identified in the Erythrostemon hughesii genome estimated

using RepeatExplorer2

Fig 1 Genomic clusters of Erythrostemon hughesii. (2) Summary of the clustering analysis. lllumina reads
were clustered using RepeatExplorer2 resulting in 90,849 clusters. (b) Proportions of different repeats
identified by analyzing the 174 clusters which each comprise at least 0.01% of the genome. Together, the

repeats identified in these 174 clusters represent 28.7% of the genome
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Fig 2 Comparative chromosome mapping of CMA* bands (yellow; a, c, e, and g) and different LTR-
retrotransposons in Erythrostemon hughesii (2n =24). Hybridization signals of the Tyl/copia-Ale element
(pink; b); Ty3/gypsy-Athila element (blue; d); Ty3/gypsy-CRM element (orange; f), and Ty3/gypsy-Tekay
element (green; h). Arrowheads indicate a chromosome pair without CMA®* bands. Inserts in (b)
represent 35S rDNA sites (light blue). Bar=10 um

Fig 3 Karyograms of chromosome mapping by FISH in Erythostemon hughesii (2n=24). Chromosome
CMA" bands (yellow) with 35S rDNA sites (blue) (a) and signals of specific satellite DNA sequences (b-
f). Hybridization sites of EhugSatl_48 (b), EhugSat2_48 (c), EhugSat3_490 (d), EhugSat4 877 (e) and
EhugSat5_974 (f). Bar=10 um

Fig 4 Phylogenetic relationships between concatenated reverse transcriptase sequences of Ty3/gypsy
elements identified in 12 legume species using Neighbor-Joining. Branches of elements from
Erythrostemon hughesii, Cenostigama microphyllum, Libidibia ferrea and Paubrasilia echinata are
represented in yellow, blue, green and pink, respectively (a). Phylogenetic relationships between different
Ty3/gypsy elements belonging to the Chromovirus family including the specific Ty3/gypsy -Tekay
lineage which is shown in purple together with other legumes Ty3/gypsy Chromovirus lineages including
CRM and Reina, shown in grey (b). Branches shown in bold represents those with >0.8 bootstrap support.
For complete phylogenetic relationships between concatenated reverse transcriptase sequences of

Ty3/gypsy elements

Fig 5 Comparative repeat landscape graphs of TE and satellite DNA content in the Erythrostemon
hughesii genome compared with three other Caesalpinia group species (Van-Lume et al. 2019).
Phylogeny with divergence times for the internal nodes for the two sequences analysed (TE and satellite
DNA). Coloured numbers on the branches leading to the species show the percentages of each of the
corresponding repeat classes that originate from the time interval corresponding to that branch. Repeat
landscapes represent transposable elements of the four main classes of retrotransposons analysed as well
as the satellite DNA sequences. The x-axis indicates the divergence time, the y-axis gives the relative
percentage of each repeat class for each species. For more detail of the repeat’s graphics see online

resource 4

Fig 6 Two hypothetical models to explain the correlation between repeat diversity in heterochromatin and
species-richness. In this model, we propose that species that possess heterochromatin composed of
homogeneous repeats allow greater genetic recognition, and as a consequence, greater genomic
compatibility during meiotic pairing, decreasing the rate of speciation over time due to different
evolutionary pathways (eg. evolution in concert, homogenization) (left). However, species that

accumulate diverse repeats in their heterochromatin are more likely to experience genomic
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polymorphisms (eg, loss or gain of some repeats) that provide greater genomic incompatibility, and as a
consequence of different evolutionary pathways throughout over time, different speciation events will

result in contrasting repeating content and patterns and positions of heterochromatin bands (right)

Online Resource 1 List of primers used to amplify five DNA satellites in the Erythrostemon hughesii
genome to determine their physical location using fluorescent in situ hybridization. Tm: melting

temperature

Online Resource 2 RepeatExplorer2 analysis of NGS data for Erythrostemon hughesii. (a) Clusters of
reads for five satDNAs show graph layouts that are typical for tandem repeats. (b) Comparisons of the
five satDNA families in Dot-plot (genomic similarity search tool) where parallel lines indicate tandem

repeats (the distance between the diagonals equals the lengths of the motifs)

Online Resource 3 Organization of the 35S ribosomal DNA (rDNA) sequence generated by
NOVOPIasty for Erythrostemon hughesii (a). Comparison of the sequence similarity between the
consensus sequence of the EhugSat3_490 satellite and that of 35S rDNA, showing the similar fragments
within the intergeneic spacer (IGS) region (b). Blue boxes represent an amplified region of the 35S rDNA

and the satellite sequences

Online Resource 4 Comparative repeats graph of transposable elements of the four main classes of
retrotransposons analysed as well as the satellite DNA sequences in the Erythrostemon hughesii genome

and other three Caesalpinia genomes obtained from Van-Lume et al. (2019)

Online Resource 5 List of species where heterochromatin has been characterized using cytogenomic
approches (e.g. RepeatExplorer clustering + FISH mapping) comparing the number of repetitive
sequences present in the heterochromatin and the number of species per genus. For “Repeats” the rDNA
was not considered. (NRSIH = number of repeat sequences identified in heterochromatin; NSAG =

number of species accepted in the genus)

Online Resource 6 Relationship between the number of repetitive sequences identified in
heterochromatin (NRSIH) and the number of species accepted in the genus (NSAG). Red = Caesalpinia
group; green = Papilionoides; blue = other plants (see Online Resource 4). The correlation was significant

(p<0.05) and the r values are shown on the graph
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Table 1 Summary of the repetitive elements identified in the Erythrostemon hughesii genome estimated

using RepeatExplorer2

Repeats Genome proportion [%6]
Satellite 7.83
rDNA

35S 4.30

58 0.17

Retroelements

Solo LTR 4.96
LTR-RT

Tyl/copia (Total) 2.32

Ale 1.00

Tork 0.50

Bianca 0.31

Ikeros 0.23

Alesia 0.14

lvana 0.07

SIRE 0.04

Tar 0.03

Ty3/gypsy (Total) 2.48

CRM 0.88

Athila 0.75

TatlV_ogre 0.48

Tekay 0.28

Reina 0.10

Other TE elements

LINE 0.62

hAT 0.56

Mutator 0.43

PIF_Harbinger 0.39

Pararetrovirus 0.20

CACTA 0.17

Unclassified 4.15
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Fig 1 Genomic clusters of Erythrostemon hughesii. (a) Summary of the clustering analysis. Illumina reads
were clustered using RepeatExplorer2 resulting in 90,849 clusters. (b) Proportions of different repeats

identified by analyzing the 174 clusters which each comprise at least 0.01% of the genome. Together, the

repeats identified in these 174 clusters represent 28.7% of the genome
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Fig 2 Comparative chromosome mapping of CMA* bands (yellow; a, c, e, and g) and different LTR-
retrotransposons in Erythrostemon hughesii (2n =24). Hybridization signals of the Tyl/copia-Ale element
(pink; b); Ty3/gypsy-Athila element (blue; d); Ty3/gypsy-CRM element (orange; f), and Ty3/gypsy-Tekay
element (green; h). Arrowheads indicate a chromosome pair without CMA™* bands. Inserts in (b)
represent 35S rDNA sites (light blue). Bar=10 um
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Fig 3 Karyograms of chromosome mapping by FISH in Erythostemon hughesii (2n=24). Chromosome
CMA* bands (yellow) with 35S rDNA sites (blue) (a) and signals of specific satellite DNA sequences (b-
f). Hybridization sites of EhugSatl 48 (b), EhugSat2_48 (c), EhugSat3_490 (d), EhugSat4_877 (e) and

EhugSat5_974 (f). Bar =10 pm
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Fig 4 Phylogenetic relationships between concatenated reverse transcriptase sequences of Ty3/gypsy
elements identified in 12 legume species using Neighbor-Joining. Branches of elements from
Erythrostemon hughesii, Cenostigama microphyllum, Libidibia ferrea and Paubrasilia echinata are
represented in yellow, blue, green and pink, respectively (a). Phylogenetic relationships between different
Ty3/gypsy elements belonging to the Chromovirus family including the specific Ty3/gypsy -Tekay
lineage which is shown in purple together with other legumes Ty3/gypsy Chromovirus lineages including
CRM and Reina, shown in grey (b). Branches shown in bold represents those with >0.8 bootstrap support.

For complete phylogenetic relationships between concatenated reverse transcriptase sequences of

Ty3/gypsy elements see Online Resource 7
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Distribution of repeats
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Fig 5 Comparative repeat landscape graphs of TE and satellite DNA content in the Erythrostemon hughesii genome compared with three other Caesalpinia group species
(Van-Lume et al. 2019). Phylogeny with divergence times for the internal nodes for the two sequences analysed (TE and satellite DNA). Coloured numbers on the branches
leading to the species show the percentages of each of the corresponding repeat classes that originate from the time interval corresponding to that branch. Repeat landscapes
represent transposable elements of the four main classes of retrotransposons analysed as well as the satellite DNA sequences. The x-axis indicates the divergence time, the y-

axis gives the relative percentage of each repeat class for each species. For more detail of the repeat’s graphics see online resource 4
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Fig 6 Two hypothetical models to explain the correlation between repeat diversity in heterochromatin and species-richness. In this model, we propose that species that possess
heterochromatin composed of homogeneous repeats allow greater genetic recognition, and as a consequence, greater genomic compatibility during meiotic pairing, decreasing
the rate of speciation over time due to different evolutionary pathways (eg. evolution in concert, homogenization) (left). However, species that accumulate diverse repeats in
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heterochromatin bands (right)
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Online Resource 1 List of primers used to amplify five DNA satellites in the Erythrostemon hughesii genome to

determine their physical location using fluorescent in situ hybridization. Tm: melting temperature

Element Name Sequence Tm (°C)
EhugSatl_48 F TGAGGTATCAGGTCTTTGGTGC 59.9
R ACCTTAGGCACCAAAGACCTG
EhugSat2_48 F GCATGAGGTCTTTGGTGCCT 60.6
R CCTTAGGCACCAAAGACCTCAT
EhugSat3 490 F ACCCCAAAACCGTTTCCCTT 58.9
R AGGGAAAATTTGGGTTGGGC
EhugSat4_877 F TGCCTAACCCGTCAATGTGT 59.6
R GGAATGAATTGAAGTGACGTGC
EhugSat5_974 F ACCCTCCTTGCCCCTCATAT 60.4

R CAGGGCTTGCAATTTCGGC
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Online Resource 2 RepeatExplorer2 analysis of NGS data for Erythrostemon hughesii. (a) Clusters of reads for
five satDNAs show graph layouts that are typical for tandem repeats. (b) Comparisons of the five satDNA
families in Dot-plot (genomic similarity search tool) where parallel lines indicate tandem repeats (the distance

between the diagonals equals the lengths of the motifs)
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region (b). Blue boxes represent an amplified region of the 35S rDNA and the satellite sequences
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Online Resource 5 List of species where heterochromatin has been characterized using cytogenomic approches

(e.g. RepeatExplorer clustering + FISH mapping) comparing the number of repetitive sequences present in the

heterochromatin and the number of species per genus. For “Repeats” the rDNA was not considered. (NRSIH =

number of repeat sequences identified in heterochromatin; NSAG = number of species accepted in the genus)

Family:Species NRSIH NSAG Reference

Amaryllidaceae

Allium cepa L. 4 972 Fu et al. (2019)/ Peska et al. (2019)

Allium fistulosum L. 2 972 Kirov et al. (2017)
Anacardiaceae

Pistacia vera L. 2 13 Sola-Campoy et al. (2015)
Araliaceae

Panax ginseng C.A.Mey. 3 13 Waminal et al. (2018)
Brassicaceae

Brassica nigra (L.) Koch. 4 73 Wang et al. (2017)

Chorispora tenella (Pall.) DC. 4 13 Hlouskova et al. (2019)

Dontostemon micranthus 3 14 Hlouskova et al. (2019)

C.A.Mey.

Hesperis sylvestris Crantz 4 61 Hlouskova et al. (2019)
Iridaceae

Crocus sativus L. 3 127 Schmidt et al. (2019)
Leguminosae

Arachis glandulifera Stalker 4 82 Samoluk et al. (2019)

Cenostigma michrophyllum 3 14 Van-Lume et al. (2019)

(Mart. ex G. Don) Gagnon & G.

P. Lewis

Erythrostemon hughesii (G. P. 9 31 This study

Lewis) E. Gagnon & G. P.

Lewis

Lathyrus sativus L. 3 206 Vondrak et al. (2020)

Libidibia ferrea (Mart. exTul.) 4 7 Van-Lume et al. (2019)

L.P. Queiroz

Lupinus albus L. 11 724 Marques et al. in prep.

Paubrasilia echinata (Lam.) 1 1 Van-Lume et al. (2019)

Gagnon, H. C. Lima & G.P.

Lewis

Phaseolus vulgaris L. 2 98 Ribeiro et al. 2019

Phaseolus coccineus L. 4 98 Ribeiro et al. 2019
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Pterodom pubescens (Benth.)

Benth

Trifolium pratense L.

Vicia faba L.

Vigna unguiculata (L.) Walp
Poaceae

Agropyron cristatum (L)

Gaertn.

Deschampsia antarctica E.Desv.

Rutaceae

Citrus clementina hort.

Solanaceae

Capsicum annuum L.

Theaceae

Camellia japonica L.

250
289
153

29

47

33

43

280

Albernaz et al. in prep.

Dluho$ova et al. (2018)
Robledillo et al. (2018)
Iwata-Otsubo et al. (2016)

Said et al. (2018)

Gonzélez et al. (2018)

Deng et al. (2019)

Zhou et al. (2019)

Heitkam et al. (2015)
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4 CONCLUSOES

No grupo Caesalpinia roram confirmados os trés padrdes de bandas de
heterocromatina proximal: CMA*/DAPI, CMAY%DAPI- e CMA%DAPIC.

Os clados 'Coulteria + Tara' e ‘'Arquita + Balsamocarpon + Erythrostemon +
Pomaria’ mostraram independentemente bandas CMAO/DAPI- associadas a
distribuicdes geogréaficas em latitudes mais altas.

A intensidade CMA / DAPI ao longo do cromossomo, tamanho do genoma e latitude
estdo autocorrelacionadas no grupo Caesalpinia, sugerindo que a evolucdo da
heterocromatina no grupo esta respondendo a fatores ambientais.

Todas as sequéncias repetitivas caracterizadas no genoma de E. hughesii mostraram
sinais FISH nas bandas heterocrométicas subteloméricas CMA", mostrando uma
diversidade de elementos repetitivos nessa regiéo.

As analises comparativas mostraram que as principais diferencas entre E. hughesii e
outros genomas do Grupo Caesalpinia foram a redugédo do retrotransposon Ty3-gypsy
/Cromovirus e o ganho de varias outras repeticdes em tandem na regido subtelomérica
de seus cromossomaos.

Anaélises de reconstrucdo de sequéncia integrado a analises comparativas de cariétipo
sugerem que a riqueza de espécies no Grupo Caesalpinia pode estar relacionada a

heterogeneidade da heterocromatina como fator de divergéncia gendmica.
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GLOSSARIO

- Citogenémica: &rea da gendmica que estd orientada a compreensdo, expressdo e

interacdo dos genes no nivel celular, empregando diferentes metodologias citogenéticas.

- Citogeografia: é¢ a andlise da distribuicdo geografica de marcadores citoldgicos
polimérficos, considerada uma ferramenta importante a ser aplicada no estudo do significado
evolutivo da variabilidade cromossdmica em uma espécie (Colombo e Confalonieri 2004).
Essas informacdes nao apenas ajudam a elucidar quais tipos de processos estdo operando, a
fim de produzir um padrdo particular de distribuicdo da diversidade, mas também fornece
insights adicionais sobre o significado da persisténcia de tais padrdes nas populagdes naturais.

- Clustering analysis: ou andlise de cluster € um algoritmo de agrupamento baseado em
similaridade que avalia por comparacdes de sequéncia todos entre todos os reads de whole-
genome shotgun (Novék et al. 2010). A analise de clustering empregado pelo RepeatExplorer
representa os reads e suas semelhancas de sequéncias representadas como noés e arestas de
conexdo (Fig. 1a-b), em um grafico virtual que identifica os clusters dos reads pela topologia
do gréfico (Fig. 1c) (Novak et al. 2017). O namero de reads em cada cluster € proporcional a

abundancia gendmica da repeticdo correspondente, possibilitando sua quantificacéo.

Figura 1. Reads de sequéncia organizadas em uma estrutura
gréfica tomada de Novék et al. (2010). Reads Unicos séo
representadas por vértices (n6s) e suas sequéncias se sobrepdem
por arestas. (A) exemplos de diferentes tipos de clusters que
podem ser encontrados na estrutura do gréfico. Os nds com a
mesma cor correspondem aos clusters  (comunidades)
identificados usando um algoritmo de aglomeracéo hierarquica. O
n6 magenta representa um single - um read sem similaridade com
outras sequéncias. (B) um exemplo de um gréfico construido a
partir de reads amostradas de Pisum sativum. (C) Graficos
calculados usando o algoritmo para trés grupos com estrutura
diferente.

- Coloracdo CMAJ/DAPI: técnica de coloracdo diferencial com fluorocromos que torna
visiveis 0s blocos de heterocromatina de acordo com sua composicdo de pares de base

especifica. O 4'-6-diamidino-2-fenilindol (DAPI) colore preferencialmente as regides de
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heterocromatina ricas em AT, enquanto a cromomicina A3 (CMA) colore preferencialmente
as regides ricas em GC (Schweizer 1976). Esses mesmos fluorocromos também podem corar
negativamente os blocos de heterocromatina pobres em AT ou GC, enquanto a dupla
coloracdo com os dois fluorocromos de especificidade de bases diferentes (por exemplo,

CMA / DAPI) pode destacar diferencas de coloracgdo representadas como bandas.

- DNA satélite: Ou satDNA é uma classe de DNA repetitivo que se caracteriza por sua
organizacdo genémica em longas matrizes de unidades dispostas em conjunto, chamados
mondmeros. As sequéncias monoméricas sdo tipicamente centenas de nucleotideos repetidos
em tandem (um do lado do outro) e altamente homogeneizadas (Macas et al. 2002).

O comprimento do mondmero € frequentemente usado para classificar as repeticGes
genbmicas em tandem como microssatélites (2 a 7 bp), minissatélites (dezenas de bp) ou
satélites (centenas de bp). Entretanto parece que os satélites sdo melhor distinguidos através
da formacdo de matrizes mais longas (dezenas de kilobases para megabases) concentradas em
relativamente poucos locos genémicos, enquanto matrizes de micro e minisatélite sdo muito

mais curtas e espalhadas pelo genoma (Novék et al. 2017).

- DNA transposons: ET da classe Il presentes em baixa a moderadas copias no genoma
vegetal e sdo caracterizados, em alguns casos, pelas suas repeticdes terminais invertidos
(TIRs) de comprimento variavel. Sdo conhecidos como ET de "corte e cola" porque replicam-
se através de um intermediario de DNA cortado durante a transposi¢do (Wicker et al. 2007).
Esses transposons podem aumentar seus numeros transpondo durante a replicagdo
cromossdmica de uma posicdo que ja foi replicada para outra onde a forquilha de replicacdo

ainda nao passou.

- Elementos transponiveis (ETs): sdo pequenas sequéncias repetidas que ndo contém
genes com aparente importancia para a sobrevivéncia imediata do organismo. Em vez disso,
eles contém apenas informacg6es genéticas suficientes para produzir copias de si mesmas e/ou
movimentar-se no genoma.

Sua classificagdo encontra-se baseada na presenga ou auséncia de um intermediario de
transposicdo de RNA ou DNA. Transposicdo via RNA para retrotransposon classe | e via

DNA para transposons classe 1l, cada classe também é subdividida em varias ordens,
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superfamilias e familias (Fig. 2). O mecanismo de transposicdo da classe | € comumente

chamado " copiar e colar” e o da classe Il, "cortar e colar" (Wicker et al. 2007).

Classification Structure Occurrence
Order Superfamily

Class | (retrotransposons)

LTR Copia —>» GAG AP INT RT RH p—3 PM,FEO
Gypsy —>»{ GAG AP RT RH INT =3 PM,FO
Bel-Pao =3 GAG AP RT RH INT =i M
Retrovirus =3 GAG AP RT RH INT ENV j=—eip M
ERV = GAG AP RT RH INT ENV P> M

DIRS DIRS »—{ GAG AP _RT RH YR = PM,F O
Ngaro == GAG AP RT RH YR I ooy M, F
VIPER —> GAG__AP__RT__RH_ YR jee e~ ¢}

PlE Penelope RT ___EN PM,FO

LINE R2 RT__ EN M
RTE - APE___RT — M
Jockey —{__ORR M APE RT = M
L1 —{ ORA__ M APE RT PM,FO
| —_ ORFI ! APE RT RH = P M,F

SINE tRNA PM,F
7SL P M, F
5S SELES M, O

Class Il (DNA transposons) - Subclass 1

TIR Tc1-Mariner PM,FO
hAT PM,FO
Mutator PM,FO
Merlin M, O
Transib M, F
P PM
PiggyBac M, O
PIF-Harbinger »—  Tase* = ORF2 | PM,FO
CACTA Pt Tase = ORF2  Pe—< PM,F

Crypton Crypton F

Class Il (DNA transposons) - Subclass 2

Helitron Helitron —_ RPA b ie{ Y2 HEL = PM,F
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Figura 2. Sistema de classificagdo proposto por Wicker et al. (2007) para elementos transponiveis (ETs). A
classificacdo é hierarquica e divide os ETs em duas classes principais com base na presenca ou auséncia de RNA
como intermediario de transposicdo. Eles sdo subdivididos em subclasses, ordens e superfamilias. Dirs,
sequéncia de repeticdo intermediaria de dictyostelium; LIiNE, elemento nuclear intercalado hd muito tempo;
LTR, repeticdo terminal longa; PLE, elementos do tipo Penélope; SINE, elemento nuclear intercalado curto;
TIR, repeticao terminal invertida. P, Plantas; M, Metazoarios; F, Fungos e O, Outros.
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- FISH: A hibridagdo in situ fluorescente (do inglés FISH) envolve uma ligagcdo ndo
covalente de uma determinada sequéncia de DNA de fita simples ou RNA, denominada
sonda, com uma sequéncia de nucleotideos complementar situada na célula afixado a uma
lamina (Fig. 3) (Brasileiro-Vidal e Guerra 2002). A sonda pode ser detectada direta ou
indiretamente por causa de uma etiqueta fluorescente que permite a visualizagdo com

microscopia de fluorescéncia (Birchler e Danilova 2016).
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Figura 3. Esquema simplificado da técnica de hibridiza¢do in situ fluorescente tomada de Brasileiro-Vidal e
Guerra (2002). (a) A sequéncia de DNA a ser usada como sonda deve ser isolada e marcada. (b) paralelamente,
devem ser preparadas laminas com cromossomos espalhados. (c, d, €) posteriormente, os DNAs da sonda e dos
cromossomos devem ser desnaturados e colocados em contato para que ocorra a hibridizagdo in situ. (f, g) A
localizagdo da sonda é feita por uma molécula reconhecedora ligada a um fluorocromo e observada sob
microscopia de fluorescéncia.

- Genome skimming: termo empregado por Straub et al. (2012) como uma maneira de
descrever o sequenciamento superficial e aleatério do DNA gendmico, que resulta em uma

caracterizacdo de uma pequena porcentagem da fracdo de alta copia do genoma (plastoma,

mitogenoma e repeatoma).



117

- Heterocromatina (HC): Heitz (1928) descreveu a heterocromatina como a fragdo
gendmica mais compacta, mantendo altos niveis de condensacdo ao longo do ciclo celular.
Essas regides densamente compactadas no ndcleo sdo quase exclusivamente compostas por
DNA repetitivo (Avramova, 2002), que também podem ser organizadas em pequenas ilhas
heterocromaticas ndo detectaveis por analise citogenética classica (Weichenhan et al. 1998).
A HC é principalmente enriquecida nas regiGes centromérica e telomérica dos cromossomos,
dependendo da espécie, e compde-se frequentemente por DNA satélite, retrotransposons e/ou
sequéncias de DNA ribossémico (Lamo et al. 2016).

- LTR-retrotransposons: ET de classe | que se caracteriza por ter repeticdo terminal
longa (do inglés LTR) nas duas extremidades do elemento, e isso pode ser usado para sua
deteccdo e caracterizacdo. Eles sdo o maior e mais diversificado grupo de ETs presentes nos
eucariotos e particularmente abundantes em genomas vegetais. Este tipo de retrotransposons
replicam-se através de um intermediario de RNA e uma transcriptase reversa para a
transposicdo (mecanismo de copiar e colar), gerando novas copias de elementos que, apos a

integracdo, aumentam o tamanho do genoma do hospedeiro (Neumann et al. 2019).

- NGS: sequenciamento de proxima geracdo (do inglés NGS), é uma metodologia de
sequenciamento de DNA paralelo que permite experimentos a escala do genoma completo. As
vantagens das estratégias de segunda geracdo ou de matriz ciclica, incluem: construcdo e
amplificacdo in vitro de uma biblioteca de sequenciamento, sequenciamento baseado em
matriz que permite um grau de paralelismo maior e 0 os arrays podem ser manipulados por
enzimas por um Unico volume de reagente, economizando na obtencdo das sequencias
(Shendure e Ji 2008).

- PCMs: os métodos filogenéticos comparativos (do inglés PCMs) foram desenvolvidos
inicialmente na década de 1980, e usa informagdes sobre a filogenia do grupo para testar
hipdteses evolutivas em uma analise comparativa (Felsenstein 1985; Grafen 1989). Desde
entdo, os PCMs foram estendidos para investigar os padrdes e 0s processos evolutivos das
espécies (Pennell e Harmon 2013), e incluem métodos para investigar fatores de
diversificacdo (Maddison et al. 2007), tempo e modo da evolucdo das caracteristicas

(O’Meara 2012) e modelos de especiagdo e extingao.
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- PICs: o método de contrastes independentes filogenéticos (do inglés PICs). Usa
informacdes filogenéticas para explicar o fato de que as espécies, em uma analise
comparativa, sdo relacionadas entre si e, portanto, podem compartilhar semelhancgas entre
elas, porque as herdam de seus ancestrais e ndo por causa da evolucdo independente
(Felsenstein 1985; Harvey e Paggel 1991). O método possui trés suposi¢cdes principais: (1)
que a topologia da filogenia é correta; (2) que os comprimentos dos ramos da filogenia
tenham suporte; e (3) que os tracos evoluem da maneira do modelo de movimento browniano,
um modelo simples de evolucédo de tragos em que a varia¢do dos tragos se acumula como uma

funcdo linear do tempo (Felsenstein 1985; Diaz-Uriarte e Garland 1996).

- RepeatExplorer: é um pipeline computacional projetado para identificar e caracterizar
elementos repetitivos de DNA em dados de sequenciamento de ultima geracao de genomas de
plantas e animais. Emprega clustering baseado em graficos (Novék et al. 2010) de leituras de
sequéncia para identificar elementos repetitivos e varios programas adicionais que auxiliam

na anotacdo e quantificacdo (Novak et al. 2013).

. SDTF: as florestas tropicais sazonalmente secas (do inglés SDTF). E um bioma que
abrange uma variedade de vegetacdo tropical sazonalmente seca, desde florestas deciduas de
estatura baixa ou média, até vegetacdo espinhosa de arbustos, cactos e matagal de baixa
estatura, agrupadas como floresta tropical e bosque sazonalmente secas (De Queiroz et al.
2017).

- Tamanho do genoma: referido como o valor C nas espécies, representa a quantidade
de DNA no genoma nuclear haploide ndo replicado. A quantidade de DNA ¢é frequentemente
referida como tamanho do genoma (do inglés GS), mas, estritamente falando, o tamanho do
genoma em eucariotos é a quantidade de DNA em um conjunto cromossémico bésico
(monoploide) (x). Assim, o valor C é igual ao tamanho do genoma para espécies diploides,

enguanto que para poliploides é a soma de dois ou mais genomas (Pellicer et al. 2018).



