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Resumo

O género Astrocaryum é composto por 40 espécies, a maioria de grande
utilidade pela populagdo amazonica, sendo que algumas apresentam grande
potencial para a economia brasileira. No entanto, até 0 momento ndo ha
informacGes acerca da diversidade genética e caracteristicas citogenéticas destas
espécies. O objetivo deste trabalho foi quantificar a diversidade genética de trés
espécies de Astrocaryum, e caracterizar e comparar o tipo de ndcleo interfasico,
morfologia cariotipica, padrdo de bandeamento e hibrizagéo in situ de quatro
Astrocaryum spp. Para as anélises de diversidade, o material foi coletado em trés
municipios para A. aculeatum: Belterra, Santarém e Terra Santa; e em dois para
A. murumuru — Belém e Santo Antbnio do Taua — e A. paramaca — Belém e
Ananindeua, todos pertencentes ao estado do Para, Brasil. Treze locus
microssatélites foram testados em multiplexes, dos quais oito amplificaram bem
e foram usados nas analises genéticas. Para o estudo citogenético, foram feitas as
andlises do nucleo interfasico, bandeamento cromossdémico e hibridizagdo in situ
de sequéncias 45S e 5S de rDNA, e sequéncia telomérica. O nimero médio de
alelos por loco para A. aculeatum, A. murumuru e A. paramaca foi de 2,33, 2,38
e 2,06, respectivamente. A diversidade genética (H.) variou de 0,222 para A.
aculeatum a 0,254 em A. murumuru. Ambos Fsr e AMOVA mostraram que
maior parte da diversidade genética encontra-se localizada dentro das
populagbes, mas alta diferenciacdo genética foi observada entre populagdes de
A. aculeatum. Trés locos (Aac 04, Aac06 and Aacl2) ndo estavam em equilibrio
de Hardy-Weinberg nas trés espécies, com tendéncia de excesso de heterozigotos
em populagbes de A. paramaca (Fis = -0,144). O fluxo génico foi alto nas
populagdes de A. paramaca (Nm = 19,35). Os dados cariotipicos s&o inéditos. As
quatro espécies apresentaram 2n = 30 cromossomos, mas diferencas nas
formulas cariotipicas, nimero e posicdo de bandas CMA e sitios 45S, e posicio
de sitios 5S foram observadas. Houve diferenca significativa para o
comprimento total do lote haploide, com variacdo de 43% entre o menor (A.
paramaca — 27,085 pm) e o maior valor encontrado (A. murumuru — 47,486
pm). Nossos resultados sugerem que o nivel de diversidade genética entre as
espécies é similar e a maior parte dessa diversidade é encontrada dentro das
populagbes para as trés espécies investigadas. Os dados cariol6gicos obtidos
permitem a identificagdo de espécies classificadas em diferentes subgéneros.

Palavras-chave: Diversidade genética, Fluxo génico, Cariograma, Bandeamento

cromossémico, FISH.



Abstract

The Astrocaryum genus comprises 40 species, most widely used by the Amazon
population, some with great potential to the Brazilian economy. However, to
date there is no information on the genetic diversity and cytogenetic
characteristics of these species. This work aimed assessing the level and
distribution of genetic diversity in three Astrocaryum species and to characterize
and compare the type of interphase nuclei, chromosome set for morphology,
fluorochrome banding and in situ hybridization of four Astrocaryum spp. For
genetic diversity analyses, plant material was sampled in three municipalities for
A. aculeatum: Belterra, Santarém and Terra Santa; and two for both A.
murumuru: Belém and Santo Antdnio do Taua; and A. paramaca: Belém and
Ananindeua, all in Para state, Brazil. Thirteen microsatellite loci were tested in
multiplex sets, of which eight amplified well and were used for genetic analysis.
For cytogenetic study, analyses consisting of interphase nucleus, fluorochrome
staining, and in situ hybridization using 45S and 5S rDNA probes, and telomere
sequence were carried out. Mean number of alleles per locus for A. aculeatum,
A. murumuru and A. paramaca were 2.33, 2.38 and 2.06, respectively. Genetic
diversity (H.) varied from 0.222 in A. aculeatum to 0.254 in A. murumuru. Both
Fsr and AMOVA showed most of the genetic variation is found within
populations for the three species, but high genetic differentiation among
populations were found for A. aculeatum. Loci Aac04, Aac06 and Aacl2 were
not in Hardy-Weinberg equilibrium for the three species, with populations of A.
paramaca showing a tendency for excess of heterozygotes (Fs = -0.144). Gene
flow was high for populations of A. paramaca (Nm = 19.35). Karyological data
for all species were first relate. Species showed 2n = 30 chromosomes, but
differences in the karyotypic formula, number and position of CMA" bands and
45S sites, and position of 5S rDNA sites were observed. There was significant
difference for total length of haploid set, with a 43% difference between the
smallest (A. paramaca — 27.085 pm) and the highest (A. murumuru — 47.486
pm). Our results suggest that levels of genetic diversity are similar among
species and most of the genetic diversity is found within populations for the
species evaluated. Karyological data allowed us to recognize species belonging
to different subgenera of Astrocaryum.

Key words: Genetic diversity, Gene flow, Karyogram, Chromosome banding,
FISH.
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1 INTRODUCAO

A abundancia de espécies de palmeiras no territdrio brasileiro é notoria,
sendo amplamente distribuidas em 39 géneros e 264 espécies, as quais ocorrem
em todos os ecossistemas nacionais (SOUZA E LORENZI, 2005; SCARIOT,
2015). As palmeiras pertencem a familia Arecaceae, considerada uma das
familias vegetais mais (teis para a humanidade devido a grande importancia
apresentada para as comunidades que as utilizam, fornecendo alimentos nas
mais variadas formas, além de madeira, fibras, e outros subprodutos
(CLEMENT et al., 2005; SCARIOT, 2015). Essas espécies também possuem
uma relacdo intima com a fauna e flora da regido onde ocorrem, constituindo
componente essencial na dieta de diversas espécies de aves, mamiferos, peixes e
insetos (LLERAS et al, 1983; VILLACHICA, 1996).

Em contraste com essa importancia, poucas espécies dessa familia tém
seu potencial econémico explorado, fato este refletido no baixo nimero de
espécies domesticadas (LLERAS et al, 1983; SCARIOT, 2015). Dentro deste
panorama pode-se citar o género Astrocaryum G. Mey, que é composto por cerca
de 40 espécies (KAHN, 2008), das quais pelo menos A. aculeatum G. Mey, A.
murumuru Mart. e A. vulgare Mart. sdo apontadas como espécies com potencial
econdmico e promissoras para producao de agrocombustiveis (CLEMENT et al.,
2005; LOPES et al., 2007; SCARIOT, 2015). Apesar desse potencial, suas

producdes ainda séo provenientes da exploracéo extrativista.

Todas as partes das plantas sdo utilizadas, sendo os frutos empregados
na obtencdo de alimentos e 0Oleo, as sementes utilizadas no artesanato regional,
as folhas na obtencéo de fibras e o estipe utilizado na construcdo (KAHN, 2008;
CLEMENT et al, 2005; SCARIOT, 2015). Devido ao potencial e a importancia
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apresentada por essas espécies, especialmente em um contexto regional, estudos
gue venham a contribuir para 0 conhecimento, manejo e uso sustentavel desses
recursos genéticos e, consequentemente, com a domesticacdo dos mesmos sao
de grande valia, fornecendo subsidios para o desenvolvimento de programas de
conservagdo, melhoramento genético, além de contribuirem para o incremento

da agricultura regional.

O estudo do nivel e estrutura da diversidade genética em populacdes
naturais é crucial no planejamento de estratégias de conservacdo e manejo
(LOVELESS e HAMICK, 1984), permitindo uma utilizacdo adequada do
recurso genético, evitando a extin¢do da espécie, sendo importante objeto de
pesquisas basicas e aplicadas (MONDINI et al., 2009). H& vasta literatura
abordando espécies de palmeiras, com maior enfoque no nivel de diversidade
genética (porcentagem de locos polimérficos, nimero médio de alelos por loco e
heterozigosidade) e como essa diversidade encontra-se estruturada entre e dentro
de populacdes (REIS et al., 2000; CONTE et al., 2003; MEEROW et al., 2003;
SREEKUMAR e RENUKA, 2006; BUTTOW et al., 2010; CHOO et al., 2010;
GOMES et al., 2011). Outros parametros, tais como os coeficientes de
endogamia de Wright e fluxo génico, ainda sdo pouco abordados (SHAPCOTT,
1998, 1999; ELSHIBLI e KORPELAINEN, 2008; MARTINS-CORDER et al.,
2009; SHAPCOTT et al., 2009; NAMOFF et al., 2011; SILVA et al., 2011,
GIOVINO et al., 2014; NAZARENO e REIS, 2014; OLIVEIRA et al., 2014,
MOURA et al., 2015).

A caracterizacdo citogenética também é uma atividade importante a ser
realizada, uma vez que as metodologias disponiveis nessa area auxiliam no

entendimento da evolugcdo de espécies, fornecem importantes dados para
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taxonomia e estudos de conservacdo, e auxiliando a montagem de mapas fisicos
e programas de melhoramento (BARELLA e KARSBURG, 2007; KARSBURG
e BATTISTIN, 2006; MORAES, 2007; STACE, 2000). Tais estudos envolvendo
espécies de palmeiras tém se tornado mais frequentes nas uUltimas décadas
(READ, 1965, 1966; ANUNCIACAO FILHO, 1986; ROSER, 1993, 1994, 1995,
2000; ROSER et al., 1997; OLIVEIRA et al., 2008a; OLIVEIRA et al., 2008b;
CORREA et al., 2009; OLIVEIRA, 2011; ABREU et al., 2011; GAIERO et al.,
2012; OLIVEIRA, 2012; OLIVEIRA et al., 2016). Roser (1994), em um dos
trabalhos mais significativos de citogenética de espécies da familia Arecaceae,
apresenta dados cariol6gicos para 56 taxa, abrangendo as seis subfamilias, que
incluem informag0es a respeito da estrutura dos nucleos interfasicos, do nimero
cromossdmico, além de ter realizado estudos acerca de regides especificas do
DNA, estabelecendo e comparando padrdes de bandas CMA, DAPI, C, NOR
para alguns destes taxa. No entanto, ndo ha informacdo alguma na literatura para
a maioria das espécies do género Astrocaryum, tendo sido relatado apenas o

ntmero cromossémico (2n = 30) para A. vulgare (OLIVEIRA et al., 2008a).

Nas unidades da Embrapa Amazonia Oriental e Embrapa Amapa ha
bancos ativos de germoplasma contendo representantes das trés espécies de
Astrocaryum abordadas nesse trabalho. O BAG-tucumd, sediado na Embrapa
Amazo6nia Oriental, foi originado na década de 1980 ap0s coletada realizada em
populagdes naturais de Astrocaryum vulgare em alguns municipios do estado do
Para. Coletas mais recentes foram realizadas para enriquecimento desse BAG,
gue agora encontra-se composto por outras espécies desse género (OLIVEIRA et
al., 2015). De acordo com Valls (1988), atividades de caracterizacdo, como

informacdes a respeito da variabilidade genética e caracteristicas citogenéticas
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das espécies, valorizam 0s acessos de bancos de germoplasma e permitem o uso

mais seguro dos acessos para fins de pesquisa.

Com base no exposto, o objetivo deste trabalho foi contribuir com
informacdes acerca dos niveis e distribuicdo da diversidade genética entre e
dentro de populacdes, e sobre caracteristicas citogenéticas de algumas espécies

do género Astrocaryum.

2 REFERENCIAL TEORICO

2.1. Taxonomia do género Astrocaryum G. Mey.

De acordo com a classificagdo de Cronquist (1981), o género
Astrocaryum pertence ao filo Magnoliophyta, classe Liliopsida, ordem Arecales,

familia Arecaceae e subfamilia Arecoideae.

O género Astrocaryum tem passado por muitas mudancas taxonémicas.
Conforme Kahn (2008), caracteristicas morfolédgicas, como as flores e frutos,
constituem as principais informagdes levadas em consideracdo na classificacdo
desse grupo. Dentro desse contexto, 0 autor relata que, primeiramente, Martius
dividiu este género em dois subgéneros, Acaulia e Caudescentia, separando as
espécies deste ltimo de acordo com o namero e distribuicdo de flores pistiladas
ao longo das raquilas na inflorescéncia. Esse autor também comentou que Drude
prop0s a separacdo das espécies em quatro se¢des, Munbaca, Ayri, Tucuma e
Malybo, de acordo com caracteristicas do fruto, mas criticou essa ultima se¢éo

por incluir Bactris humilis com duas espécies do género Astrocaryum. Ainda de
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acordo com Kahn (2008), anos depois, Drude sugeriu a separacdo das espécies

em dois subgéneros Munbaca e Tucuma.

Segundo Kahn (2008), o numero de flores pistiladas na base da raquila
também foi usado com o objetivo de separar adequadamente as espécies de
Astrocaryum, pelo sistemata Burret, que propds dois subgéneros:
Pleiogynanthus com duas ou mais flores pistiladas por raquilas e
Monogynanthus com apenas uma flor. No entanto, como também ocorreu para
as outras sugestdes, essa separacdo apresentava alguma inconsisténcia, como o
reconhecimento de uma das subse¢es, Hexodon, como sendo sinonimia de

outro género, Hexopetion (Kahn, 2008).

Ainda de acordo com Kahn (2008), o sistema mais eficiente na
classificagdo das espécies de Astrocaryum foi proposto por Barbosa Rodrigues
em 1903, utilizando as caracteristicas do fruto. Kahn (2008) elevou os trés
grupos propostos por Rodrigues ao nivel de subgénero e sugeriu o seguinte
sistema de classificacdo: subgénero Astrocaryum G. Mey, com duas secOes;
subgénero Munbaca Drude, com duas secles; e o subgénero Monogynanthus
Burret, com quatro secBes. As espécies A. aculeatum e A. vulgare pertencem ao
subgénero Astrocaryum, secdo Astrocaryum e subsecdo Astrocaryum. A espécie
A. paramaca estd classificada no subgénero Munbaca Drude e subsecédo
Munbacusu (Barb. Rodr.) F. Kahn. A espécie A. murumuru estd inserida no
subgénero Monogynanthus, secdo Huicungo F. Kahn e subse¢cdo Murumuru
Barb. Rodr. (Figura 1).
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Figura 1. Esquema da chave taxonémica do género Astrocaryum de acordo com

a classificacdo de Kahn (2008). As setas destacam as espécies utilizadas nesse

trabalho. Fonte: Do autor (2016).
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Outra questdo muito divergente entre as literaturas diz respeito ao
numero de espécies que representam este género, incluindo a nomenclatura das
espeécies reconhecidas (KAHN, 2008; THE PLANT LIST WEBSITE, 2016). De
acordo com o website The plant list (2016), sdo reconhecidas 38 espécies
distribuidas em vérios paises do continente americano. Kahn (2008), por sua
vez, apresenta uma taxonomia mais detalhada a respeito desse grupo, na qual sdo
reconhecidas 40 espécies distribuidas por doze paises, estando bem

representadas no Brasil, Coldmbia, Peru, Guianas e Suriname.

No Brasil o nimero de espécies reconhecidas também é contrastante de
uma literatura para outra. Segundo Leitman et al. (2013), ocorrem 21 espécies
sendo cinco endémicas. De acordo com Kahn (2008), sdo 26, sendo oito
endémicas. Somente A. murumuru possui trés variedades, A. murumuru var.
ciliatum A. J. Hend, A. murumuru var. ferrugineum A. J. Hend e A. murumuru
Mart. var. murumuru (LEITMAN et al., 2013).

2.2. Aspectos botanicos das espécies de Astrocaryum G. Mey.

Ao que tudo indica as palmeiras do género Astrocaryum sdo originarias
do continente Americano, sendo as espécies A. aculeatum G. Mey, A. murumuru
Mart., A. paramaca Mart. e A. vulgare Mart. apontadas como nativas da regido
Amazénica (LLERAS et al., 1983; SOUZA et al., 1996; LEITMAN et al.,
2013).

De forma geral, as espécies de Astrocaryum ocorrem ao longo de
ecossistemas tropicais da América do Sul e América Central. Por adaptarem-se

bem a abertas e que j& sofreram alterages antropicas, podem ser encontradas em
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varios tipos de ambiente, desde formacgbes florestais densas até regiGes de
savana (KAHN, 2008; FAO, 1987). Segundo Costa (2000), pelo fato de A.
aculeatum, conhecida como tucuma do Amazonas, tolerar solos pobres e areas

desmatadas, pode ser integrado em sistemas agroflorestais.

Segundo Kahn e Millan (1992) as palmeiras desse género sao facilmente
identificadas devido as fortes caracteristicas que apresenta. No entanto, ainda de
acordo com esses mesmos autores, 0 reconhecimento em nivel de espécie se
torna mais dificil devido a ampla variagdo morfoldgica existente, além do fato
de abranger uma grande quantidade de espécies, sendo reconhecido como o
terceiro género mais diverso na regido da Amazonia, perdendo apenas para 0s

géneros Geonoma e Bactris.

As espécies de Astrocaryum Sao perenes, monoicas e apresentam como
caracteristica marcante a presenca de espinhos ao longo de toda a planta (estipe,
folhas, inflorescéncias e em algumas nos frutos) (Figura 2), sendo esta uma das
razdes que dificulta a colheita e limita o interesse pelo cultivo dessas espécies
(KAHN, 2008; ROCHA e POTIGUARA, 2007). Estas espécies possuem ampla
variagdo morfologica para o tamanho do caule, variando de espécies que
apresentam caules aéreos de tamanho variavel até espécies acaules, que quase se
escondem entre a vegetacdo arbustiva (LORENZI et al., 2004; KAHN, 2008).
H4& variagdo também para o tipo de estipe (Figura 2), com espécies monocaules
(solitarias) e multicaules, estas dltimas formando touceiras (HENDERSON et
al., 1995; KAHN, 2008); para o formato do fruto, desde elipsoide a oval, e para
a coloracdo do fruto e de sua polpa, a variacdo vai de verde até fortemente
alaranjado (LORENZI et al., 2004; KAHN, 2008). O endocarpo pode ser

exposto quando maduro em espécies cujos frutos sdo deiscentes, como acontece



20

em A. rodriguesii (KAHN, 2008). As palmeiras desse género apresentam folhas
do tipo pinadas e o plano de distribuicdo ao longo do estipe varia dentre as
espécies, desde regularmente distribuidas em um Unico plano a irregularmente
distribuidas em planos diferentes (LORENZI et al., 2004).

As inflorescéncias sdo interfoliares (Figura 2), com ramos florais
dispostos em uma raque de tamanho variavel, nos quais as flores encontram-se
formando triades (uma flor pistilada ladeada por flores estaminadas) na porcéo
proximal, sendo que na porcdo distal s&o encontradas apenas flores estaminadas
(LORENZI et al., 2004; KAHN, 2008). O periodo de floracéo e frutificacdo é
variavel conforme a espécie e 0 ambiente em que ocorre. A. aculeatum tem seu
periodo de florescimento relatado para intervalo entre os meses de junho a
janeiro, frutificando entre fevereiro e agosto; A. murumuru, por sua vez, floresce
entre fevereiro e abril, com frutificagdo entre os meses de abril e junho; e A.
vulgare floresce de margo a junho e frutifica no periodo de novembro a abril
(RIBEIRO et al., 1999; SHANLEY e MEDINA, 2005).

A propagacdo dessas palmeiras é realizada predominantemente por meio
das sementes, com possibilidade para a propagacéo vegetativa das espécies que
perfilham, como é o caso de A. aculeatissimum (PORTELA e SANTQOS, 2011).
Das trés espécies alvo desse trabalho, apenas A. aculeatum apresenta o tipo
monocaule, sendo complicada e talvez impossivel sua propagacdo vegetativa
(RAMOS, 2008).
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Figura 2. Representacédo das principais caracteristicas morfologicas das espécies
de Astrocaryum estudadas. Visdo geral da planta, inflorescéncia, infrutescéncia e
fruto — A, E, | e M: A. aculeatum; B, F, J, N: A. murumuru; C, G, K, O: A.
paramaca; D, H, L, P: A. vulgare — respectivamente. Fonte: Google images.




22

As sementes, de forma geral, apresentam dificuldade para germinar,
devido a ocorréncia de forte dorméncia e emergéncia lenta das plantulas, outro
fator apontado por Ferreira e Gentil (2006) como razdo para 0 inexpressivo
cultivo de A. aculeatum na regido amazOnica, caracteristica esta presente
também em A. vulgare (OLIVEIRA et al., 2015) e que pode ser extrapolada para
A. murumuru e A. paramaca. Nessas espécies, 0 periodo para germinacéo pode
levar anos (SHANLEY e MEDINA, 2005). Ferreira e Gentil (2006)
desenvolveram um protocolo que envolve a remocdo do endocarpo e a
embebicdo em &gua por quinze dias para a reducdo da dorméncia e obtiveram

maior rapidez na germinacdo de A. aculeatum.

2.3. Importancia sécio-econdmica, uso e potencial de espécies de

Astrocaryum

As palmeiras do género Astrocaryum apresentam grande versatilidade
guanto ao seu uso, sendo todas as partes da planta consideradas utilizaveis, de
forma que fornecem inimeros produtos ao povo da regido de ocorréncia
(KAHN, 2008; SCARIQOT, 2015). As espécies A. aculeatum, A. murumuru e A.
vulgare, em especial, representam importantes recursos vegetais na regido
amazonica, sendo empregadas de véarias formas pela populacdo local
(CAVALCANTE, 1991; KAHN, 2008). Na literatura faltam informacgfes a

respeito da espécie A. paramaca.

Os frutos sdo bem apreciados na culindria regional podendo ser
consumidos na forma in natura, bem como se pode extrair a polpa para fazer
sucos, doces e sorvetes (CLEMENT et al., 2005; SHANLEY e MEDINA, 2005;
KAHN, 2008; SCARIOT, 2015). O mesocarpo dos frutos € rico em pré-vitamina
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A. A espécie A. aculeatum apresenta 0 mesocarpo mais adocicado das espécies
supracitadas, com expressiva participacdo no mercado regional, especialmente
no estado do Amazonas, sendo utilizado no preparo de diversas receitas, como
por exemplo, pizzas, hambuirgueres, tapioca, dentre outros (LORENZI et al.,
2004; SHANLEY e MEDINA, 2005; FERREIRA e GENTIL, 2006; KAHN,
2008). Os frutos de A. vulgare e A. murumuru sdao muito utilizados para
alimentar a fauna, constituindo importante fonte de alimento para macacos,
esquilos, caititus e queixadas (LORENZI et al., 2004; SHANLEY e MEDINA,
2005). As quatro espécies, assim como muitas outras palmeiras sdo consideradas
espécies-chave no ambiente onde ocorrem por fornecerem frutos ao longo do
ano para a fauna (DRANSFIELD et al., 2008; SCARIOT, 2015).

As sementes dessas espécies sdo utilizadas como matérias primas para a
confecgdo de anéis, brincos e colares (SHANLEY e MEDINA, 2005). Segundo
KAHN (2008), o liquido do endosperma de A. aculeatum é usado como colirio e
o endocarpo utilizado como vasilha por indios Xamas para servir porcles a
doentes, e também em jogos por criancas no estado do Amazonas. A partir do
mesocarpo e do endocarpo podem também ser obtidos 6leos vegetais ricos em
acidos graxos do tipo oleico e laurico, respectivamente, que tém aumentado o
interesse na pesquisa dessas espécies (SCARIOT, 2015). Esses 6leos tém sido
utilizados na producdo de cosméticos e recentemente, no caso da espécie A.
murumuru, e devido a sua qualidade, A. aculeatum e A. vulgare vém sendo
apontadas como matérias primas promissoras para producdo de
agrocombustiveis (CLEMENT et al., 2005; KAHN, 2008; SCARIOT, 2015).

Dados a respeito da producdo dessas trés espécies indicam que uma

palmeira tipica de A. vulgare chega a produzir 50 kg de frutos, distribuidos em
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aproximadamente cinco cachos, que é a producdo média por planta anualmente
(SHANLEY e MEDINA, 2005); a espécie A. murumuru segundo relatos
encontrados por Bezerra (2008), chega a produzir cerca de cinco cachos ao ano,
com média de 8,81 kg de fruto/cacho. Dados de producdo para A. aculeatum
apontam um rendimento, por hectare na safra, de cerca de 117 sacas de 45kg
(contendo aproximadamente 900 frutos) (MACEDO et al., 2015). Vale ressaltar,
no entanto, que a exploragdo de frutos dessas espécies é baseada quase que
totalmente no extrativismo. Pelo exposto se percebe que a producgdo de frutos é
expressiva sem que as espécies tenham sido ao menos domesticadas, 0 que

demonstra o potencial para 0 melhoramento genético.

As folhas dessas palmeiras sdo utilizadas para obtencgdo de fibras, sendo
que as de A. aculeatum e A. vulgare sdo comumente utilizadas na confecgdo de
cestas, redes para dormir, bolsas e redes de pesca (KAHN, 2008; SCARIOT,
2015). A espécie A. murumuru foi apontada por Rocha e Potiguara (2007) como
potencial para uso na industria de papel, mas necessita de estudos de resisténcias
fisico-mecanicas para a consolidacdo deste diagnostico. Os estipes de algumas
espécies, como A. aculeatum e A. murumuru, sdo reconhecidos como tendo boa
durabilidade e apresentam resisténcia, apodrecendo com dificuldade, e por isso
sdo indicados como esteios na construgdo de casas. As raizes de A. vulgare sdo
cozidas e usadas por indios Palikur, os quais asseguram a eficacia contra
furunculoses (KAHN, 2008). Dos estipes também se pode extrair palmito, e de
acordo com Balslev et al. (2008) extratos do palmito de algumas espécies sdo

usados como remédio para a cura de hepatites e dores nas costas.
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2.4. Diversidade genética e os marcadores moleculares

Antes do advento dos marcadores moleculares, o0s estudos de
diversidade genética limitavam-se a analise de caracteres quantitativos, que do
ponto de vista da genética de populacdes, possuem importantes inconvenientes
(HAMRICK et al., 1992). Primeiramente, a analise desse tipo de caracteristica
impossibilita que os niveis de diversidade genética sejam estimados diretamente
de uma populagdo natural, uma vez que 0s caracteres quantitativos sofrem
influéncia ambiental. Outra limitagdo vem do fato de muitos caracteres
morfoldgicos possuirem herancga poligénica, que impede a estimativa de medidas
de diversidade como porcentagem de locus polimdrficos e heterozigosidade.
Além do mais, muitos caracteres quantitativos sdo dependentes de determinada
fase de desenvolvimento para serem expressos (HAMRICK et al., 1992).

O conhecimento do nivel e distribuicdo da diversidade genética em
populagdes de uma determinada espécie é crucial no planejamento de estratégias
de conservacdo e manejo (LOVELESS e HAMICK, 1984), permitindo uma
utilizacdo adequada do recurso genético, sendo importante objeto de pesquisas
basicas e aplicadas (MONDINI et al., 2009). Grande avan¢o nessa area foi
conquistado com o advento de técnicas eletroforéticas (uso de isoenzimas) que
possibilitaram a estimagdo diretamente em populagdes naturais de medidas de
diversidade genética entre e dentro de populacbes (HAMRICK et al., 1992;
MONDINI et al., 2009). A quantidade de dados disponiveis para espécies
vegetais depois do surgimento dessa metodologia permitiu a descoberta de
importantes correlacBes entre caracteristicas ecoldgicas, como distribuicdo

geogréfica, sistema de acasalamento, tipo de polinizacdo e dispersdo, entre
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outros com estruturacdo da diversidade genética entre e dentro de populacGes
(LOVELESS e HAMRICK, 1984; HAMRICK et al., 1992).

O desenvolvimento de marcadores moleculares trouxe avango ainda
maior para estudos de diversidade genética, uma vez que preencheram as
limitacOes que as técnicas eletroforéticas apresentavam, como a relativa pouca
guantidade de marcadores enzimaticos disponiveis por espécie (cerca de 30) e a
baixa cobertura do genoma, por serem restritos a parte que se expressa
(MONDINI et al., 2009). Os marcadores moleculares, por outro lado, séo
aplicaveis a qualquer regido do genoma, génica e intergénica, permitindo a
deteccdo de polimorfismos que ndo produzem efeito fenotipico. Tal como as
isoenzimas, ndo sofrem influéncia ambiental e nem possuem efeito epistatico e
pleiotropico (MONDINI et al., 2009).

2.4.1.Estudos de diversidade genética em espécies de palmeiras

A literatura disponivel acerca da diversidade genética em populagcfes de
espécies de palmeiras tem aumentado nas Ultimas décadas. Estudos com
marcadores moleculares do tipo dominante, como AFLP (Amplified Fragment
Length Polymorphism) e RAPD (Randomly Amplified Polymorphic DNA), ndo
permitem a estimativa de muitos parametros de genética de populagdes por ndo
conseguirem diferenciar genotipos homozigotos (A/A) e heterozigotos (A/-), e
portanto limitam-se a informar o nivel de distribuicdo genética entre e dentro de
populagdes de palmeiras, como por exemplo o trabalho desenvolvido por
Sreeumar e Renuka (2006) com a espécie Calamus thwaitesii Becc., no qual
verificaram que 70,79% da variacdo genética encontrava-se dentro das oito

populagdes investigadas.
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Os trabalhos mais expressivos na area envolvendo espécies da familia
Arecaceae utilizam técnicas eletroforéticas (isoenzimas ou alozimas) e
marcadores microssatélites. A maioria desses estudos tem focado no nivel de
diversidade genética e como essa diversidade encontra-se estruturada entre e
dentro de populagdes. Altos niveis de heterozigosidade tém sido encontrados em
populagdes de palmeiras, como por exemplo os estudos analisando a diversidade
em populagdes de Astrocaryum aculeatum (RAMOS et al., 2012; 2016),
Astrocaryum jauari (OLIVEIRA et al., 2014), Cocos nucifera (PERERA et al.,
2000), Euterpe edulis (GAIOTTO et al., 2003; CONTE et al., 2008), Geonoma
schottiana (SILVA et al., 2011), Mauritia flexuosa (FEDERMAN et al., 2014)
Oenocarpus bataua (OTTEWELL et al., 2012), Phoenix dactylifera (ELSHIBLI
e KORPELAINEN, 2008), em que estimativas de heterozigosidade observada
foram superiores a 0,5. Estudos onde foram encontrados baixos niveis de
heterozigosidade (H, < 0.3) geralmente estdo associados a espécies de palmeira
com distribuicdo mais restrita ou em risco de extingdo, como por exemplo
trabalhos desenvolvidos com populacGes de Acrocomia emensis (NEIVA et al.,
2016), Coccothrinax jimenezii (JESTROW et al., 2016) e Livistona carinensis
(SHAPCOTT et al., 2009).

Outros pardmetros populacionais, como os coeficientes de endogamia de
Wright e fluxo génico também tem sido investigados. De forma geral, as
estimativas de Fst, que indica o nivel de diferenciacdo genética entre
populacdes, nas espécies de palmeiras estudadas sdo baixas, indicando dessa
forma que a maior parte da diversidade genética € encontrada dentro das
populagdes (SHAPCOTT, 1999; ELSHIBLI e KORPELAINEN, 2008;
NAMOFF et al., 2011; GIOVINO et al., 2014; OLIVEIRA et al., 2014;
PENALOZA-RAMIREZ et al., 2016; NEIVA et al., 2016), fato este esperado
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para espécies com caracteristicas ecoldgicas e habito de vida similares aos das
palmeiras (HAMRICK et al., 1992). As estimativas de endogamia por
acasalamento de individuos aparentendados, Fs, apresenta ampla variacdo entre
as espécies de palmeiras estudadas (SHAPCOTT, 1999; CONTE et al., 2003,
2008; ELSHIBLI e KORPELAINEN, 2008; MARTINS-CORDER et al., 2009;
SHAPCOTT et al., 2009; NAMOFF et al.,, 2011; SILVA et al., 2011;
OTTEWELL et al., 2012; NAZARENO e REIS 2014; OLIVEIRA et al., 2014;
JESTROW et al., 2016; NEIVA et al., 2016; PENALOZA-RAMIREZ et al.,
2016; RAMOS et al., 2016), sendo essa variacdo provavelmente devido a
distribuicdo espacial dos individuos nas populacbes e abundancia de
polinizadores. As estimativas de fluxo génico histérico, Nm, a partir da migragédo
de sementes e grdos de pdlen encontradas em espécies de palmeiras tem sido
moderadas, inferior a 10 (SHAPCOTT, 1998; MARTINS-CORDER et al., 2009;
SHAPCOTT et al., 2009; PENALOZA-RAMIREZ et al., 2016; RAMOS et al.,
2016), mas suficientes para manter baixos niveis de diferenciacdo genética entre

populagdes.

Em geral, estudos com marcadores microssatélites tém encontrado
maior porcentagem de polimorfismo, nimero médio de alelos por locus e
estimativas de heterozigosidades esperada e observada (CONTE et al., 2008;
ELSHIBLI e KORPELAINEN, 2008; CHOO et al., 2010; NAMOFF et al.,
2011) quando comparados a resultados apresentados por estudos com
marcadores enzimaticos (SOSA et al., 1998; CONTE et al., 2003; MARTINS-
CORDER et al., 2009), o que era esperado uma vez que esse tipo de marcador
sofre selecdo neutra, permitindo o acimulo de mutacGes sem alterar fendtipo
(MONDINI et al., 2009).
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Uma tendéncia interessante apontada em alguns estudos é a sele¢do a
favor de individuos heterozigotos. Conte et al. (2003), estudando a diversidade
genética e recrutamento em populacBes de Euterpe edulis Mart., observaram
mudanca no sentido em que a populacdo se desviava do equilibrio de Hardy-
Weinberg (EHW), com tendéncia de aumento na frequéncia de heterozigotos
através dos cinco estadios de vida analisados. Lanes et al. (2016), analisando o
sistema de acasalamento e composi¢do genética na espécie Acrocomia aculeata,
também encontraram aumento de heterozigosidade em individuos adultos, e
sugeriram a ocorréncia de selecdo contra homozigotos. A mesma tendéncia foi
encontrada para espécie Phoenix dactylifera L. (ELSHIBLI e KORPELAINEN,
2008) e em outro estudo conduzido com a espécie E. edulis (REIS et al., 2000).
Conte et al. (2003) sugeriram a ocorréncia de mecanismos de depressdo por
endogamia para explicar a baixa adaptabilidade de gendtipos homozigotos. No
entanto, Shapcott (1999), avaliando o nivel de diversidade genética em cinco
espécies do género Pinanga detectou valores significativamente altos de
endogamia para todas as espécies, de forma que a quantidade observada de
homozigotos nas populagbes encontrava-se muito superior ao esperado pelo
EHW. Segundo o autor, como as estimativas de fluxo génico ndo foram baixas e
o nivel de diferenciacdo genética entre popula¢fes ndo chegou a 30%, o alto
nivel de endogamia deve ser explicado pela ocorréncia de mecanismos de auto-
compatibilidade. Na familia Arecaceae ha espécies monoicas, didicas e
hermafroditas e pouco se sabe sobre a ocorréncia de auto-compatibilidade ou
mecanismos de auto-incompatibilidade. No género Astrocaryum, por exemplo,
existe apenas um trabalho desenvolvido na década de 1980 (Burquez et al.,
1987), no qual as inflorescéncias autofecundadas ndo produziram frutos,

confirmando a presenca de auto-incompatibilidade.
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Apesar da vasta literatura disponivel, até o presente momento, ndo ha
informacGes acerca da diversidade genética em populagcfes de A. murumuru, A.

paramaca e A. vulgare.

2.5. Estudos citogenéticos na familia Arecaceae

As anélises citogenéticas fornecem informagdes que podem ter grande
utilidade na diferenciagdo de taxa relacionados. O ndmero, assim como a
morfometria dos cromossomos sd0 caracteristicas amplamente usadas em
estudos de citotaxonomia, auxiliando na delimitagdo taxonémica mais clara de
espécies de grupos complexos, principalmente onde as caracteristicas fenotipicas
ndo sdo suficientes para discrimind-los (STACE, 2000; ORTOLANI et al.,
2007). Juntamente com outras caracteristicas citologicas, possibilitam estudos
evolutivos de um determinado grupo, por meio da compreensdo das variagdes
genéticas envolvidas na diferenciagdo destes taxa (ROSER, 1994; 1995).
Estudos cariotipicos sdo também de grande valia para a caracterizagdo de bancos
de germoplasma, assim como para estudos de conservacGes de espécies
ameacadas de extincdo, e para 0 melhoramento vegetal (AULER, BATTISTIN e
REIS, 2006; KARSBURG e BATTISTIN, 2006).

Embora ja existam abordagens citogenéticas mais sofisticadas, que
permitem a localizacdo de regides especificas no genoma dos organismos, como
0s bandeamentos DAPI (4’-6-diamidino-2-fenilindol) e CMA (cromomicina As),
além das hibridizagdes FISH (Hibridizacdo in situ fluorescente) e GISH
(Hibridizacdo in situ genémica), as metodologias classicas, como o estudo de
cariétipo com coloracdo convencional e bandeamentos ndo fluorescentes,

continuam sendo de grande relevancia, visto que para muitas espécies,
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especialmente as nativas como é o caso das espécies do género Astrocaryum,
ndo se tem informacdo nem do ndmero de cromossomos (EDER-SILVA et al.,
2007).

Informagdes citogenéticas para espécies da familia Arecaceae tém
aumentado desde a década de 1990, podendo ser encontrados estudos que
discutem a evolugdo e tendéncias de caracteristicas citologicas para espécies
dessa familia (ROSER, 1993, 1994, 1997; CASTILHO et al., 2000; OLIVEIRA
et al., 2008a; OLIVEIRA et al., 2008b; CORREA et al., 2009; ABREU et al.,
2011; GAIERO et al., 2012; OLIVEIRA, 2012; OLIVEIRA et al., 2016).

2.5.1.NUmero cromossdmico

Um dos trabalhos de maior importancia para a familia Arecaceae,
fornecendo informagGes a respeito do nimero de cromossomos para 56 taxa,
incluindo todas as cinco subfamilias de Arecaceae, foi realizado por Roser
(1994). Neste trabalho o autor encontrou variagdo para 0 nimero cromossémico
de 2n = 26 a 2n = 36, sendo que até o presente momento ndo houve relato para
nimero cromossdmico diferente dessa faixa. Uma variacdo significativa ja era
esperada, uma vez que essa familia compreende grande nimero de espécies,
com forte variagdo morfolégica e ampla distribuicdo ecogeografica (LLERAS et
al., 1983; ROSER, 1995; VILLACHICA et al., 1996).

De acordo com Roser (1993; 1994; 1995), o nimero cromossdmico
2n=36 é considerado o mais basal. Este nUmero é comumente encontrado em
grupos que apresentam caracteristicas mais primitivas, como flores
hermafroditas, com carpelos livres (apocarpia), inflorescéncias e folhas pouco

especializadas, entre outras, como acontece na subfamilia Coryphoideae, onde
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cerca de 90% dos géneros apresentam 2n=36, prevalecendo também em
Phytelephantoideae. No entanto, o restante das subfamilias, como por exemplo,
Arecoideae, que mostram caracteristicas morfoldgicas mais especializadas,
como a distribuicdo de flores em triades (uma flor pistilada ladeada por duas
estaminadas), esse nimero é restrito a alguns géneros, provavelmente mais

primitivos.

Trabalhos envolvendo espécies da subfamilia Arecoideae, pouco
investigada nos trabalhos de Rdser, tém confirmado suas hipoteses (ROSER,
1993; 1994). Oliveira et al. (2016) ao estudar a citogenética de trés espécies do
género Euterpe, E. edulis, E. oleracea e E. precatoria, e Oliveira (2012), em um
trabalho comparativo de andlises citogenéticas entre cinco espécies do género
Oenocarpus, O. bacaba, O. bataua, O. distichus, O. mapora e O. minor,
encontraram 0 mesmo numero cromossdémico, 2n=36, mas diferengas entre as
espécies congéneras foram observadas quanto a morfologia e os pares portadores
de satélite. Corréa et al. (2009) estudando aspectos carioldgicos de cinco
espécies do género Butia, verificaram que além de todas apresentarem numero
somatico, 2n=32 cromossomos, elas ndo diferiram muito quanto a morfologia.
Os géneros Euterpe e Oenocarpus pertencem a mesma subtribo, Euterpeinae
que, de acordo com Rdéser (1995), corresponde ao grupo onde o numero
cromossdmico 2n=36 é bem mais documentado, porém ndo sendo muito

frequente para outros grupos da subfamilia Arecoideae.

A constancia no nimero cromossdémico entre espécies de um mesmo
genéro ¢ fato comum em espécies de palmeiras (ROSER, 1994, 1995;
OLIVEIRA, 2012; CORREA et al., 2009; OLIVEIRA et al. 2016), podendo

muitas vezes manter-se constante em niveis taxonémicos mais elevados, como
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tribos e até mesmo subfamilia (Roser, 1994). Apesar de ndo muito comuns
algumas excecdes ja foram relatadas. Em um estudo sobre a comparacdo
intersexual de quatro espécies de do género Chamaedorea, Cepeda-Cornejo et al.
(2012) encontraram 2n = 32 para C. tepejilote e C. alternans, e 2n = 26 para C.
pinnatifrons e C. ernesti-augusti. Variagdes para 0 numero de cromossomos
entre espécies congéneras também ja foi observado em Ravenea com 2n = 30 e
32 (ROSER et al., 1997), Calamus com 2n = 26 e 28, e Raphia com 2n = 28 e
32 (ROSER, 1994; 2000).

O numero cromossémico 2n=36 também sugere que 0 ndmero béasico
original dessa familia seja x=18 (ROSER, 1995). No entanto, de acordo com
Goldblatt (1980) qualquer espécie que apresente numero basico maior que x=9
deve ter eventos de poliploidia ao longo de sua histéria evolutiva e, portanto,
todas as espécies de palmeiras devem compartilhar um ancestral poliploide.
Faltam, entretanto, estudos que suportem essa teoria. Dessa forma, atualmente se
considera que existam apenas quatro casos de poliploidia em palmeiras, todos
relatados para a tribo Cocoeae, pertecente a subfamilia Arecoideae, sendo que
para 0 género Voanioala foi relatado o maior nivel de poliploidia, cerca de 38

vezes 0 nimero bésico, com 2n=606 + 3.

As mudancas no numero de cromossomos indicam uma tendéncia
evolutiva de reducdo ndo havendo indicios quaisquer de que esta tendéncia tenha
sido revertida para qualquer um dos grupos. Em um estudo comparativo entre
trés géneros proximamente relacionados de Corypheae: Livistoninae, Livistona
(2n=36), Johannesteijsmania (2n=34) e Licuala (2n=28), Rdser (1995) verificou
significativa reducdo do nimero cromossdmico e mudangas na morfologia no

sentido de diminuicdo da simetria com reducdo da quantidade de cromossomos
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metacéntricos, que, no entanto, ndo foram acompanhadas por reducédo
proporcional da quantidade 2C DNA e nem da area cromossémica. Na verdade,
0 autor observou um acréscimo na média de quantidade de DNA e na area por
cromossomo. [Essas observacBes indicam que a reducdo do numero
cromossdmico, pelo menos para esse grupo, ndo foi devido a eventos de
aneuploidia ou fusdes céntricas, sendo mais provavelmente resultante de
inversbes pericéntricas e/ou translocagdes reciprocas envolvendo segmentos

cromossdmicos desiguais (ROSER, 1995).
2.5.2.Caracteristicas do nucleo interfasico e padrao de bandeamento

A cromatina no ndcleo interfasico é constituida basicamente por
eucromatina, que pode estar na forma difusa ou condensada, e pela
heterocromatina. A proporgdo diferenciada de eucromatina condensada de
espécie para espécie, possibilita a classificacdo do ndcleo interfasico em trés
tipos distintos: reticulado, semi reticulado e arreticulado (GUERRA, 1984).
Segundo 0 mesmo autor, estudos detalhados acerca da organizacao da cromatina
no nucleo interfasico podem se constituir em excelente indicador de alteracdes

cariotipicas.

Os dados disponiveis na literatura apontam ampla diversidade para a
organizagdo da cromatina no ndcleo interfasico de espécies de palmeiras
(ROSER, 1993; 1994; OLIVEIRA, 2011; GESTEIRA et al., 2012), havendo

ocorréncia dos trés tipos propostos por Guerra (1984).

De acordo com Roser (1994) parece que ha certa correlacdo entre o
tamanho cromossdémico e o tipo de ndcleo interfasico em espécies de palmeiras,

onde espécies com cromossomos maiores tendem a apresentar nucleo do tipo
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reticulado, e espécies com cromossomos menores, nucleo do tipo semi-
reticulado a arreticulado. Espécies da subtribo Thrinacinae, que possuem
grandes cromossomos e CTLH de cerca de 70 um, apresentam frequentemente
nucleo interfasico denso, do tipo reticulado, caracterizado pela presenca de 15-
25 cromocentros bem corados e de formato irregular (ROSER, 1993; 1994). Em
estudos citogenéticos de trés espécies de Euterpe (E. edulis, E. oleracea e E.
precatoria) foram verificados CTLH de aproximadamente 50 um e nucleo
interfasico do tipo semi-reticulado, evidenciado pela formagdo de estruturas
cromatinicas fortemente pigmentadas (OLIVEIRA, 2011), que corroboram com
as inferéncias feitas por Roser (1994).

No entanto, Roser (1994) sugeriu que as estruturas do ndcleo interfasico
ndo sdo controladas apenas pelo tamanho cromossémico, 0 gque acarretaria uma
demanda espacial de organizagdo da cromatina, mas também que o grau de
condensagdo da eucromatina seja possivelmente influenciado e controlado pela
presenca de sequéncias de DNA pouco a moderadamente repetitivas, que
influenciariam de alguma forma a capacidade espacial de empacotamento. O
mesmo autor comenta que estudos desenvolvidos anteriormente ja mostravam
que mudancas na quantidade de DNA total entre espécies foram mais
correlacionadas com diferencas na quantidade desses DNAs do que com

diferencas na quantidade de DNA altamente repetitivo ou sequéncias génicas.

A proporcdo de eucromatina condensada e descondensada também
interfere no padréo de condensagdo dos cromossomos na préfase (mais uniforme
a assincronico), mas é sobreposto pela estrutura heterocromatica, que pode ser
visualizada por alguns bandeamentos (ROSER, 1994). O uso de técnicas de

bandeamento, que diferenciam longitudinalmente os cromossomos, permite a
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construcdo de mapas fisicos dos cromossomos de uma espécie, além de
possibilitar a identificacdo e a caracterizacdo individual destes, por meio da
quantidade e/ou posicdo das bandas nos respectivos cromossomos (MORAES,
2007). Roser (1994) observou no padrdo demonstrado pelos taxa investigados
gue 0s cromossomos de espécies de palmeiras ndo sdo predominantemente

constituidos por heterocromatina como se pensava.

A heterocromatina foi evidente em cromossomos profasicos de taxa com
ndcleo procromossomal, muitas vezes apresentando bandas DAPI®, que sdo
regibes ricas em A-T, como acontece em Coryphoideae-Licuala e
Johannesteijsmannia, ou fluorocromo neutro, como em Phytelephantoideae.
Bandas DAPI" também foram encontradas em porcdes subterminais de espécies
de Calamus ou em vérias regides cromossdmicas como acontece em Aphandra
natalia. Além disso, bandas DAPI* proximais ndo parecem ser muito raras em
palmeiras, como por exemplo em Trithrinax brasiliensis, e a ocorréncia em taxa
distantemente relacionados sugere que se trata de um evento independente
(ROSER, 1994).

Bandas CMA" constituem segmentos de DNA ricos em pares de bases
C-G. Um padrédo interessante foi encontrado na espécie Rhapis subtilis, onde
todos 0s cromossomos apresentaram bandas proximais CMA”, as quais também
reagiram positivamente com Giemsa (ROSER, 1994). Em um estudo
citogenético desenvolvido com a espécie Trithrinax campestris, Gaiero et al.
(2012) encontraram padr@es similares aos citados por Roser (1993; 1994) para
outras espécies da mesma subfamilia. A espécie apresentou 2n=36, com
cromossomos grandes, mas uma quantidade nédo usual de heterocromatina foi

encontrada, correspondendo a 39% do comprimento cromossdémico total. A
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maior parte da heterocromatina foi observada na forma de bandas DAPI,
frequentemente encontrada em regides subterminais e correspondendo 31,3% do
observado, e o restante consistiu em bandas CMA™ (GAIERO et al., 2012).

Outra caracteristica cariolégica observada nos trabalhos de Roser (1993;
1994; 1995) diz respeito aos segmentos NOR, que nos taxa analisados foram
mais comumente encontrados em dois ou quatro e, mais raramente, em seis
pares cromossémicos. Esses segmentos frequentemente estavam localizados nos
bragos curtos dos cromossomos, ocorrendo algumas vezes perto dos telémeros,
mas ha relatos de ocorréncia nos bracos longos (ROSER, 1994; OLIVEIRA,
2012; OLIVEIRA et al., 2016). Roser (1994) também sugeriu que a
variabilidade encontrada na estrutura de cromossomos-NOR indica um
envolvimento frequente destes cromossomos em mutagfes que podem resultar
em polimorfismos, como, por exemplo, na forma de pares heteromérficos, o que

parece algo frequente em palmeiras.

Apesar da quantidade de informacBes disponiveis para a familia
Arecaceae, Roser (1994) reforca que ainda faltam estudos para esclarecer se
algumas caracteristicas observadas nos bandeamentos (por exemplo, bracgos
heterocromaticos, bandas DAPI® subterminais, entre outros) sdo tipicas para

algumas unidades taxonémicas em um nivel maior.
2.5.3.Hibridizag&o in situ fluorescente (FISH)

A aplicacdo da FISH em espécies vegetais tem permitido ampliar o
nimero de marcadores cromossémicos em estudos de andlise cariotipica
comparada, além de possibilitar a localizacdo de genes ou sequéncias repetitivas

no complemento cromossémico (GUERRA, 2004).
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Em espécies de palmeiras, esse tipo de estudo ainda é raro. O primeiro
trabalho utilizando hibridizacdo in situ foi desenvolvido na espécie Elaeis
guineensis, por Castilho et al. (2000), em que 0s autores observaram a presenca
de um par de sequéncias 18S-25S e 5S de rDNA nos cromossomos 16 e 1,
respectivamente, ambas localizadas no braco curto, préximo a porcéo terminal, e
as sequéncias teloméricas foram observadas apenas nas porc¢Ges terminais dos
cromossomos. Madon et al. (2001), visando mapear as sequéncias 18S-25S, e 5S
e 18S-5.85-25S de rDNA na espécie Elaeis oleifera e no hibrido interespecifico
OxG (E. oleifera x Elaeis guineensis), respectivamente, encontraram 1 par de
sequéncias 18S-25S rDNA e 18S-5.85-25S na porcdo terminal do par
cromossdmico acrocéntrico de E. oleifera e do hibrido, respectivamente, e um
par de sequéncia 5S foi observado no maior cromossomo do complemento
haploide do hibrido. Em um trabalho com a espécie Trithrinax campestris,
Gaiero et al (2012) encontraram quatro pares de cromossomos com sitios 45S de
rDNA, 0s quais situaram-se na mesma posicio das bandas CMA", e apenas um
par portando o sitio 5S de rDNA. Juntamente com os resultados do bandeamento
DAPI/CMA os autores conseguiram identificar cada par cromossdmico de T.
campestris, possibilitando estudos de variacBes cariotipicas entre populaces,
além de estudos comparativos com espécies relacionadas (GAIERO et al.,
2012). O trabalho mais recente utilizando a metodologia de hibridizacéo in situ,
desenvolvido por Adawy et al. (2015), visou verificar a associacdo de
sequéncias de rDNA com a diferenciacdo sexual de plantas macho e fémea da
espécie Phoenix dactylifera. Os autores ndo verificaram diferencas quanto as
marcas 5S, sendo que tanto individuos machos quanto fémea apresentaram

apenas um par situado na porc¢do proximal. No entanto, as marcas 45S diferiram
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entre os individuos machos, que apresentavam trés marcas, e fémeas, com

apenas duas, todas situadas na regido terminal dos cromossomos.

Devido a pouca quantidade de informacdo disponivel para a familia
Arecaceae e dado a grande quantidade de espécies que a compde, ainda nao é
possivel propor tendéncias para nimero, posicdo das sequéncias 45S e 5S. Muito
ainda precisa ser estudado para que tendéncias evolutivas consigam ser

sugeridas para esse grupo.
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ABSTRACT. We assess the level and distribution of genetic diversity in three
species of the economically important palm genus Astrocaryum located in Para
state, in north Brazil. Samples were collected in three municipalities for A.
aculeatum: Belterra, Santarém and Terra Santa; and two for both A. murumuru:
Belém and Santo Antonio do Taud; and A. paramaca: Belém and Ananindeua.
Eight microsatellite loci amplified well and were used for genetic analysis. Mean
number of alleles per locus for A. aculeatum, A. murumuru and A. paramaca
were 2.33, 2.38 and 2.06, respectively. Genetic diversity was similar for the
three species, ranging from H, = 0.222 in A. aculeatum to H, = 0.254 in A.
murumuru. Both Fsr and AMOVA showed most of the genetic variation is found
within populations for all three species, but high genetic differentiation among
populations was found for A. aculeatum. Three loci were not in Hardy-Weinberg
equilibrium, with populations of A. paramaca showing a tendency for excess of
heterozygotes (Fis = -0.144). Gene flow was high for populations of A.
paramaca (Nm = 19.35). Our results suggest that the low genetic diversity
within populations, mirrors the genetic differentiation among populations due to
high gene flow among population. Greater geographic distances among the
three collection sites for A. aculeatum likely hampered gene flow for this
species.

Key words: Genetic diversity; Gene flow; Microsatellite markers; Amazonia
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INTRODUCTION

The palm genus Astrocaryum G. Mey. (Arecaceae) comprises 40 species
with primary distributions in tropical ecosystems of South and Central America
(Kahn, 2008). The genus is comprised of many life forms, from large woody
species, such as A. aculeatum G. Mey and A. murumuru Mart., to small
acaulescent palms, such as A. paramaca Mart. Because they produce fruits
throughout the year, like other species in the Arecaceae, Astrocaryum spp. are
considered key economic species in the environments where they occur
(Dransfield et al., 2008).

Although almost all species of Astrocaryum are used by humans,
according to Kahn (2008), only a few have real economic potential and
significant importance in local and regional trades. Of these, A. aculeatum stands
out due to its abundant fruits that are widely consumed by humans in the
Amazon region and its potential to become an important crop, especially in
North of Brazil (Clement et al., 2005; Kahn, 2008). Likewise, A. murumuru has
been suggested by Clement et al. (2005) as an important palm for the cosmetics
industry because of the high quality of its oil. In contrast with the large literature
available on these two palm species, there is not much information on A.
paramaca. However, because A. paramaca does not produce central stem, its
low stature could facilitate fruit harvest and could be useful in cross breeding

programs.

There are few areas with Astrocaryum plantations, and these only grow
A. aculeatum. Fruit harvesting of both A. aculeatum and A. murumuru is based
on exploitation of natural populations (Clement et al., 2005; Macédo et al.,

2015). Ferreira and Gentil (2006), suggest that difficulty in seed germination due
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to seed dormancy and, in the case of A. aculeatum, the inability to use vegetative
propagation, contribute to a lack of interest by farmers to develop these species
as crops. However, the absence of adequate management strategies for any
species can have a great impact on the genetic diversity of its populations and

therefore compromise its long-term survival (Booy et al., 2000).

The genetic diversity of a species can be assessed by quantifying
morphological characters and biochemical or molecular markers. Of these,
molecular markers offer numerous advantages over the other two types. First,
they are stably expressed and detectable in all tissues regardless of growth and
cell differentiation (Hamrick et al., 1992; Mondini et al., 2009). Moreover,
molecular markers are not influenced by the environment, as are morphological
traits (Hamrick et al., 1992). Importantly, microsatellites are especially good for
studies of population genetic structure because they are highly polymorphic and

allow for the final scale-resolution of population genetic parameters.

Studies of genetic diversity in palm species have been increasing in the
last decades, and in most of them level of genetic diversity was high, with
percentage of polymorphic loci around 100%, number of alleles per locus
superior to four and heterozygosity higher than 0.5 (e.g. Reis et al., 2000; Conte
et al., 2003; Meerow et al., 2003; Sreekumar and Renuka, 2006; Choo et al.,
2010; Gaiero et al., 2011; Gomes et al., 2011). Other population genetic structure
parameters, such as Wright’s inbreeding coefficient and gene flow, have shown
in general that genetic differentiation (Fst) is low, what means genetic variation
is more concentrated within rather than among populations, and gene flow
among populations is high (Elshibli and Korpelainen, 2008; Martins-Corder et
al., 2009; Shapcott et al., 2009; Namoff et al., 2011; Silva et al., 2011; Giovino
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et al., 2014; Nazareno and Reis, 2014; Oliveira et al., 2014; Moura et al., 2015).
Recently, Ramos et al. (2016) found high level of genetic diversity, mostly
within populations, for adults and offspring in populations of A. aculeatum, and
along with results for spatial genetic structure indicated short-distance seed
dispersal and moderate pollen flow. To date, there is no information regarding
the level and distribution of genetic diversity for A. murumuru and A. paramaca,
which is needed to evaluate the potential of them as potential crop species.
Here, we present molecular genetic data to evaluate the level and distribution of
genetic diversity within and among natural populations of A. aculeatum, A.
murumuru and A. paramaca.

MATERIAL AND METHODS
Study species, sampling sites and plant material

Astrocaryum aculeatum is a large palm growing up to 35 m, A.
murumuru is classified as a stemmed palm with a height up to 10 m, and A.
paramaca is an acaulescent species, (Kahn, 2008). Both A. aculeatum and A.
paramaca have single stem habit, whereas A. murumuru is multi-stemmed. All
three species are monoecious, perennial, produce fleshy fruits containing a
single seed and their inflorescences are composed of separate male and female
flowers distributed in dyads and triads (Kahn, 2008). The mating system of A.
aculeatum was classified as outcrossing (Ramos et al., 2011). To date there is no
information on the mating system of the other two species studied here. All three
species have tropical distribution with common occurrence in Brazil, Guyana
and Suriname. Astrocaryum murumuru and A. paramaca are also found in

French Guiana, while A. aculeatum occur in Bolivia, Trinidad and Venezuela
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(Kahn, 2008). In Brazil, these species are restricted to the Amazon region, in the
northern part of the country (Leitman et al., 2016). Only A. aculeatum and A.
murumuru have economic importance in the Amazon region, the first due to its
edible fruits largely consumed in Amazonas state, and the second for its oil

utilized in the national cosmetic industry (Clement et al., 2005).

We carried out sampling expeditions in three municipalities for A.
aculeatum — Belterra (2° 41° 54” South and 54° 53’ 18” West, 146m above sea),
Tapajos National Forest, in Santarém (2° 26’ 22” South and 54° 41° 55” West,
43m above sea) and Terra Santa (2° 6’ 16” South and 56° 29’ 15” West, 19m
above sea) — and two for both A. murumuru — Cotijuba Island (1° 13” 04” South
and 48° 32° 44” West, 10m above sea) in Belém and Santo Anténio do Taua (1°
9’ 9” South and 48° 7 45” West, 24m above sea) — and A. paramaca —
Experimental fields located in Belém (1° 27 18” South 48° 30’ 9” West, 6m
above sea) and Ananindeua (1° 21° 59” South and 48° 22’ 20” West, 2m above
sea) — all in Para State, Brazil (Figure 1). According to Koppen’s classification,
climate in Belterra, Santarém and Terra Santa is type Ami, Equatorial monsoon,
with minimal temperature higher than 18°C and variation of less than 5°C, and
annual precipitation of 1820 mm. The climate in Belém, Santo Ant6nio do Taua
e Ananindeua is classified as Afi, Equatorial rainforest (fully humid), differing
from the Ami only in the annual precipitation at ~2800 mm (Kottek et al., 2006).



56

56°40'18"W 5678"16"W 55°38'14"W 55”4“12“W 54‘32;10"\1\/ 487400"W 48°300"W 48°20'0"W 487100"W 48*0;0"W
L . A . A . . : ! ! :
T NP S ‘ T
) ; 3
oL
Yo &
Terra Santa . _
&

F~ 1 =L

=1 £St° Antonio do Taid 7

A ' v

1°48'16"S

2°1820"S

1°20'0"S

\.\

| RS

~Belterr,
{4

2°4824°S

L
R

1°300°s

Ameérica do Sul
Legenda
|| Limite municipal do Para
[T ] Rios principais
¥ A aculeatum
X A murumuru

A. paramaca

0 1625 325 650 975 1.300
-—— Km

T
60°0'0"W

Figure 1. Locations and geographic coordinates of sampling sites of plant material for
Astrocaryum species in Par4 state.

For the genetic diversity and population structure analyses, we collected
leaves from a minimum of 20 randomly-chosen adult individuals in each site.
Plant material was kept on ice and transported to the Laboratory of Molecular
Genetic at EMBRAPA Western Amazon, Belém, Para, where they were stored at
-20°C until DNA extraction.

DNA extraction and PCR reactions

For DNA extraction, leaves stored were cleansed in a 10% sodium
hypochlorite solution for approximately 1 min. Total genomic DNA of each

individual was extracted using ~100 mg leaf tissue following Costa and Oliveira
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(2002). Thirteen microsatellite markers developed by Ramos et al. (2012) were
tested and PCR conditions were adapted for duplex and triplex reactions (Table
1). Combinations of multiplexes are shown in Table 1. PCR mix (11 uL)
contained 10ng of total genomic DNA, 1.4X PCR buffer, MgCl, at 1.5mM, BSA
at 0.8 ug, each dNTP at 200 uM, forward and M13 labeled primer (NED, FAM
and VIC) at 0.16 uM, reverse primer at 0.32 uM, 0.4U Tag (5U/uL) and milli-Q
water to complete final volume. The fragment amplifications were performed
using the GeneAmp PCR System 9700 from Applied Biosystems and
Mastercycler Ep gradient on Eppendorf thermal cyclers. The PCR programs
were composed by two steps. The first step consisted of denaturation (68°C for 2
min and 94°C for 30 s), followed by 30 cycles (30 s at 92°C, 35 s at the primer-
combination-specific annealing temperature [Table 1], 30 s at 68°C. The second
step consisted of 15 cycles (30 s at 92°C, 30 s at 53°C, 30 s at 72°C) and a final
extension at 72°C for 30 min as suggested by Ramos et al. (2012).

After PCR reactions were completed, plates were prepared containing a
mix of 0.5 to 2 pL of three different multiplex products labelled with different
dyes, 0.2 pL Liz 500 size standard and 10 pL Hi-Di Formamide and submitted
to electrophoresis in an automated ABI 3730xI Genetic Analyzer to determine

the size of the DNA fragments obtained.



Table 1. Characterization of multiplex sets with primer combinations used for PCR reactions of Astrocaryum species.

Multiplex Locus  Repeat motif Primer sequences Ta(°C)

Multiplex 1 Aac0l  (ATCACT)2 - <FAM>CACATGGTTCCTCCTCGTTC 56
: GCGAAAGGGTATAGTCAGCG

: <FAM>CTAGACAACCCAAGAGAGGGG

: TTGGAGAGTGGATGTAGGTGC

: <VIC>GCCTCCTTTAGTTCCTGCAC 56
: AGCATCGGACTTTCCAGGT

- <VIC>AAAGGAACAACCCAAGAGGG

: TGGGGAGTGGACGTAAGTGT

: <FAM>GTCCAATTCAGCTCGGCTT 58

F

R
Aacl3 (CA) 7 F
R
F
R
F
R
F
R: TTATGCAATGGTGGTGCTGT
F
R
F
R
F
R
F
R
F

Multiplex 2 Aac03  (TCCTAC) 2
Aacll (AC) 5

Multiplex 3 Aac05 (TACGCT) 2
Aac06  (TC)19(AC)8 : <FAM>TCTGATCCATCTGGTTGTCTAA

- TGCATGGTGCTAGAGTAATCC

- <VIC>GCATTGTCATCTGCAACCAC 54

- GCAGGGGCCATAAGTCATAA

- <VIC>GGCCAGTTGTGTTGATGAAA

- TTAAGCCCCTGGTGAAAACA

- <NED>CGATTTGAGTCCGATGTG 52

:GCAGTTGTGTGTCTGGTTCT
: <NED>ACTTGTTGCTGATACGCACG

Multiplex 4 Aac04  (GT)7(GA)16
Aacld (CA)6(CG)7

(CA)11(GA)11

Multiplex 5 Aac02 (GCCATG)2

Aac07 (GT)6

58



Cont. Table 1. Characterization of multiplex sets with primer combinations used for PCR reactions of
Astrocaryum species.

R: ACCTGGGGATGATGTGTAGC

Aacl0 (Cny7 F: <NED>AGCCGTGAGTGAACTGCTTT
R: AAGCCCAAACTTCTTCCTCG
Multiplex 6 Aac09 (CT)18 F: <NED>CAAGCGCCTCCAAGGTAGAT
R: GGAAAGAGAAGCAAGGAGTGG
Aacl2  (GC)5(AC)3 F: <NED>GCTCTGTAATCTCGGCTTCCT

AAAC(AG)17  R: TCCAGTTCAAGCTCTCTCAGC

59

59
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Data analyses

For population genetic diversity analyses mean number of alleles per
locus (A), mean number of effective alleles (A.) which is the number of alleles
equally frequent needed to obtain the same level of homozygosity found for the
real population, percentage of polymorphic loci (A,), expected heterozygosity
(He), observed heterozygosity (H,) and fixation index (F) were estimated.
Estimates were obtained for each locus and means for each population and
species calculated based on the average over all loci. For population genetic
structure analysis, Wright F statistics and gene flow (Nm) were computed.
Deviation from Hardy-Weinberg equilibrium was assessed for each locus, in
each population, for each species using Chi-Square test. An analysis of
molecular variance (AMOVA) among the populations for each species was
performed with two hierarchical levels (among and within populations). A
principal coordinate analysis (PCoA) was performed among all individuals, for
each species, after conversion of the individual-by-individual genetic distance
matrix to a covariance matrix and data standardization. When applicable, a
Mantel test was conducted to estimate the correlations between genetic and
geographic distances. The above analyses were all conducted using the software
package GenAlEx v.6.501 (Peakall and Smouse, 2006, 2012).

The assignment of genotypes to genetic clusters for each species was
assessed by a Bayesian cluster analysis using Structure 2.3.3 software (Pritchard
et al. 2000). Structure identifies genetic clusters and assigns genotypes to those
clusters without a priori information on their geographical origin. Both the
admixture model and the independent allele model were run. Following a burn-

in period of 100,000 runs, ten independent runs were carried out for each value
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of K (from 1 to 7) with 100,000 repeats. The choice of the most likely number of
clusters (K) was carried out by calculating the statistics AK, which is based on
the rate of change in the log probability of the data between successive K values,
as described by Evanno et al. (2005) using Structure Harvester (Earl and von
Holdt, 2011). Among the 10 runs per K, the one with the highest maximum

likelihood was used to assign individual genotypes to clusters.

RESULTS

Genetic diversity

Eight of the thirteen primers tested produced reliable peaks allowing
their fragment sizing. Considering all three species together, most primers were
polymorphic. The most polymorphic primers, across all populations of the three
species, were Aac04, Aac06 and Aacl2 (Table 2). However, one (Aacl3) was
monomorphic across all species and two were monomorphic in some species
(Aac02 in A. aculeatum and A. murumuru; Aacll in A. paramaca). Total
number of alleles varied among species, ranging from 18 in populations of A.

paramaca to 24 for A. aculeatum.

The average number of polymorphic loci (A;), for all three species,
varied from 62.5% for A. aculeatum to 75% found for A. murumuru (Table 3).
Mean number of alleles (A) ranged from 1.75 to 2.88 and number of effective
alleles (A¢) ranged from 1.32 to 1.85, all these values found for populations 1
and 2 of A. aculeatum, respectively. When the average among populations
within species are considered, A. aculeatum and A. murumuru showed the
highest, and similar, estimates for both mean number of alleles and number of
effective alleles (Table 3).



Table 2. Comparison of number of alleles found per locus for the genetic diversity analysis of three Astrocaryum species.

Species N  Aac0l Aac02 Aac03 Aac04 Aac06 Aacll Aacl2 Aacl3 Total
A.aculeatum 80 1 1 3 7 6 2 3 1 24
A. murumuru 60 2 1 2 3 5 3 5 1 22
A. paramaca 60 2 2 2 4 3 1 3 1 18

N is the number of individuals sampled per species.

Table 3. Mean estimates of genetic diversity parameters and fixation index (F) estimated over eight loci
(standard deviation) for adult individuals from natural populations of three species of Astrocaryum.

Species/Pop N A A, A (%) He H, F (SD)
A. aculeatum
Belterra 27 2.875 1.852 62.5 0.313 0.239 0.149 (0.133)
Santarém 19 1.750 1.322 62.5 0.175 0.185 0.163 (0.194)
Terra Santa 30 2.375 1.369 62.5 0.179 0.221 -0.139 (0.083)
Mean 25.333 2.333 1.514 62.5 0.222 0.215 0.058
SD 1.013 0.322 0.159 0 0.052 0.055 0.082
A. paramaca
Belém 28.625 2.125 1.500 75 0.244 0.291 -0.123 (0.061)
Ananindeua 30 2.000 1.453 62.5 0.206 0.279 -0.154 (0.145)
Mean 29.313 2.063 1.477 68.75 0.225 0.285 -0.137

62



Cont. Table 3. Mean estimates of genetic diversity parameters and fixation index (F) estimated over eight
loci for adult individuals from natural populations of three species of Astrocaryum.

SD 0.198 0.232 0.164 6.25 0.060 0.086 0.072
A. murumuru
Cotijuba Island 27.375 2.500 1.568 75 0.239 0.178 0.132 (0.130)
St°. Ant. do Taua 30.375 2.250 1.542 75 0.269 0.272 -0.060 (0.124)
Mean 28.875 2.375 1.555 75 0.254 0.225 0.036
SD 0.576 0.287 0.182 0 0.062 0.060 0.089

N is the mean number of adult individuals used for parameters estimation; A is the mean number of alleles per locus;
A, the mean number of effective alleles; Ap is the average percertage of polymorphic loci; H, is the mean expected
heterozygosity; H, is the mean observed heterozygosity; and F is the average of fixation index (standard error for each
population) and calculated as F= 1-(H,/H,), representing the mean within-population inbreeding.
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Estimates of observed and expected heterozygosity were higher for
populations 1 of A. paramaca and A. aculeatum, respectively. The mean
observed heterozygosity (H,) and expected heterozygosity (Hc) were higher for
A. paramaca with 0.285 and A. murumuru with 0.254, respectively (Table 3).
Populations 2 and 3 of A. aculeatum, 1 and 2 of A. paramaca and population 2
of A. murumuru showed values of observed heterozygosity higher than the
expected. Fixation index (F), equivalent to Fs, varied from positive and negative
among populations, being statistically different from zero for populations 1 and
3 of A. aculeatum, populations 1 and 2 of A. paramaca and population 2 of A.
murumuru. When means for species are considered only A. paramaca showed a
negative fixation index, significantly different from zero, suggesting a tendency
for excess of heterozygotes and that other species did not statistically deviate
from Hardy-Weinberg equilibrium (Table 3).

Genetic structure and gene flow

Mean values for Wright’s F-statistics provide insight into the
distribution of genetic variation from individuals to among populations (Table
4). The mean reduction of heterozygosity within individuals in a subpopulation,
Fis, due to non-random mating. Fs is negative and statistically different from
zero only for populations of A. paramaca, indicating an excess of heterozygotes.
Our relatively low estimates of Fsr for all three species examined indicates that

populations are not differentiated genetically.

In fact, both Wright’s inbreeding coefficient and AMOVA for A.
paramaca pointed to genetic differentiation among populations of only 1%.

Astrocaryum aculeatum and A. murumuru showed higher percentages of genetic
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differentiation among populations with AMOVA (Table 4). Estimates of gene
flow (Nm) varied significantly among species, ranging from 2.57 for A.
aculeatum to 19.35 in A. paramaca, suggesting a high level of migration,
constituted of pollen and seed dispersal, for A. paramaca. The low level of gene
flow found especially for A. aculeatum helps explain the higher degree of

genetic differentiation among populations for this species (Table 4).

Table 4. Estimates of Wright’s F statistics, N,, and partitioning of genetic variation
(standard deviation) across the eight microsatellite loci for three species of Astrocaryum.

Statistic Species

A. aculeatum A. murumuru A. paramaca
Fis 0.029 (0.115) 0.033 (0.123) -0.144 (0.089)
Fir 0.107 (0.114) 0.065 (0.131) -0.130 (0.090)
Fst 0.089 (0.014) 0.053 (0.031) 0.013 (0.007)
Nm 2.569 4.446 19.351
AMOVA
Variation among pop 19% 13% 1%
Variation within pop 81% 87% 99%

Fis is the inbreeding coefficient calculated within populations; F is the overall inbreeding
coefficient relative to the total sample; Fsr is the genetic differentiation among populations; N,
estimates the proportion of migrants entering a population per generation. The results of the
AMOVA are percentages based on 999 permutations.

The Bayesian analysis on Structure 2.3.3 assigned genotypes to two
populations only (K = 2), for all three species analyzed of Astrocaryum (Figure
2). In the case of A. aculeatum (Figure 2A) the number of genetic clusters found
(K) was lower than the number of sampled populations, which suggests that
populations may reflect a common evolutionary lineage (i.e. subdivision from a
single large population) or historically high levels of gene flow. The occurrence

of genotype admixture is also noted for populations of A. murumuru and A.
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paramaca (Figure 2B and 2C, respectively), with A. paramaca individuals
sharing around 50% of their genomes. This result can be explained by the high
gene flow among populations in the genetic structure analysis for this species
(Table 4).

According to the PCoA analysis performed for A. aculeatum, the first
principal coordinate explained 72.41% of the genetic variance, and the second
principal coordinate explained 27.59%, totalizing together 100% of the genetic
variance, and population 3, Terra Santa, was more genetically divergent from the

other two populations (Figure 3).
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Figure 2. Assignment of samples of three Astrocaryum species by Structure version
2.3.3. Each individual bar represents a different genotype. A: A. aculeatum; B: A.
murumuru; C: A. paramaca.
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Figure 3. Principal coordinate analysis of the three populations of Astrocaryum

aculeatum.

The Mantel test for three populations of A. aculeatum suggests that

isolation by distance can influence the genetic divergence among the populations

sampled (Figure 4).
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Figure 4. Mantel test for correlation between genetic distance (PhiPTP) and geographic
distance (GGD) for populations of Astrocaryum aculeatum.
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The test for Hardy-Weinberg Equilibrium (HWE) suggests the
occurrence of assortative mating, especially in A. paramaca populations. The
Chi-square test values for populations of the three species studied are shown in
Table 5. Significantly deviation from HWE was found for three loci, Aac04 in
populations 1 and 2 of A. aculeatum and populations 2 of A. murumuru and A.
paramaca; Aac06 deviated from HWE in populations 1 and 2 of A. aculeatum
and in population 1 of A. murumuru and population 2 of A. paramaca; and
Aacl2 deviated from HWE in population 3 of A. aculeatum and in both

populations of A. murumuru and A. paramaca.



Table 5. Chi-square test for Hardy-Weinberg Equilibrium (HWE) in populations sampled of three

Astrocaryum species.

Species A. aculeatum A. murumuru A. paramaca

Locus  Population DF X? P DF X? P DF X? P

Aac01 1 Monomorphic 1 0.040 0.842" 1 0.159 0.690™
2 Monomorphic 1 0.502 0.479"™ 1 0.083 0.773™
3 Monomorphic - -

Aac02 1 Monomorphic Monomorphic 1 0.386  0.534™
2 Monomorphic Monomorphic Monomorphic
3 Monomorphic - -

Aac03 1 3 1673 0.643" 0.269 0.604" 0.386 0.534"
2 1 1351 0.245™ 0.894 0.344™ 0.710 0.399"
3 1 0.009 0.926" - -

Aac04 1 21 62517  0.0007 3.211 0.360"™ 3 5.885 0.117™
2 1 3951 0.0477 1 10.782 0.001” 10 13.310  0.038"
3 10  5.019 0.890" - -

Aac06 1 10 47.654 0.0007" 10 24155  0.0007" 3 6.508 0.089"
2 1 20000 0.0007 6 1.904 0.928" 1 6.467 0.011"
3 6  0.710 0.994" - -

Aacll 1 1 0778 0.378™ 0.042 0.998™ Monomorphic
2 1 0.263 0.608™ 1 0.034 0.853" Monomorphic
3 1 0.009 0.926"™ - -
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Cont. Table 5. Chi-square test for Hardy-Weinberg Equilibrium (HWE) in populations sampled of three
Astrocaryum species.

Aacl? 1 3 2.685 0.443™ 6 35.712 0.000"™" 3 8.019 0.046"
2 3 3.230 0.358™ 6 37.275 0.0007™ 3 34.269  0.0007"
3 3 25.315 0.000™" - -

For A. aculeatum — Population 1: Belterra; Population 2: Tapajos National Forest; Population 3: Terra Santa. For A.
murumuru — Population 1: llha das Ongas; Population 2: Santo Ant6nio do Taua. For A. paramaca — Population 1:
Belém; Population 2: Ananindeua. DF is the degree of freedom; X? is the chi-square estimate; P is the probability; ™
means not significantly different from HWE; * significantly different from HWE at p <0.05; " significantly different
from HWE at p <001; and ™ significantly different from HWE at p <0.001
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DISCUSSION

Number of alleles per locus found for the populations of A. aculeatum
and A. murumuru species differed from that published by Ramos et al. (2012)
(Table 6). For A. aculeatum we found more monomorphic loci while for A.
murumuru our study found more polymorphism than the previous report, likely
because our sample size was much higher. This is the first report for A.
paramaca and the number of alleles were similar to that of A. murumuru found
in our study. In addition, samples from the two studies were collected in
different states and it is worth noting that some unique alleles for some loci (e.g.
Aac01, Aac02 and Aac04) were found for A. aculeatum. The occurrence of
these private alleles and the higher level of polymorphism is to be expected
because our study included more sampling sites, greater number of

individuals/site, and a greater geographic extent sampled.

Percentage of polymorphic loci we found for the three Astrocaryum
species is lower than those reported by most other studies involving other palm
species using SSR, where all loci tested were polymorphic (Conte et al., 2008;
Elshibli and Korpelainen, 2008; Choo et al., 2010; Namoff et al., 2011; Ottewell
et al., 2012; Giovino et al., 2014; Lanes et al., 2015; Nazareno and Reis, 2014;
Moura et al., 2015). An extremely low value of polymorphism (6.17%) was
reported for Livistona carinensis, an endangered palm species (Shapcott et al.,
2009). However, given the wide geographic distribution of the palm species
investigated in our study, we would have expected higher levels of
polymorphism. Wider geographic sampling is necessary to determine species

level of polymorphism for A. aculeatum, A. murumuru and A. paramaca.



Table 6. Comparison of number of alleles and allele size per locus found for Astrocaryum species by
Ramos et al. (2012) and in the present study. Allele ranges (bp) are given in parenthesis.

Locus A. aculeatum A. murumuru A. aculeatum A. murumuru A. paramaca
Ramos et al. 2012 Present study

Aac0l 2 (332-362) 1(338) 1 (354) 2 (339-354) 2 (342-354)
Aac02 2 (282-342) 1(291) 1 (306) 1 (306) 2 (298-306)
Aac03 3 (137-167) 1(145) 3(157-181) 2 (157-162) 2 (157-162)
Aac04 6 (212-242) 4 (207-227) 7 (207-274) 3 (228-258) 4 (231-263)
Aac06 8 (132-192) 5 (142-162) 6 (141-196) 5 (134-197) 3 (143-156)
Aacll 2 (202-228) 1 (205) 2 (201-223) 3 (215-252) 1(221)
Aacl2 5 (167-181) 4 (158-178) 3 (163-195) 5 (172-205) 3 (179-195)
Aacl3 3 (182-202) 2 (182-206) 1 (204) 1 (204) 1 (204)

N 40 4 80 60 60

N is the total number of individuals sampled.
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Levels of genetic diversity (H. and H,) found for the species of
Astrocaryum presented here were also lower than most of the literature available
for other palm species using microsatellite markers, which showed a minimum
estimate for expected heterozygosity of 0.5 (Conte et al., 2008; Elshibli and
Korpelainen, 2008; Choo et al., 2010; Namoff et al., 2011; Ottewell et al., 2012;
Nazareno and Reis, 2014; Moura et al., 2015; Ramos et al., 2016). Nevertheless,
similar results for H, and H, were found for Chamaerops humilis, with mean
number of alleles equal to 3.67 and expected and observed heterozygosity equal
to 0.374 and 0.366, respectively (for Giovino et al., 2014). It is worth
mentioning that studies with other congeners of Astrocaryum (Ramos et al.,
2012, 2016; Oliveira et al., 2014) that used the same microsatellite set used here,
excluded monomorphic loci from the estimation of genetic diversity. This
automatically increased the estimates for these parameters (given the formula
used to calculate heterozygosity (H= 1— Y™, p?). Genetic diversity is
dependent on the number of alleles and the evenness of their frequencies. In fact,
Conte et al. (2003) demonstrated that considering only polymorphic loci in the
estimation of genetic diversity parameters drastically affects their values. If we
considered only polymorphic loci our H, and H, estimates would be those
presented in Table 7 what represents an increase of ~60% for A. aculeatum and

~33% for A. murumuru and A. paramaca.

Table 7. Means for number of alleles (A), effective alleles (A¢), and expected and
observed heterozygosity (H. and H,) for Astrocaryum species when only polymorphic
loci are considered.

Species A Ae H. Ho
A.aculeatum  3.13(0.39) 1.82(0.22)  0.36 (0.06)  0.34(0.07)
A.murumuru  2.83(0.27)  1.74(0.22)  0.34(0.07)  0.30(0.07)

A. paramaca 2.42 (0.23) 1.64 (0.20) 0.30 (0.07) 0.38 (0.10)
Standard deviations are showed in parenthesis.
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If the low levels of genetic diversity exhibited in the studied species are
a result of stochastic events, such as genetic drift, population bottlenecks or
inbreeding, we would expect to find a higher proportion of homozygotes with
positive values for Fis (sensu Namoff et al., 2011). However, fixation index and
Wright’s inbreeding coefficients suggests an excess of heterozygotes for A.
paramaca. Other studies conducted with palm species also found a tendency for
higher proportion of heterozygotes within populations (Conte et al., 2003;
Elshibli and Korpelainen, 2008). This could be the result of early-acting
inbreeding depression mechanisms. A study with Vaccinium corymbosum
(Ericaceae) found that heterozygosity increases due to the abortion of most self-
fertilized seeds, a post-zygotic mechanism of high inbreeding depression (Krebs
and Hancock, 1990). In a review, Husband and Schemske (1996) found general
support for the theoretical prediction that for outcrossing species inbreeding
depression tend to be expressed at early life stages. Although, there is no
information on the mating system of A. murumuru and A. paramaca, close
relatives, including A. mexicanum (Eguiarte et al., 1992) and A. aculeatum, are
outcrossing (Ramos et al., 2011), and unpublished data (Padilha de Oliveira)
indicate that A. vulgare is outcrossing as well. Given the life history, floral and
ecological traits shared by A. murumuru and A. paramaca with A. vulgare, it is

likely that they are all outcrossing.

According to our estimates of Fs; and AMOVA, most of the genetic
variation is found within populations for all three species of Astrocaryum,
following expectation for woody species (Hamrick et al., 1992). Nevertheless,
genetic differentiation among A. aculetaum populations were significantly

higher than for the other two species (Figure 1) likely explained by the greater
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distance between samples sites for A. aculetaum. Estimated gene flow for this
species was much lower than for A. murumuru and A. paramaca. Similar results
for A. aculeatum (Namoff et al., 2011) with percentage of genetic variation
within and among population of 83.96 and 16.04, respectively. Even higher
genetic differentiation among populations were found for Oenocarpus mapora
(~36%), suggesting small sample sizes within populations as one possible factor

to explain such variation (Moura et al. 2015).

CONCLUSIONS

Most of the genetic variation within the economically important palm
species, Astrocaryum aculeatum, A. murumuru and A. paramaca, is found within
populations. This result is expected given their life history, floral and ecological
traits. Low levels of inbreeding occur for these species, with proportion of
heterozygotes being higher than expected by Hardy-Weinberg equilibrium in A.
paramaca. Genetic differentiation among populations is strong correlated to
geographic distance, with gene flow between distant populations being probably

restricted by low levels of animal-mediated seed dispersal and pollen flow.
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Abstract. The Astrocaryum genus comprises 40 species, most of them
widely used by the Amazon population, especially in culinary, as remedy and oil
production, and some with great potential to the Brazilian economy.
Nevertheless, to date no information has been provided on the cytogenetic
characteristics of these species. The aim of this work was to characterize and
compare the type of interphase nuclei, chromosome set for morphology,
fluorochrome banding and in situ hybridization of Astrocaryum aculeatum G.
Mey, Astrocaryum murumuru Mart., Astrocaryum paramaca Mart., and
Astrocaryum vulgare Mart. In order to do that, cytogenetics analyses consisting
of interphase nucleus staining with Giemsa, and fluorochrome staining with
CMA and DAPI and in situ hybridization using 45S and 5S rDNA sites and
telomere sequences, in metaphase chromosomes, were carried out. Karyological
data for all species were first relate. The four species presented 2n = 30
chromosomes, but differences in the karyotypic formula, number and position of
CMA" band and 45S site, and position of 5S rDNA site were observed. There
was significant difference for total length of haploid set, with a difference of
43% between the smallest (A. paramaca — 27,085 pum) and the highest (A.
murumuru — 47,486 pm). The karyological data obtained here allow us to
recognize species belonging to different subgenera of Astrocaryum.



83

Key words: Karyogram, Fluorochrome banding, Fluorescence in situ
hybridization, Palms

INTRODUCTION

The Arecaceae Bercht. and J. Presl family comprises around 2400
species distributed among 190 genera and is recognized as one of the most
abundant among monocotyledons (Rdéser 1995; Dransfield et al. 2008). The
genus Astrocaryum G. Mey. is composed by 40 species, divided in three
subgenera Astrocaryum, Munbaca and Monogynanthus, with tropical
distribution and largely use by the Amazon population (Kahn, 2008). The
species Astrocaryum aculeatum, Astrocaryum murumuru and Astrocaryum
vulgare are pointed by Clement et al. (2005) and Kahn (2008) as important
genetic resources with economic potential to the Brazilian economy, for their
fruit production to food and cosmetic industry, and biofuel production,
respectively. In contrast to the large literature available for these species, there is
no much information on Astrocaryum paramaca (Dransfield et al., 2008; Kahn,
2008). Beyond the economic and social importance of Astrocaryum spp., they
also stand out as key economic species in the environment where they occur,

provinding fruits throughout the year (Dransfield et al., 2008).

A recent study on the colonization and diversification patterns of
Astrocaryum spp. dated the origin of this group to ¢. 36 Mya (Roncal et al.,
2013). Besides information available on the phylogeny (e.g. Roncal et al., 2013)
and morphological characteristics (Kahn, 2008) taxonomy of Astrocaryum
remains controversial (Dransfield et al., 2008; Kahn, 2008), e.g. number of
species recognized which for Kahn (2008) is 40 species but only 38 of them are
accepted for The Plant List website (The Plant List website, 2013).
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Classification of species in higher taxonomical levels is also problematic and
according to Kahn (2008) this is due to the characteristic chosen to assembly

Astrocaryum spp.

Cytogenetics is a very useful tool allowing for better understand of
species evolution, supporting systematic studies, and also provide additional
information to germplasm characterization, as suggesting better combinations
for breeding programs (Stace 2000). Furthermore, cytogenetic analyses with
heterochromatin distribution and rDNA site localization can help identify large
genome changes, such as structural chromosome rearrangements (Castilho et al.,
2000) and even chromosome sex identification in plant species (Siljak-Yakovlev
et al., 1996), thus being helpful clarifying cases like Astrocaryum taxonomy.
Most of the studies on palm cytogenetics has focused on the chromosome
number and genome size, and for this family such characteristics have proved to
be constant or not vary significantly among congener species (Roser 1993, 1994,
1995, 1999; Corréa et al. 2009). Chromosome number, in Arecaceae varies from
2n = 2x = 26 up to 36, while nuclear DNA amount (2C) varies from 1.95 up to
27.8 pg, a 14-fold variation (ROser 2000; Roser et al. 1997). Studies with
detailed information as interphase nuclei comparison, karyotypes, banding
patterns and in situ hybridization of rDNA sites has increased in the last decades
(Castilho et al. 2000; Abreu et al. 2011; Battistin et al. 2012; Cepeda-Cornejo et
al. 2012; Gaiero et al. 2012). To date, no cytological information is available for

Astrocaryum spp.

This paper aimed to investigate cytological variations among A.

aculeatum, A. murumuru, A. paramaca and A. vulgare based on the analyses of
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the interphase nuclei, chromosome size and morphology, fluorochrome banding
(CMA and DAPI), and number and position of 5S and 45S rDNA sites.

MATERIAL AND METHODS

Plant material

For A. paramaca, seeds were collected from two natural populations, in
Belém and Ananindeua, both municipalities of Para state, Brazil. Seeds of A.
aculeatum, A. vulgare and A. murumuru were collected from at least five adult
individuals kept in the active germplasm collections at Embrapa Western
Amazon, in Belém, Pard, Brazil and Embrapa Amapa, in Macapa, Amapa,
Brazil, respectively. Seeds were treated for break dormancy according to
Ferreira and Gentil (2006) and seedlings were mailed to the Laboratory of
Cytogenetics at the Federal University of Lavras, Lavras, Minas Gerais, Brazil,

where five to ten individuals of each species were kept in a greenhouse.

Interphase nuclei and chromosome analyses

For interphase nuclei analysis, root tips were collected, fixed in Carnoy
solution (3:1, 100% ethanol: glacial acetic acid) and stored at -20°C. Slides were
prepared by squashing technique after enzyme digestion for 2-3h at 37°C, with a
combination (3:1) of pectinase/cellulase (100/200U), and coverslips were
removed by freezing in liquid nitrogen. Slides were stained in 10% Giemsa. A

total of 500 interphase nuclei were analyzed per species. Images were digitalized
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in a Zeiss Axio Lab Al microscope equipped with an AxioCam ICcl camera.

Classification of interphase nuclei followed Guerra (1987).

For chromosome analysis, root tips were treated in 2mM 8-
hidroxyquinoline for 24h at 4°C, fixed in Carnoy solution and then stored at -
20°C. Fixed root tips were washed in distilled water for 15 min, rinsed in buffer
(40mM citric acid, 60mM sodium citrate, containing 1% Triton) for 20 min,
washed again in distilled water, rinsed in buffer (40mM citric acid, 60mM
sodium citrate) and digested for 2-3h at 37°C, with a combination (3:1) of
pectinase/cellulase (100/200U) and 5% pectoliase. Slides were prepared
according Dong et al. (2006). The best slides were selected for the following

cytogenetic techniques.

Chromosome banding and karyotypic analyses

Slides were kept for three days at room temperature and fluorochrome
banding with CMA and DAPI followed Guerra and Souza (2010), with minor
modifications. After storage of at least three days at 4°C, for fluorochrome
stabilization, slides were analyzed under a Nikon Eclipse E400 DMLB
epifluorescence microscope connected to a DS-Qi IMc camera for image
digitalizing. Five well spread metaphases, with similar condensation level, of
each species were used for karyotype construction. For idiograms, chromosome
measurements consisting of the short arm (S) and long arm (L) of the
chromosome pair, total chromosome pair length (L+S), arm ratio (AR) and
centromeric index (CI) according to Levan et al. (1964) were made using the

free software KaryoType (Yu et al., 2016) and MicroMeasure 3.3 (Reeves,
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2000). Chromosome asymmetry was estimated using methods proposed by
Stebbins (1958) and Zarco (1986).

Measurements of CMA* and DAPI“", were obtained using the free
software KaryoType and MicroMeasure. Slides were destained in Carnoy
solution for 30 min, dehydrated in 100% ethanol for 2h and stored at 4°C. When
possible, the five selected metaphases were used in fluorescence in situ

hybridization.

Fluorescence in situ hybridization technique

For fluorescent in situ hybridization probes pTa 71 from Triticum
aestivum L. and D2 from Lotus japonica (Regel) K. Larsen., were used to
localize rDNA 45S and 5S sites, respectively. For telomere detection probe
pAtT4 from Arabdopsis thaliana L. Heynh. were used. All three probes were
labeled by nick translation technique, using digoxigenin for 45S and telomeric
and biotin for 5S probes. Slides were denatured with 70% formamide in 2x SSC
for approximately 2 min at 85°C and quickly dehydrated in 70%, 90% and 100%
ethanol for 5 min each at -20°C. The hybridization mix, containing 70%
formamide, 10% (p/v) dextran sulfate, 2x SSC and 50 ng of each DNA probe,
were denatured at 95°C for 8 min and applied over slides which were left for at
least 16h at 37°C. A stringent wash was performed in 2x SSC twice, for 5 min at
room temperature and 10 min at 4°C, respectively, followed by 5 min in 1x TNT.
For probe detection, slides were covered with a solution containing anti-
digoxigenin-FITC (fluorescein isothiocyanate) and avidin-TRITC conjugate in
TNB buffer and left for 1h at 37°C. Three washes in 1x TNT for 5 min followed
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by 5 min in 1x PBS were performed. Chromosomes were counterstained and
slides were mounted with DAPI (2 pul.mL™) in Vectashield (Vector Laboratories,
CA, USA). Images were digitalized as mentioned before and processed with
Adobe photoshop CS6.

RESULTS

Interphase nuclei of the four species analyzed exhibited strongly
pigmented chromatin structures with irregular contours, known as chromocenter,
being classified as semi-reticulate (Figure 1). The species also displayed the
same somatic chromosome number 2n = 30 and similar karyotypes (Figures 2
and 3). Results only on type of interphase nuclei and chromosome number were

not enough to identify the species investigated.

All Kkaryotypes were symmetrical, classified as 2A for Stebbins’
classification, with A. aculeatum and A. paramaca being composed by 11 M + 4
SM, A. vulgare formed by 10 M + 5 SM, and A. murumuru formed by 9 M + 6
SM (Table 1). Nevertheless, according to the method proposed by Zarco (1986)
for estimating chromosome asymmetry, A. paramaca was the most symmetric
being separated from the other species (Figure 2). Astrocarym vulgare was the

most asymmetric species, but grouped closely to A. aculeatum.
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Figure 1. Semi-reticulate interphase nuclei for species A. aculeatum (A); A.
paramaca (B); A. murumuru (C); and A. vulgare (D). Bar = 10 um.

Total length of haploid chromosome set was statistically different among
species, ranging from 27.085 um for A. paracama to 47.486 um for A.
murumuru (Table 1) which consists in a difference of 43%. Chromosome size
for each species ranged from 2.080 pum to 3.835 um in A. aculeatum, 2.401 pum
to 3.877 um in A. murumuru, 1.287 um to 2.487 pum in A. paramaca and 1.812
pum to 3.205 um in A. vulgare. Morphology of chromosome pairs 1, 6, 11, 12,
13, 14 and 15 were coincident for the four species. Among species, haploid
chromosome set of A. aculeatum and A. vulgare, and A. murumuru and A.
vulgare shared the higher number of chromosome pairs with coincident
morphology, 12, followed by A. murumuru and A. paramaca with 11 pairs
(Table 2).
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Figure 2. Scatter diagram showing karyotype asymmetry according to Zarco’s
method. A; means intrachromosomal asymmetry index, and A, means
interchromosomal asymmetry index.

Fluorochrome staining and in situ hybridization procedures also revealed
difference among species for number and position of CMA*/DAPI" bands, and
45S and 5S rDNA sites were located in different chromosome pairs (Figures 3, 4
and 5).

Table 1. Mean values for total length of haploid chromosome set (um) for the
four investigated species of Astrocaryum.

Species
Metaphase A. aculeatum A. murumuru A.paramaca A.vulgare
1 44.239 52.839 25.537 40.253
2 35.346 47.334 26.464 34.464
3 47.636 45.17 25.343 32.842
4 52.966 50.114 28.648 42.448
5 39.049 41.974 29.435 35.383
Average 43.847 ab 47.486 a 27.085 c 37.078 b

SD

Mean values followed by the same letter do not differ statistically by Tukey’s test at 5%
probability.
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Two pairs of CMA'/DAPI" bands were found for A. murumuru in
chromosomes 4 and 9, while only one pair was found for A. aculeatum and A.
vulgare, in chromosome 13, and in chromosome 4 of A. paramaca, respectively,
all located in terminal positions of the short arm, except for A. aculeatum where
it occurred in the long arm. No DAPI™ bands were observed for any one of the
species. Heteromorphism for band and/or chromosome size was observed for all
chromosome pairs with CMA'/DAPI’, being clearly noted for A. paramaca
(Figures 3 and 4). For A. aculeatum, CMA" bands were 0.64 and 0.77, with total
chromosome length of 3.02 and 2.94, respectively. For A. murumuru, first
chromosome pair showed CMA band size of 0.57 and 0.58, with total
chromosome length of 4.11 and 5.41, respectively, and second chromosome pair
showed CMA band size of 0.64 and 0.45, with chromosome length of 3.85 and
3.27, respectively. For A. paramaca, CMA" bands were 0.48 and 0.22, with total
chromosome length of 2.72 and 2.09, respectively. For A. vulgare, CMA" bands
were 0.72 and 0.61, with total chromosome length of 2.94 and 2.53, respectively.



Table 2. Comparison of haploid chromosome set and morphology of each pair for the four investigated species of

Astrocaryum.
Species
Pair A. aculeatum A. murumuru A. paramaca A. vulgare
(L+s) AR CI C (L+S) AR ClI C (L+S) AR CI C (L+s) AR CI C
1 384 222 031 SM 388 208 0325 SM 249 237 030 SM 321 228 031 SM
2 388 150 040 M 365 183 0348 SM 218 212 032 SM 322 160 039 M
3 349 210 033 SM 352 121 0453 M 215 148 040 M 296 179 036 SM
4 343 182 035 M 350 185 0350 SM 206 155 039 M 286 238 030 SM
5 323 179 036 SM 339 189 0346 SM 199 128 044 M 267 197 034 SM
6 312 15 039 M 335 117 0461 M 184 133 043 M 255 129 044 M
7 300 130 044 M 323 258 0279 SM 186 174 035 SM 252 171 037 SM
8 283 170 037 SM 322 123 0449 M 177 125 044 M 242 166 038 M
9 280 142 041 M 301 128 0439 M 173 168 037 SM 238 122 045 M
10 264 162 038 M 309 215 0317 SM 174 134 043 M 224 133 043 M
11 258 128 044 M 305 148 0403 M 159 151 040 M 216 146 041 M
12 239 159 039 M 291 120 0455 M 154 138 042 M 207 111 047 M
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Cont. Table 2. Comparison of haploid chromosome set and morphology of each pair for the four investigated
species of Astrocaryum.

13 228 154 039 M 266 119 0457 M 146 157 039 M 205 135 043 M
14 228 134 043 M 262 130 0435 M 140 133 043 M 194 134 043 M
15 208 129 044 M 240 118 0459 M 129 120 045 M 181 115 046 M

(L+S) is the total length of each chromosome pair, AR is the arm ratio (long arm/short arm), Cl means centromeric index (short arm/total

length) used to classify each pair according to the nomenclature proposed by Levan et al. (1964), C is the morphologic classification of each
pair.
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Figure 3. Fluorochrome banding with DAPI (blue) and chromomycin A3
(CMA) (yellow) in mitotic metaphases of A. aculeatum (a, b, c,); A. murumuru
(d, e, f); A. paramaca (g, h, i) and A. vulgare (j, k, I). Bar = 10 pm.

In all four species 45S rDNA site were co-located with CMA™ band
(Figure 3 and 5). Species also showed only one pair of 5S rDNA site, however

they differed in position, occurring in pericentromeric regions of the long arm of
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chromosome pair 12 in A. paramaca and in short arm of chromosome pair 1 and
3 in A. vulgare and A. aculeatum, respectively, and it was intersticial for A.
murumuru, in the long arm of chromosome pair 11. Hence, fluorochrome
banding and in situ hybridization allowed to identify three chromosome pairs in
A. murumuru and two chromosome pairs in A. aculeatum, A. paramaca and A.
vulgare. In situ hybridization of telomere sequences were only observed in the
terminal regions of chromosomes, suggesting absent of recent event of

chromosome fusion (Figure 5).
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Figure 4. Karyograms of A. aculeatum (a), A. murumuru (b), A. paramaca (c)
and A. vulgare (d) displaying fluorochrome banding pattern for chromomycin
A3 (CMA) and DAPI. Bar = 10 pm.

All results together allowed the karyological differentiation of each
species belonging to different subgenera of Astrocaryum (Figure 6). Classified in
the subgenus Monogynanthus, A. murumuru was characterized by the presence
of two CMA'/DAPI" bands that were coincident to 45S rDNA sites.
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Figure 5. In situ hybridization of rDNA sites 45S (green) and 5S (red), and
telomere sequence (b, d, f, and h) in mitotic metaphase counterstained with
DAPI of A. aculeatum (a, b), A. murumuru (c, d), A. paramaca (e, f), and A.
vulgare (g, h). Bar = 10 pum.
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In the subgenus Astrocaryum, A. aculeatum and A. vulgare exhibited the
most similar karyotypes with one pair of CMA*/DAPI" band also coincident with
45S rDNA site, and one chromosome pair with 5S rDNA, but CMA*/DAPI
position on the chromosome can help distinguish them. Finally, A. paramaca,
which belongs to the subgenus Munbaca, displayed the same number of
CMA'/DAPI band of A. aculeatum and A. vulgare, but it can be identified by its
highly different chromosome sizes, showing the lowest length for the haploid

chromosome set.

Subgenus

Astrocaryim

Astrocaryum acudecum
Astrocaryum vilgare
Astrocaryum G. Mey,

Subgenus Muinhcce

Astrocarysm paramiaca
Subgenus Monogynanthus

Astrocarysim mirimirs

Figure 6. Comparison of idiograms obtained for the four species investigated of
Astrocaryum genus in the three subgenera considered by Kahn (2008). Yellow
parts on the chromosome arms refer to CMA*/DAPI bands and 45S rDNA sites
and red dots represent 5S rDNA sites. Bar = 5 pum.
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DISCUSSION

This study presents the first relate of interphase nucleus, chromosome
number and detailed karyotype analysis for four species of Astrocaryum
belonging to the three different subgenera recognized by Kahn (2008). The
chromosome number 2n = 30 suggests the basic chromosome number x = 15.
Same result was found for other species of Arecaceae in the Arecoideae
subfamily, as for the macaw palm (Acrocomia aculeata (Jacq.) Lodd. ex Mart.)
(Abreu et al., 2011), which also belongs to the subtribe Bactridinae, and by
Roser (1994) and Roser et al. (1997) in Bactris hondurensis and Desmocus
polyacanthos, both also included in Bactridinae. Although chromosome number
among diploid palm species ranges from 2n = 26 to 36 and all three types
(reticulate, semi-reticulate and non-reticulate) of interphase nucleus are
encountered (Roser, 1994, 1995; Roser et al., 1997), both karyological
characteristics seem to be strongly constant among congener species, as we
found for the four investigated species of Astrocaryum, and even in higher
taxonomic groups, as demonstrated by Rdéser (1993) in a study with 13 genera of
the same palm subfamily Coryphoideae, all showing 2n = 36 chromosomes and
similar chromatin organization in interphase among close related species.
However, exceptions to this trend occur as demonstrated in a study conducted by
Cepeda-Cornejo et al. (2012) where significant differentiation regarding the
chromosome number was found for congener species of Chamaedorea, with C.
pinnatifrons and C. ernesti-augustis exhibiting 2n = 26, and C. tepejilote and C.

alternans with 2n = 32.
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Results obtained with methods used to estimate chromosome asymmetry
of the investigated species differed substantially. According to Stebbins (1958)
all species were classified on the same category (2A), however Zarco’s method
enabled to separate species into three groups, in addition, distribution of species
on the graphic resemble taxonomy classification following separation in three
subgenera proposed by Kahn (2008) (Figure 6). The method proposed by Zarco
is able to stress out slight differences among karyotypes of closed related
species, as in the case of Astrocaryum species (Zarco, 1986).

Fluorochrome staining with CMA revealed band patterns similar to that
found for several palm species by Roser (1994) where most taxa presented one
or two chromosome pairs containing CMA", and DAPI bands were commonly
co-localized with them, both generally situated in terminal regions of the short
arm, but it also occurred in the long arm of Heterospathe woodfordiana (2n =
32), Johannesteijsmannia altifrons (2n = 34) and Phoenix pusilla (2n = 32), as
we found for A. aculeatum. The absence of DAPI" bands is frequently reported
in Arecaceae species (Roser, 1994), as observed in the species studied here,
however, a recent study with Trithrinax campestris revealed an uncommon
amount and pattern of heterochromatin, with CMA" bands occurring in four
chromosome pairs, three of them in paracentromeric region, and
terminal/interstitial/paracentromeric DAPI* bands occurring in all chromosome
set (Gaiero et al., 2012). Results presented in this study for Astrocaryum species
did not corroborate with Guerra (2000), in a review on the patterns of
heterochromatin distribution in plants who observed a correlation between
heterochromatin localization and chromosome size, with proximal bands
occurring preferentially in small-sized chromosomes (< 3.0 um). Although A.

aculeatum, A. paramaca and A. vulgare displayed small chromosomes,
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CMA'/DAPI" bands are found in terminal regions of the chromosomes.
Heteromorphism found for the chromosome pairs containing CMA™ and DAPI*
bands have already been report for other Arecaceae species, e.g. Calamus
ornatus (2n = 26), Pseudophoenix vinifera (2n = 34) (Roser, 1994), and Licuala
sp. (2n = 28) (Roser 1994, 1995). In all cases, heteromorphism occurred when
bands were located terminally on the chromosome. Roa and Guerra (2012) in a
review on the distribution of 45S sites in chromosomes of plants also observed
the occurrence of hetemorphism related to rDNA sites, for number and size, and
this maybe associated with their dynamic of inactivation and mobility on the
genoma. In the case of Astrocaryum species studied here, 45S site were co-
located with CMA" bands.

Studies with in situ hybridization still rare for Arecaceae, in general, but
results found here for Astrocaryum species showed similar pattern to that found
for Trithrinax campestris where 45S rDNA sites corresponded to CMA" bands
and only one pair of 5S rDNA was observed, also located near the centromere
(Gaiero et al., 2012), and for the oil palm (Elaeis guineensis L., 2n =32) that
exhibited only one chromosome pair with 45S rDNA site located in the terminal
region and one pair with 5S rDNA located intercalary in the long arm (Castilho
et al., 2000). Our results for in situ hybridization are coincident to the bias
regarding the position and number of rDNA sites observed by Roa and Guerra
(2012) for angiosperm species in which 45S rDNA sites seemed not to be
randomly localized on the short arm in the terminal region of chromosomes,
except for A. aculeatum in which it was located in the long arm, and the most
common number of sites found was 2 and 4 per diploid karyotype. The only
study that used telomere sequence in FISH did not found sites along the

chromosome besides terminal regions as well as presented here, what suggests
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that chromosome fusion is not a frequent event in chromosome evolution of
Astrocaryum species. More studies with fluorescence in situ hybridization in
palm species is still needed so trends can be stablish for Arecaceae as well as to

help elucidating the processes involved on the evolution on palm chromosomes.

Roser (1995) has already proposed that decreasing dysploidy and
chromosome rearrangements, such as unequal translocations, seem to be the
most common events involved in the evolution of Arecaceae species leading to
chromosome and genome size reductions. According to Stebbins (1958) these
chromosome rearrangements tend to lead to more asymmetrical karyotypes. In
this scenario one would expect to find karyotypes for Astrocayum species less
symmetrical than presented here. Our results support the hypothesis of
decreasing dysploidy, once basal chromosome number in Arecoideae seems to
be 2n = 36 (Roser, 1994) and no telomere sequence was found along the
chromosomes, but symmetry and haploid chromosome set length suggests that
unequal translocations did not play an important role in the evolution of these
species. The elimination of similar amount of genome in each chromosome pair
seems more probable to have occurred, based on the symmetry showed by the
karyotypes of the four investigated species. Although studies with palm species
has increased in the last decade, much more information are needed to better
understand palm evolution, especially for the subfamily Arecoideae which is the

most diverse of Arecaceae (Dransfield et al., 2008).

Our results also suggest that chromosome staining and in situ
hybridization may be an efficient tool for help on the cytotaxonomy of
Astrocaryum. Nevertheless, more studies with other congener species need to be

carry out.
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CONCLUSIONS

Organization of chromatin in interphase nuclei and chromosome number
are constant for the four Astrocaryum species investigated precluding the

utilization of both characteristics for species recognition.

Fluorochrome staining and in situ hybridization together allow for
species characterization of different subgenus of Astrocaryum, with A.
aculeatum and A. vulgare (subgenus Astrocaryum) presenting one pair of
CMA/DAPI band and one site of 45S and 5S rDNAs; A. paramaca (subgenus
Munbaca) with same fluorochrome pattern but chromosome length much
inferior; and A. murumuru (subgenus Monogynanthus) exhibiting two pairs of
CMA/DAPI band and 45S rDNA, and one pair of 5S.
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