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“Aprender é a Unica coisa de que a mente nunca se cansa, hunca tem medo e

nunca se arrepende”.

Leonardo da Vinci
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Sousa, Adna Cristina Barbosa de. Estudos Genético Moleculares em Forrageiras Tropicais.
2010. 206p. Tese (Doutorado em Genética e Biologia Molecular) — Pés-graduacdo —
Universidade Estadual de Campinas — UNICAMP — Campinas — SP.

RESUMO

As pastagens cultivadas, utilizadas em pastejo, constituem a forma mais econémica de
fornecer alimentagdao abundante e de qualidade aos animais. Entre as principais forrageiras
cultivadas, esta a graminea Panicum maximum Jacq. que ocupa uma posicao de destaque na
pecuaria brasileira por apresentar elevada producao e qualidade, ser facilmente propagada por
sementes e altamente palatavel ao gado. As leguminosas forrageiras também sao importantes
ndo s6 pela qualidade e quantidade de forragem produzida, mas também pela fixacdo de
nitrogénio atmosférico e transferéncia as gramineas associadas, reduzindo os custos de
producdo. Entre elas citamos, Cajanus cajan (L.) Millsp., Centrosema pubescens Benth. e
Calopogonium mucunoides Desv. Apesar de estas forrageiras terem sido estudadas dos pontos
de vista morfolégico e agrondmico, conhecimentos genéticos ainda sao limitados. A
caracterizacao do sistema reprodutivo € 0 conhecimento da extensao da variabilidade genética
contida dentro dos bancos de germoplasma podem auxiliar no planejamento de estratégias
para maximizar os ganhos genéticos em programas de melhoramento. Nesse contexto, foram
utilizados marcadores microssatélites para estimar a diversidade genética de acessos do banco
de germoplasma de P. maximum, C. cajan, C. pubescens e C. mucunoides. Foram
desenvolvidos 75 marcadores microssatélites polimérficos para P. maximum, 26 para C.
pubescens, 23 para C. mucunoides e para C. cajan foram selecionados 43 microssatélites da
literatura. Os resultados mostraram a eficiéncia desses marcadores para estimar a diversidade
genética intra e interespecifica, obtida através de similaridades genéticas. Foi possivel observar

a formagéo de grupos bem definidos entre os acessos dessas espécies e adicionalmente, a
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RESUMO

transferibilidade desses marcadores especificos para outras espécies de forrageiras tropicais.
Considerando o potencial de C. pubescens e C. mucunoides para as pastagens cultivadas
brasileiras, o sistema reprodutivo dessas espécies foi caracterizado com os microssatélites
desenvolvidos. A taxa de cruzamento encontrada para C. pubescens foi de 26% e para C.
mucunoides foi de 16%, mostrando que ambas as espécies apresentam um sistema misto de
reprodugao com predominancia de autogamia. Esses dados devem ser considerados durante a
multiplicacdo de sementes para manutencdo do banco de germoplasma, a fim de manter a
integridade individual de cada acesso. O conhecimento da estrutura genética da populagao de
uma espécie, aliado ao conhecimento de outras caracteristicas biolodgicas de interesse, pode
fornecer subsidios para programas de conservacdo do germoplasma, manejo sustentavel,
domesticagdo e melhoramento genético da espécie. Os marcadores microssatélites
desenvolvidos nesse trabalho, a caracterizagdo da diversidade genética e a taxa de
cruzamento sao resultados fundamentais, promissores e consistentes para uso no
melhoramento, podendo contribuir de forma eficiente na selecdo e uso dos recursos genéticos

disponiveis.

Palavras chave: Panicum, Guandu, Centrosema, Calopog6nio, Microssatélites.
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Sousa, Adna Cristina Barbosa de. Molecular Genetic Studies in Tropical Forages. 2010. 206p.
PhD thesis (PhD in Genetics and Molecular Biology) — Graduate School — State University of
Campinas — UNICAMP — Campinas — SP.

ABSTRACT

Cultivated pastures used for grazing, are the most economical way to provide abundant high
quality feed to animals. Among the main fodder crops, the grass Panicum maximum Jacq.
occupies a prominent position in the Brazilian livestock industry by presenting high yield and
quality, being easily propagated by seeds and highly palatable to livestock. The legumes also
are important not only due to the quality and quantity of fodder produced, but also due to fixation
of atmospheric nitrogen and transfer to the associated grasses, reducing production costs.
Among them, Cajanus cajan (L.) Millsp., Centrosema pubescens Benth. and Calopogonium
mucunoides Desv. Although these forages have been studied from the morphological and
agronomic standpoint, genetic information is still limited. The characterization of the
reproductive system and the knowledge of the extent of genetic variability contained within the
germplasm banks can assist in planning strategies to maximize genetic gains. In this context,
microsatellite markers were used to estimate the genetic diversity of germplasm banks of
selected accessions of P. maximum, C. cajan, C. pubescens and C. mucunoides. Seventy-five
polymorphic microsatellite markers were developed for P. maximum, 26 for C. pubescens, 23
for C. mucunoides and for C. cajan 43 microsatellites were selected from the literature. The
results showed the efficiency of these markers to estimate the intra and interspecific genetic
diversity obtained through genetic similarities. It was possible to observe the formation of well-
defined clusters among the accessions within these species and in addition, the transferability of
these specific markers to other species of tropical forages. Considering the potential of C.

pubescens and C. mucunoides for the Brazilian cultivated pastures the reproductive system of
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ABSTRACT

these species were characterized with the microsatellites developed. The outcrossing rate was
26% for C. pubescens and 16% for C. mucunoides, showing that both species have a mixed
mating system with predominance of autogamy. This information should be considered during
the multiplication of seeds for maintenance of the germplasm bank, in order to conserve the
integrity of each individual genotype. Knowledge of the genetic structure, together with other
biological characteristics of interest can provide support to germplasm conservation programs,
sustainable management, domestication and breeding of the species. The microsatellite
markers developed in this research, the characterization of the genetic diversity and crossing
rates are fundamental results, both promising and consistent to be used in breeding and may

contribute to the efficiency of selection and use of the available genetic resources.

Key words: Guineagrass, Pigeonpea, Centrosema, Calopogonium, Microsatellite.
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PROLOGO

Os recursos genéticos vegetais disponiveis em bancos de germoplasma sao os
componentes de biodiversidade necessérios ao desenvolvimento da agricultura sustentavel.
Portanto, a caracterizagdo molecular do germoplasma busca revelar a diversidade genética
disponivel, sendo fundamental para auxiliar no estabelecimento de colecbes-base, na selecdo
de parentais para cruzamentos, na identificacdo do modo de reproducdo predominante em

determinada espécie e na ampliacdo da base genética em programas de melhoramento.

Considerando a importancia e o potencial que as forrageiras tropicais representam para
as pastagens cultivadas brasileiras, este trabalho apresenta a caracterizacdo genética
molecular do germplasma de Panicum maximum Jacq., Cajanus cajan (L.) Millsp., Centrosema
pubescens Benth. e Calopogonium mucunoides Desv. baseada em marcadores
microssatélites. Além disso, os marcadores microssatélites foram usados na caracterizacdo dos

sistemas reprodutivos de C. pubescens e C. mucunoides.

Os resultados obtidos durante esse trabalho de doutorado estdo apresentados neste
manuscrito no formato de artigos, num total de sete, dos quais quatro foram publicados
(capitulos 1, 3, 4 e 6). O primeiro artigo intitulado “Development of microsatellite markers in
Guineagrass (Panicum maximum Jacq.) and their transferability to other tropical forage grass
species”, publicado na revista Plant Breeding (Online first, DOl 10.1111/.1439-
0523.2010.01779.x), refere-se ao desenvolvimento de vinte marcadores microssatélites
polimérficos para P. maximum e a sua transferibilidade para Brachiaria brizantha (Hochst. ex A.
Rich.) Stapf [=Urochloa brizantha (Hochst. ex A. Rich) Webster], B. humidicola (Rendle)
Schweick [=Urochloa humidicola (Rendle) Morrone & Zuloagal, Paspalum regnelli Mez e P.

notatum Fllgge.



PROLOGO

O segundo artigo “Tropical forage germplasm (Panicum maximum Jacq.): diversity and
genetic structure based on microsatellite markers” sera submetido a revista Genome. Esse
artigo apresenta o desenvolvimento de 66 marcadores microssatélites e a caracterizagéo
molecular do germoplasma de P. maximum, estimada com 30 microssatélites. Esta colegao
esta sendo mantida no campo na Embrapa Gado de Corte em Campo Grande - MS, sendo
composta por aproximadamente 396 acessos. Esta € a mais completa colegdo de acessos da
espécie, e pode ser considerada representativa da variabilidade natural existente devido a
abrangéncia ecogeografica das expedicdes de coleta realizadas no centro de origem da

espécie (Africa Oriental).

O terceiro artigo “Genetic diversity analysis among pigeonpea genotypes adapted to
South American regions based on microsatellite markers”, foi aceito para publicagao na revista
Scientia Agricola. Esse manuscrito reporta a utilizagdo de marcadores microssatélites
selecionados da literatura para estudar a diversidade genética de 77 gendétipos de guandu, que
estao inseridos no programa de melhoramento da Embrapa Pecuaria Sudeste (Sao Carlos -
SP) e a transferibilidade desses marcadores para Phaseolus vulgaris L. e Vigna unguiculata L.

Walp.

O quarto artigo “Microsatellite markers in tropical legume (Centrosema pubescens
Benth): development, characterization, and cross-species amplification in Centrosema sp.”, foi
publicado na revista Conservation Genetics Resources (1, 347-352, 2009, DOI
10.1007/512686-009-9080-1) e reporta o desenvolvimento de 26 marcadores microssatélites
polimérficos caracterizados em 15 acessos de C. pubescens, e a sua transferibilidade para 11
diferentes espécies do género Centrosema. Esses acessos pertencem ao banco de
germoplasma da Embrapa Cerrados (Brasilia - DF) e estdao sendo conservados em camaras

frias.



PROLOGO

O quinto artigo “Transferability of microsatellite markers among Centrosema species and
mating system in Centrosema pubescens Benth.”, serd submetido a revista Hereditas. Esse
manuscrito mostra a porcentagem de marcadores microssatélites especificos de C. pubescens,
transferidos entre 11 diferentes espécies do género Centrosema e a caracteriza¢do do sistema

reprodutivo de C. pubescens usando seis locos microssatélites.

O sexto artigo “Development and characterization of microsatellite loci for Calopogonium
mucunoides Desv.”, publicado na revista Molecular Ecology Resources (10, 576-579, 2010,
DOl 10.1111/j1755-0998.2010.02851.x) mostra o desenvolvimento de 23 marcadores
microssatélites polimoérficos caracterizados em 60 acessos de C. mucunoides pertencentes ao
banco de germoplasma da Embrapa Cerrados (Brasilia - DF) os quais estdo sendo mantidos in

vivo no campo.

O sétimo artigo “Mating system and molecular characterization of Calopogonium
mucunoides Desv. germplasm based on microsatellite markers®, sera submetido a revista
Euphytica. Esse capitulo traz os resultados dos estudos genéticos de C. mucunoides. Ele
reporta a caracterizacdo do sistema reprodutivo usando seis locos microssatélites e a
diversidade genética do germoplasma de C. mucunoides composto de 195 acessos. Essa

colecdo esta sendo mantida in vivo no campo na Embrapa Cerrados, Brasilia - DF.

Espera-se que os resultados aqui mostrados, possam contribuir na compreensio da
base genética dessas colegdes e que auxiliem no planejamento de estratégias mais eficazes
na conservagcao do germoplasma das espécies e, que venham a maximizar 0os ganhos

genéticos nos programas de melhoramento.

Adna C. B. Sousa



INTRODUCAO

As gramineas forrageiras tropicais de grande importancia no Brasil sdo, em sua maioria,
exoéticas. Estima-se uma éarea de cultivo de cerca de 120 milhdes de hectares. Além de
constituir a base de sustentacdo da pecuéria de corte, elas tém um papel importante nos
sistemas de agricultura sustentavel. As maiores areas de pastagens cultivadas no Brasil,
empregam as gramineas dos géneros Brachiaria e Panicum, devido a quantidade de sementes
melhoradas comercializadas no pais. Espécies de leguminosas também tém um papel
irrefutavel na sustentabilidade das pastagens, pois promovem aumento da produtividade animal
nos cultivos consorciados com gramineas e impacto ambiental positivo, principalmente por sua
capacidade de fixar nitrogénio ao solo e seu repasse ao ecossistema de pastagens (Rao, 2002;

Macedo, 2006; Veasey et al. 2007).

Apesar dessa importancia significativa, sdo poucas as cultivares disponiveis no Brasil
resultantes de programas de melhoramento genético propriamente dito. A maioria é resultado
da selecao realizada sobre acessos introduzidos ou coletados no pais, € em algumas, do

trabalho de selecdo em grandes colecbes representativas da variabilidade natural (Jank, 1995).

De modo geral, as diferentes espécies de gramineas e leguminosas tropicais sdo pouco
conhecidas quanto a constituicdo genética, a estrutura de populacdes, ao sistema reprodutivo,
a diversidade genética, a extensdao da variabilidade e a composicado dos bancos de
germoplasma. A utilizagdo de recursos genéticos contidos em bancos de germoplasma pode
fornecer informagdes sobre novos alelos ou genes e auxiliar na selecdo de acessos com

caracteristicas agrondmicas desejaveis.

As espécies Panicum maximum Jacq. € Cajanus cajan (L.) Millsp., tém programas de

melhoramento ja em desenvolvimento no Brasil. As espécies Calopogonium mucunoides Desv.
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e Centrosema pubescens Benth. mostram elevado potencial para uso em pastagens.
Entretanto, a falta completa de informagdes genéticas para estas duas espécies tem dificultado

até mesmo a implantagdo de programas de melhoramento continuado.

Desta forma, o desenvolvimento de marcadores microssatélites para essas espécies,
possibilitard a obtencdo de um conjunto de informacdes genéticas que sdao de grande
importancia para os programas de melhoramento genético. Marcadores microssatélites sao
altamente conservados, co-dominantes e multialélicos, fornecendo um elevado nivel de
informacdes genéticas (Ferreira & Grattapaglia, 1998). O melhor conhecimento genético destas
espécies reduzira os custos de desenvolvimento e aumentara a eficiéncia dos programas de

melhoramento, reduzindo o tempo de langamento de novas cultivares no mercado.

A utilizacdo de marcadores moleculares trard novas perspectivas para o estudo de
caracteristicas biolégicas de interesse, promovendo avangos em direcdo aos estudos de
diversidade genética, mapeamento genético, identificacdo de hibridos obtidos por cruzamentos
interespecificos e caracterizacdo de gendtipos, visando sua aplicagdo no controle de pureza
varietal para comercializacdo de sementes forrageiras. Neste contexto, o presente trabalho
buscou desenvolver marcadores microssatélites para caracterizar a diversidade genética de
acessos selecionados do germoplama de P. maximum, C. cajan, C. pubescens e C.
mucunoides. Esses marcadores microssatélites também foram utilizados para estimar as taxas

de cruzamento de C. pubescens e C. mucunoides.
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USO E CONSERVAGCAO DO GERMOPASMA EX SITU

A diversidade genética que existe na natureza e seu uso potencial em plantas cultivadas
resultaram no estabelecimento, no mundo inteiro, dos centros de conservagdo de
germoplasma. Durante as décadas de 1970 e 1980, principalmente, houve um grande esforco
em coletar e conservar o germoplasma das principais espécies cultivadas, resultando no

estabelecimento de grandes bancos de germoplasma (Van Hintum et al. 2000).

Bancos de germoplasma sdo unidades conservadoras de materiais genéticos, cujo
objetivo é preservar e disponibilizar acessos que representem a diversidade genética de uma
determinada espécie (Zimmerman & Teixeira, 1996). O estudo da diversidade genética dentro
desses bancos de germoplasma gera informagdes que podem auxiliar a manutencédo e o
manejo das colegbes bésicas, facilitando o0 acesso dos melhoristas a novos conjuntos génicos,
e assim, aumentando a probabilidade de utilizagdo dos recursos genéticos vegetais com mais

eficiéncia (Queiroz & Lopes, 2007).

A preservacao ex situ constitui a forma mais importante de conservagao das espécies em
locais diferentes daqueles aos quais estdo adaptadas, por propiciar condicées adequadas ao

prosseguimento da evolugao natural. A manutencao dessas colegdes permite:

a) O aumento das atividades de caracterizagao e de avaliacao;

b) A ampliagdo da base genética;

c) A promogado do desenvolvimento e utilizacdo das espécies subutilizadas e a sua
comercializacao;

d) O apoio a producao e distribuicdo de sementes;
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e) A criacdo de novos mercados para variedades locais e produtos ricos em diversidade

(Wetzel & Ferreira, 2007).

A avaliacdo e a caracterizacdo do germoplasma sdo atividades primordiais na
manutencao e na utilizagao dos recursos genéticos de qualquer espécie. Em termos gerais, a
caracterizacdo baseia-se em descrever variacdes fenotipicas e genotipicas entre acessos e
entre populacbes, por meio de descritores quantitativos e qualitativos relacionados aos
componentes de rendimento, aos fatores bidticos, abidticos e outros. Entretanto, muitas
caracteristicas vegetativas sao influenciadas por fatores ambientais, apresentam variagéo
continua e alto grau de plasticidade, podendo muitas vezes, nao refletir a real diversidade

existente (Fukuda et al. 1996; Ferreira et al. 2007).

Além de proporcionar melhor conhecimento do germoplasma disponivel, a avaliacao e a
caracterizacao apresentam trés vantagens adicionais que sao essenciais para 0 seu uso mais

intenso em etapas subsequentes. Sao elas:

a) Permitem a identificacdo de acessos duplicados.

b) Permitem o estabelecimento de cole¢des nucleares, na qual é possivel aglutinar o
maximo de variabilidade, agrupada em um numero reduzido de acessos.

c) Permitem a identificacdo dos modos de reproducdo predominantes nos acessos, bem

como da ocorréncia ou ndo de variabilidade intrinseca e acessos individuais.

Diferentes descritores tém sido usados para esses estudos, como os morfolégicos,
agrondmicos, ecolégicos, bioquimicos e moleculares. Essas informagdes, analisadas
separadas ou em conjunto, permitem a formagdo de agrupamentos de acessos similares
geneticamente, 0 que serve de base para o0 estabelecimento de colegcbes nucleares e de

colecdes de trabalho (Valois et al. 2001).
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Com o advento das técnicas moleculares, houve um aporte significativo de informacoes
genotipicas que tem permitido correlacionar aspectos genéticos moleculares com
caracteristicas fenotipicas. Através disso é possivel caracterizar acessos, auxiliar os processos
de cruzamentos e de selecdo, orientar atividades de coleta e de conservagao ex situ, podendo

contribuir para a preservacao das espécies (Esquinas-Alcazar, 1993).

IMPORTANCIA DAS FORRAGEIRAS TROPICAIS

O uso de pastagens tropicais sdo um dos recursos mais valorizados na produc¢do animal,
quando utilizadas de forma eficiente, em condigbes mais favoraveis a sua expansao natural. A
utilizacdo de pastagens com alto valor nutritivo € um dos fatores de maior importéncia para a
reducado de custos na produgcado agropecudria. Além da proteina e energia, as gramineas
provém a fibra necessaria nas ragcdes para promover a mastigacdo, ruminagdo e saude do
animal (Leopoldino, 2000). Uma tecnologia simples para garantir esse potencial produtivo, é a
utilizacdo de pastagens consorciadas, que consiste no estabelecimento de gramineas e
leguminosas numa mesma area. O consércio de gramineas e leguminosas surgiu como uma
alternativa para o aumento de producgao de forragens, particularmente no periodo seco do ano
e em sistemas organicos de produgao animal. A associa¢do das duas espécies tem melhorado
o valor nutritivo da dieta animal, quando comparado as gramineas tropicais em monocultura, e
contribuido para a diminuicao do processo erosivo das areas produtivas (Souza, 2002; Diaz et

al. 2004; Valle et al. 2004; Barcellos, 2008).

Dentre as vantagens da utilizacdo de leguminosas em pastagens cultivadas nos sistemas

de producao animal, destacam-se:

a) A diversificacdo do sistema, reduzindo os riscos de pragas, doencas e degradacao

das pastagens;
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b) Capacidade de adicionar nitrogénio da atmosfera ao sistema solo-planta-animal, por

meio da simbiose com bactérias do género Rhizobium;

c) Melhor protecdo do solo, evitando a erosao e lixiviagdo de nutrientes, estimulando a
acao microbiana, com impacto positivo nas condi¢des fisico-quimicas do solo e na

eficiéncia e reciclagem dos nutrientes;

d) Aumento da produgdo de forragens, particularmente nos periodos secos.

Consequentemente torna a dieta animal mais diversificada e rica em proteinas;
e) Maior valor nutritivo quando comparadas com as gramineas tropicais;

f) Maior resisténcia a seca em algumas espécies, proporcionando melhor distribuicao da
producdo de forragens durante o ano, em quantidade e qualidade adequadas aos

requerimentos nutricionais de animais com alto potencial genético.

Isto resulta em aumento nos indices produtivos e reprodutivos do rebanho, reducao de
custos pela substituicdo de fertilizantes nitrogenados e pesticidas, além do aumento na
rentabilidade e competitividade da pecuaria. E possivel também verificar beneficios ambientais
em decorréncia da reducao da poluicdo ambiental com residuos quimicos e aumento da
biodiversidade do solo (Greenland, 1981; Boumann, 1999; Aita, 2001; Almeida, 2003;

Nascimento, 2003; Volpe, 2008).

Estratégias de manejo tém sido aplicadas com sucesso, para manter as leguminosas
em pastagens consorciadas. Algumas leguminosas, dentre elas: Calopogonium mucunoides
(Pizarro & Carvalho, 1997), Centrosema sp, Pueraria phaseoloides (Argel & Keller-Grein,
1996), Arachis sp (Lascano, 1994; Stir et al. 1996; Pizarro et al. 1998); Glycine max L (Perez et
al. 1993); Desmodium sp (Van Heurck, 1990); Stylosanthes sp (Grof et al. 2001) e Cajanus

cajan (Beltrame & Rodrigues, 2007) tem sido usadas em consorciagcbes com algumas
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gramineas, entre elas: Panicum maximum, Cynodon nlemfuensis, Hyparrhenia rufa, Paspalum
sp, Setaria sphacelata cv. Nandi, Brachiaria sp, Chloris sp, Digitaria sp € Melinis minutiflora,
para avaliar caracteristicas morfofisiologicas, adaptabilidade e quantidade de nitrogénio
transferido ao ecossistema de pastagem especifico, valor nutritivo, palatabilidade, e fatores

associados de manejo.

O uso de C. mucunoides, G. max, Mucuna aterrina e Estilosantes Campo Grande (S.
capitata e S. macrocephala) nao se restringe apenas ao campo. Sua eficacia estd presente
também em rodovias do Brasil, através da hidrossemeadura. Este processo consiste na
implantacdo de espécies vegetais por meio de jateamento de sementes sobre 0 solo em areas
ingremes, utilizando sementes consorciadas de gramineas e leguminosas como contengao de

encostas, ndo permitindo o deslizamento (Agronegécio, 2008).

A consorciacao entre gramineas e leguminosas é uma opgao viavel que concorre para
melhorar a utilizacdo do solo, para reverter 0os processos de degradacdo dos recursos
produtivos, para aumentar a disponibilidade de alimentos para os animais, contribuindo, desse

modo, para 0 manejo racional das areas produtivas (Evangelista & Rocha, 1997).

DESCRIGAO DAS ESPECIES

GRAMINEA Panicum maximum Jacq.

Panicum maximum Jacq. (=Megathyrsus maximus (Jacqg.) Simon BK & Jacobs SWL) é
de origem africana (Africa do Leste), mais especificamente das regides do Quénia e da
Tanzania (Bogdan, 1977b; Skerman & Riveros, 1990). Pertence a familia Poaceae, subfamilia

Panicoideae, tribo Paniceae, e forma um complexo agamico com P. infestum Anders e P.
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trichocladum K. Schum. Essas trés espécies constituem um complexo agamico por se
intercruzarem naturalmente, o que é possivel por exibirem o mesmo nimero cromossémico

(x=8) e o mesmo nivel de ploidia.

P. maximum é uma espécie apomitica, mas tipos sexuais foram encontrados na
natureza, e permitem o cruzamento com gendtipos apomiticos e assim a obtencao de hibridos.
Os acessos apomiticos sao autotetrapléides (4n=32) e os sexuais encontrados na natureza sao
dipléides (2n=16) (Combes & Pernés, 1970; Pernés, 1975; Savidan, 1982a), apesar de que
alguns acessos com diferentes numeros cromossémicos foram encontrados no centro de
origem (Combes, 1975; Bogdan, 1977b). Sao eles: tripldides (2n=24), pentapléides (2n=40),
hexaploides (2n=48), octoplodides (2n=64), nonaplbides (2n=72) e com numeros irregulares de

cromossomos (2n=30, 31, 34, 36, 37 e 38).

Uma metodologia simples para garantir esse potencial reprodutivo em P. maximum é a
duplicacdo do numero de cromossomos dos acessos dipléides sexuais com colchicina. Isso
permite o cruzamento entre um acesso sexual e um apomitico tetrapléide, e consequentemente
a obtencao de hibridos férteis. Na estratégia de cruzamento, a escolha de genitores sexuais e
apomiticos é um importante passo para o melhoramento, podendo evitar problemas de

incompatibilidade, fertilidade e recombinacao genética (Savidan, 1982a; Hanna, 1995).

O comportamento cromossémico durante a meiose e a sua relacao com a fertilidade do
polen dos progenitores e hibridos devem ser avaliados, visando o sucesso na obtengcdo de
hibridos férteis e com uma adequada produgédo de sementes. Alguns parentais e hibridos foram
avaliados quanto a viabilidade do pélen (Pessim et al. 2007). Foram observados de 29% a 33%
de anormalidades nos hibridos e na progenitora feminina, a qual é um hibrido sexual
selecionado a partir de cruzamentos entre acessos sexuais e apomiticos. Os dois genitores

masculinos que foram coletados na Africa evidenciaram anormalidades de 11% e 13%.

11
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P. maximum apresenta um ciclo vegetativo perene sendo propagado por sementes.
Apresenta um habito de crescimento cespitoso, porém algumas plantas podem ser
estoloniferas podendo chegar até 1,78 m de comprimento. As folhas podem ser decumbentes e
eretas. Suas inflorescéncias sdo do tipo panicula. Possui um sistema radicular bastante
desenvolvido, o que possibilita 6tima resisténcia a seca e a sobrevivéncia em situacoes
adversas (Jank, 1995). E cultivado com sucesso, principalmente em solos arenosos de
fertilidade média a alta. E utilizado na dieta animal como fonte de proteina e em consorciacdes
com algumas leguminosas (Costa, 1998). A Figura 1 mostra as estruturas reprodutivas e

vegetativas de P. maximum.

O Brasil dispoe de uma colecdo de 426 acessos apomiticos e varias plantas sexuais de
P. maximum. Essa colecao foi introduzida no Brasil na década de 80, por meio de um acordo
de cooperagao com o Institut Francais de Recherche Scientifique pour le Développement en
Coopération (ORSTOM), France, atualmente Institut de Recherche pour le Développement
(IRD). O germoplasma estd sendo mantido no campo na Empresa Brasileira de Pesquisa
Agropecudria (Embrapa Gado de Corte), Campo Grande em Mato Grosso do Sul. E composto
por acessos apomiticos e sexuais, e pode ser considerado representativo da variabilidade
natural existente, devido a abrangéncia ecogeografica das expedi¢cdes de coleta realizadas no

centro de origem (Africa Oriental) da espécie (Savidan et al. 1989).

A caracterizagdo do germoplasma de P. maximum no Brasil (1984 a 1988) demonstrou
alta variabilidade disponivel para selecdo do ponto de vista agrondmico e morfologico (Jank et
al. 1994; Jank, 1995; Jank et al. 1997). A partir dessa caracterizacao foram selecionados 25
acessos com base nas caracteristicas agronémicas, e posteriormente avaliados em uma rede
de ensaios nacional, em diferentes Estados brasileiros (Acre, Minas Gerais, Parana, Mato
Grosso do Sul, Pard, Distrito Federal e Bahia) (Jank et al. 1993). Os resultados dessa

avaliacdo nacional (1990 a 1992) resultaram na selecédo de sete acessos que foram avaliados

12
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em piquetes pequenos com animais para avaliar os efeitos dos animais sobre os capins
(Euclides et al. 1995). Posteriormente, os melhores acessos foram avaliados sob pastejo
bovino para determinar o desempenho animal. Esses resultados levaram ao langamento das
cultivares P. maximum cv. Tanzania-1 (1990), P. maximum cv. Mombaca (1993) e P. maximum
cv. Massai (2001). O sucesso da adocao comercial dessas trés cultivares esta fundamentado
em duas premissas: sao cultivares extremamente produtivas, robustas e rusticas e foram

lancadas com orientagdes sobre o manejo e utilizacédo (Jank et al. 2005).

13
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Figura 1: Aspectos reprodutivos e vegetativos de Panicum maximum. A) llustracdo da planta
de P. maximum (extraida de Hitchcock AS. Manual of the grasses of the United States. 1950).
B) Parte aérea da planta — folhas (Foto: Adna C. B. Sousa). C) Inflorescéncia
(www.wikimedia.org). D) Sementes (Foto: Gerson Sobreira).

14
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Apomixia

A apomixia € um modo de reproducao assexual por sementes. O embrido desenvolve-
se a partir de divisdes mitéticas do nucelo, levando a formacao de sementes férteis, sem haver
a uniao dos gametas femininos e masculinos como ocorre na reprodugao sexual. Em espécies
apomiticas pode ocorrer a reproducdo sexual simultaneamente, numa mesma planta ou no
mesmo oOvulo (Nogler, 1982; Savidan, 2000; Dall’Agnol & Schifino-Wittmann, 2005). Em
espécies apomiticas obrigatorias, a reproducdo sexual estd completamente excluida, e todas

as sementes tém o genétipo da planta mae (Koltunow et al. 1995).

Ha dois tipos principais de apomixia: gametofitica e esporofitica. A apomixia
gametofitica ocorre na maioria das gramineas forrageiras de interesse econémico, tais como
Brachiaria, Panicum, Paspalum, Pennisetum e outras (Usberti Filho, 1981; Asker & Jerling,
1992). A apomixia gametofitica é caracterizada pelo desenvolvimento autdnomo do embrido em
um saco embrionario ndo reduzido, onde as células, incluindo o gameta, sao dipldides. A partir
da origem dos sacos embriondrios, a apomixia gametofitica pode ocorrer por dois processos

distintos: aposporia ou diplosporia (Nogler, 1982; Gauer et al. 2001).

Na apomixia aposporica, 0 embrido desenvolve-se a partir da célula somética do évulo,
diferente da célula-mae do megasporo, formando um saco embrionario ndo-reduzido. Como o
embrido aposporico se origina a partir de divisbes mitéticas de uma célula somatica, ele possui
exatamente 0 mesmo complemento cromossémico e constituicdo genética da planta mae.
Devido a isto, a aposporia suprime a troca de genes, levando a heterozigose fixada (Hanna &

Bashaw, 1987).

Na diplosporia a célula mae do megasporo ndo entra em meiose, ou esta é incompleta,
e, por mitoses, da origem a um saco embrionario ndo reduzido. Em algumas formas de

aposporia, ocorre a fecundagcao dos nucleos polares do saco embrionario por um nucleo do

15
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grdao de polen levando a formacao do endosperma, sem ocorrer a fecundagdo da oosfera,
fendbmeno denominado de pseudogamia. O carater esporofitico da apomixia consiste na
formagao do embrido independente da formacdo de um saco embrionario (Koltunow, 1993). Na
apomixia esporofitica, também designada embrionia adventicia, ndo ha formac¢do de sacos
embrionarios, mas os embrides dipléides desenvolvem-se diretamente a partir de células dos
envoltérios do évulo. Comumente, multiplos embrides adventicios sdo observados e a
reproducéo sexual normalmente ocorre paralelamente a embrionia adventicia. Esse processo

€ comum em Citrus sp € Mangifera sp (Asker & Jerling, 1992; Koltunow et al. 1995).

O processo apomitico ultrapassa a meiose e a fertilizacdo para formar sementes
viaveis. Para isso ocorrer, sdo necessarios trés elementos basicos: a) auséncia ou alteragdo da
meiose evitando a reducdo (apomeiose); b) ativacdo da oosfera para formar um embrido na
auséncia da fertilizacado (partenogénese) €; c¢) iniciacdo do endosperma, tanto autonomamente

ou pseudogamicamente (Spillane et al. 2001a; Spillane et al. 2001b).

Estudos sobre a heranca da apomixia conduz a hipdtese desse carater estar ligado a
um gene dominante ou um grupo de genes muito préximos. Esta hipétese € apoiada através da
andlise de genética mendeliana em Bothriochloa-Dichanthium, P. maximum, Pennisetum sp,
Ranunculus auricomus, Cenchrus ciliaris e Brachiaria sp (Valle & Savidan 1996; Savidan, 1975;
Savidan, 2000). Em P. maximum estudos indicam que um Unico gene dominante esta
envolvido, ou seja, as progénies hibridas incluem plantas sexuais e apomiticas, na proporgao
de 1:1. Portanto, o cruzamento entre uma planta sexual e uma apomitica, qualquer que seja o
grau de sexualidade, dara uma progénie, onde a metade dos hibridos serdo apomiticos.
Consequentemente os acessos fixados, poderdo ser multiplicados e entrar no processo de

selecao (Savidan, 1982a; Savidan, 1982b; Savidan, 1983).
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A apomixia possui um potencial para revolucionar a produg¢do agricola, maximizando a
producdo por meio da fixagdo do vigor hibrido, evitando perdas devido a problemas de
polinizagao e acelerando o processo de melhoramento. Além disso, simplificaria o processo de
producdo comercial de sementes hibridas, sem necessidades de linhas paternas, ou
isolamento no campo, aumentando a producao em paises onde as produgcdes sio baixas. O
uso da apomixia em larga escala poderia aumentar a diversidade genética existente, uma vez
que de cada cruzamento entre uma planta sexual e uma planta apomitica poderia resultar em
uma combinagcado génica Unica, independente da heterose ou homozigose dos pais. Assim, o0s
métodos de melhoramento podem ser orientados para a exploragdo das propriedades
especiais da apomixia, visando o desenvolvimento de novos cultivares apomiticos (Hanna,

1995; Pereira et al. 2001).

LEGUMINOSAS
Cajanus cajan (L.) Millspaugh

O guandu (Cajanus cajan (L.) Millspaugh; 2n=22) pertence a subtribo Cajaninae, tribo
Phaseoleae, subfamilia Papilionoideae e familia Leguminosae (Sharma & Green, 1980). A india
€ considerada o centro de origem primario, onde é encontrada a maior diversidade genética da
espécie (Reddy et al. 1997). Essa cultura ocupa mundialmente o quinto lugar de importancia e
consumo entre as leguminosas, sendo que a india contribui com mais de 90% da producdo
mundial para forragens, producdo de grédos e energia. Desenvolve-se satisfatoriamente em

paises de clima tropical, subtropical e semi-arido (Barcelos et al. 1999).

E uma leguminosa arbustiva pubescente e pode crescer até 3 metros de altura. O caule

€ lenhoso, contendo amido na fase vegetativa, que fica escasso na fase reprodutiva, quando as
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reservas sao mobilizadas para o preenchimento das vagens. As folhas sdo compostas por trés
foliolos. Os foliolos sé@o lanceolados ou elipticos estreitos, pontiagudos, com pilosidade leve em
ambas as superficies. As flores sdo amarelas, laranjas ou vermelhas e nascem em racemos
terminais ou axilares. As vagens sao pilosas, abundantes e tém aproximadamente de 5,0 a 7,5
cm. As sementes sdo normalmente marrons, arredondadas, com um lado achatado e com um
pequeno hilo branco. Possui sistema radicular muito vigoroso e desenvolvido que Ihe garante
boa resisténcia & seca e tolerancia a acidez do solo (ICRISAT, 1984) (Figura 2). E uma planta
de ciclo curto, embora uma combinacdo de fotoperiodo e temperatura podem afetar o
florescimento e a maturacdo (Singh & Oswalt, 1992). E uma espécie autdbgama, mas na
presenca de polinizadores (abelhas) a polinizagdo cruzada pode variar de 3,0% a 26% (Reddy

et al. 2004).

O guandu pode ser utilizado na recuperacao de areas degradadas, e pode contribuir
para a restauracao da fertilidade e descompactacdo do solo. Constitui-se de uma excelente
fonte de proteina na alimentagdo animal e humana. Na alimentacdo humana pode ser
consumido na forma de grao seco e legume verde. Além disso, pode ser utilizado em
consorciagbes com algumas gramineas e como adubo verde, com o potencial produtivo de 6,5
a 9,5t ha' de massa seca na parte aérea (Fernandes et al. 1999; Santos et al. 2004;

Rodrigues et al. 2004).

Considerando o potencial de guandu para a agricultura brasileira, principalmente em
sistemas de integracdo lavoura-pecuaria e para recuperar areas degradadas, a Embrapa
Pecuéria Sudeste (Sao Carlos — SP) vem desenvolvendo, desde 1988, um programa de
avaliacdo e selegdo de genétipos de guandu com caracteristicas agrondmicas desejaveis
como: elevada producao, qualidade de forragens e com baixo teor de tanino (Godoy et al.
1995). Os genodtipos selecionados a partir dessas avaliagdes apresentaram, em graus

variaveis, misturas mecanicas e segregacao fenotipica (Godoy et al. 1994; Godoy et al. 1997).
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Por essa razao, os genétipos selecionados foram submetidos a processo de autofecundacéo e
selecdo, visando a obtencao de linhagens puras. Essas linhagens foram avaliadas quanto ao

desempenho agrondmico e ciclo vegetativo (Godoy et al. 2003; Godoy et al. 2004).

O resultado dessa avaliagao, apds 20 anos de pesquisa, possibilitou o langamento da
cultivar C. cajan cv. BRS Mandarim (2009). Apesar de ter sido selecionada para uso em solos
de baixa fertilidade, a nova cultivar responde bem a adubacao. Além disso, ela apresenta alta
produtividade de forragem, alta retencéo de folhas no inverno e baixo teor de tanino (Portal

DBO, 2010).

O langamento de novas cultivares contribuird para solucionar problemas relacionados a
sistemas de produgéo sustentavel de carne e leite, reduzindo os custos e a sazonalidade,

melhorando a alimentacdo e aumentando a produgao animal (Provazi et al. 2007).
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Centrosema pubescens Benth.

O género Centrosema (DC.) Benth. pertence a familia Leguminosae, subfamilia
Faboideae e tribo Phaseoleae. Compreende 34 espécies e é nativo da América Central e da
América do Sul (Williams & Clements, 1990). Varias espécies ocorrem naturalmente no Brasil,

onde uma grande diversidade genética é encontrada (Schultze-Kraft et al. 1990).

C. pubescens (Centrosema molle Mart. Ex Benth) é uma planta rasteira, de habito
trepador, perene, herbacea e apresenta raiz bem desenvolvida. Possue folhas compostas,
trifoliadas e inflorescéncias plurifloras. As flores sao violaceas, rosadceas ou brancas. As
sementes sdo cilindricas oblongas, marmoradas e negras quando estdo secas (Figura 3). E
uma espécie adaptavel a condigdes aridas e resistentes a seca. Desenvolve-se bem onde a
precipitacdo média anual € maior que 1270 mm e a temperatura média esta entre 22°C e 30°C

(Bogdan, 1977b). Ela é usada principalmente em pastoreio, adubagdo verde e em

consorciagdes com algumas gramineas (Nworgu & Fasogbon, 2007; Odeyinka et al. 2008).

Entre as espécies do género com potencial agronémico, trés recebem atencao especial
para as dareas tropicais e subtropicais da América: C. pubescens, C. acutifolium e C.
brasilianum. Essas trés espécies conseguem se desenvolver em solos acidos e de média
fertilidade (Humphreys et al. 1990; Schultze-Kraft et al. 1990; Teitzel et al. 1990). O numero de
cromossomos para elas é de 2n=2x=22 (Novaes & Penteado, 1993), enquanto 2n=2x=18 e 20
tém sido relatados em outras espécies (Battistin & Vargas, 1989; Clements et al. 1983; Miles et
al. 1990). As espécies do género Centrosema sao caracterizadas como autdégamas, embora a
polinizagao cruzada tenha sido relatada em C. brasilianum, com taxas de cruzamento variando

de 31% a 53% (Maass & Torres, 1992).

O género Centrosema inclui outras espécies promissoras para serem utilizadas como

culturas de pastagem. Entretanto, o conhecimento genético é limitado, o que tem restringido
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sua domesticacdo e a exploragdo em programas de melhoramento. Atualmente, apenas 26
marcadores microssatélites polimoérficos foram relatados para C. pubescens (Sousa et al.

2009).
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Figura 3: Aspectos reprodutivos e vegetativos de Centrosema pubescens. A) llustracdo da
planta de C. pubescens (Foto: Ivani Coutinho). B) Folhas e flores (Foto: Tau‘olunga). C) Vagem
(http://commons.wikimedia.org/wiki/File:Centrosemapubescens.jpg). D) Sementes (Foto: Tracey
Slotta).
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Calopogonium mucunoides Desv.

O calopogénio (Calopogonium mucunoides Desv.; 2n=36) € originario da América do
Sul e da América Central, sendo encontrado do México até o norte da Argentina, e de forma
frequente nas regides tropicais do Brasil (Cruz Filho et al. 1983). Pertence a familia
Leguminosae, subfamilia Faboideae e Tribo Phaseoleae (Carvalho-Okano & Leitdo Filho,

1985).

Essa espécie é caracterizada como uma leguminosa trepadora e vigorosa podendo
alcangar 1,0 m de altura. As folhas tém trés foliolos grandes e sao pilosas em ambas as faces,
com formato eliptico e ovalado. Apresentam de 4 a 10 cm de comprimento e de 2 a 5 cm de
largura. O caule é herbaceo, coberto de pélos de cor marrom, com capacidade de
enraizamento nos nés que entram em contato com o solo. As flores tém corola azul e surgem
em racemos de 4 a 12 flores. As vagens sao curtas e possuem um formato linear ou curvo,
cobertas por uma densa pilosidade marrom. A cor das sementes varia de amarelo a marrom
escuro (Loigier, 1994). As sementes apresentam baixa porcentagem de germinagdo, que é
atribuida, principalmente, a impermeabilidade do tegumento a entrada de agua, o que dificulta
o estabelecimento uniforme no campo. A cultura apresenta um ciclo aproximado de 240 a 260
dias (Bewley & Black, 1982; Souza et al. 2000). A Figura 4 mostra os aspectos reprodutivos e

vegetativos de C. mucunoides.

E adaptada as condicées tropicais Umidas com precipitagdes entre 1.500 e 2.500 mm
anuais. Apresenta baixa resisténcia a seca, ao encharcamento do solo e ao fogo, porém
moderada toler&ncia ao sombreamento. O calop6gonio quando é submetido a uma estacao
seca longa e severa, podera morrer, tornando-se uma cultura anual. Quando ndo ha estagéo
seca severa, o calopogdnio é perene. Adapta-se bem em solos de baixo pH, argilosos e

arenosos, sendo menos exigentes em fertilidade de que a maioria das leguminosas. Possui alta
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capacidade de fixacao de nitrogénio (McSweeney & Wesley-Smith, 1986; Seiffert & Zimmer,

1988).

O calopogénio pode ser utilizado sob a forma de feno, pastejo direto, fornecido puro ou
misturado com as gramineas, para a formacao de banco de proteinas para suplementagédo na
alimentacao animal. Além disso, poder ser usada como adubo verde e em consorciagbes com
algumas gramineas (Varela & Gurgel, 2001). Constitui uma excelente fonte de proteina para os
rebanhos, principalmente durante o periodo de estiagem, ja que seus teores de proteina bruta
variam de 14% a 18%, enquanto que uma graminea, na sua fase étima de utilizagdo, apresenta
de 8% a 10%. Seus teores de tanino sao relativamente elevados, quando comparados com 0s
de outras leguminosas forrageiras tropicais, 0 que pode resultar em menor consumo, devido a
sua baixa palatabilidade, notadamente durante o periodo chuvoso (Veasey et al. 1999; Gama,

2007; Barcellos, 2008).

Apesar da importancia e do grande potencial de C. mucunoides no Brasil, ndo existe um
programa de melhoramento genético definido. Até o momento, apenas 23 marcadores
microssatélites polimoérficos foram relatados para C. mucunoides (Sousa et al. 2010). O banco
de germoplasma presente na Embrapa Cerrados (Brasilia — DF) compreende mais de 200
acessos procedentes do banco de germoplasma do Centro Internacional de Agricultura Tropical
(CIAT). Esse banco foi avaliado do ponto de vista agrondmico e apresentou uma variagao
significativa na producdo de matéria seca, na retencdo de folhas durante a estagédo seca, alto

valor nutritivo e produgéao de sementes (Pizarro & Carvalho, 1997).
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www.tropicalforages.info/index.html). B) Folhas (Foto: Canudas Lara

EG). C) Flor (Foto: Masis A.). D) Vagem (www.webportalagropecuario.com.br). E) Sementes

(Foto: Gerson Sobreira).
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Figura 4: Aspectos reprodutivos e vegetativos de Calopogonium mucunoides. A) llustragao da

planta de C. mucunoides
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MARCADORES MICROSSATELITES E APLICAGCOES

Marcadores microssatélites (Simple Sequence Repeat — SSR) sdo pequenas regides
compostas de 1 a 6 nucleotideos repetidos em tandem, distribuidas aleatoriamente no genoma

dos eucariotos (Litt & Lutty, 1989).

Apesar de apresentar altas taxas mutacionais (10° a 10®) quando comparados com
marcadores de copia Unica, 0s microssatélites sdo conservados em suas regides
flanqueadoras entre gendtipos de uma mesma espécie e de espécies relacionadas.
Consequentemente, eles podem ser transferidos dentro de espécies do mesmo género ou de
genes similares filogeneticamente (Goldstein & Schlotterer, 2001). Caracteriza-se por ser co-
dominante, 0 que permite a discriminacdo entre homozigotos e heterozigotos em um Unico
loco. Além de apresentar um padrao de heranga mendeliana, essas regides sao multialélicas,
altamente polimérficas e informativas. O alto polimorfismo encontrado deriva de variacées no
namero de repeticoes, que podem ser provenientes do deslize (strand - slippage) da DNA
polimerase durante a replicacdo do DNA ou do pareamento errdneo (crossing-over desigual)

entre cromatides irmas (Schlotterer & Tautz, 1992).

A amplificacdo dessas regides é realizada via PCR (Polymerase Chain Reaction)
usando iniciadores (primers) especificos e complementares as regides que flanqueiam essas
repeticdes. A deteccdo do polimorfismo pode ser realizada em géis desnaturantes de
poliacrilamida por meio de marcagéo radioativa ou corados com prata, e por marcagao dos

produtos amplificados com compostos fluorescentes (Rafalsy et al. 1996; Creste et al. 2001).

Os microssatélites podem ser isolados por meio de métodos tradicionais de construcao
de bibliotecas gendmicas enriquecidas usando sondas complementares aos motivos. A
metodologia consiste de quatro etapas primordiais: a) digestdo de DNA; b) amplificacdo com os

adaptadores; ¢) enriquecimento por hibridizacao utilizando estreptavidina magnética, onde os
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fragmentos com microssatélites se hibridizam com oligonucleotideos ligados a esferas
magnéticas (beads), que sado atraidas por um im3; d) clonagem e; e) sequenciamento (Billotte
et al. 1999) (Figura 5). A partir do isolamento dos clones contendo inserto com microssatélite e

do sequenciamento, é possivel desenhar primers especificos que flanqueiam essas regides.

trtmemtS A MNAIA At
IYooLav Uv wivm yvliviiiiuvw

Selecao dos clones

l

Sequenciamento

Nty i { { S il | N NI N / |

Figura 5: Construgdo da biblioteca genémica enriquecida. (Editado por
Adna C. B. Sousa).
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Quanto a composicdo das sequéncias, 0os microssatélites sio classificados como

perfeitos, imperfeitos ou compostos (Borém & Caixeta, 2006).

Os microssatélites perfeitos possuem uma Unica repeticdo sem interferéncia de um

nucleotideo diferente em sua sequéncia (Figura 6).

1s0 1°F0
C4aciac & s C &Hc o C & cC o C 4 O

VYA

Figura 6: Sequéncia isolada do genéma de Centrosema
pubescens. Microssatélite simples perfeito (CA)g. (Adna C. B.
Sousa).

Os microssatélites imperfeitos possuem um ou mais nucleotideos que nao

correspondem a unidade de repetigao (Figura 7).

<-4 <=0
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Figura 7: Sequéncia isolada do genéma de Calopogon/um
mucunoides. Microssatélite simples imperfeito (AC),T(AC),. (Adna
C. B. Sousa).
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Os microssatélites compostos sdo intercalados por dois ou mais motivos distintos

(Figuras 8a e 8b).
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Figura 8a: Sequéncia isolada do gendma de Panicum maximum.
Microssatélite composto perfeito (AT)s(GT),. (Adna C. B. Sousa).
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Figura 8b: Sequéncia isolada do genéma de Panicum maximum. Microssatélite composto
imperfeito (AT)s(TG).TC(TA)4(TG)+6. (Adna C. B. Sousa).

A principal vantagem em utilizar essa tecnologia é a possibilidade de detectar o
polimorfismo diretamente do DNA genémico, sem a influéncia da variagdo ambiental ou génica.
Devido a sua propriedade em revelar um alto grau de polimorfismo, os microssatélites
tornaram-se ideais para: a) o mapeamento genético, principalmente para analise de ligacao e
de associacdo de genes a doencgas; b) estudos populacionais; c) caracterizagdo dos sistemas
reprodutivos; d) selecdo assistida e d) caracterizagdo de banco de germoplasma (Wu &

Tanksley, 1993; Van Oosterom & Ceccarelli, 1993; Olufowote et al. 1997; Collevatti et al. 2001).
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Em bancos de germoplasma ex situ é possivel:

a) Analisar a identidade genética de cada acesso;

b) Identificar duplicatas dentro do germoplasma;

c) Estimar a similaridade genética entre os acessos;

d) Conhecer a estrutura genética do banco de germoplasma;

e) Estimar ariqueza alélica e;

f)  Avaliar a representabilidade da colecdo em comparacao com a diversidade da espécie

cultivada e os seus parentes silvestres.

O conhecimento desses parametros genéticos abre perspectivas para os programas de
melhoramento de plantas, cujos principais objetivos sdo obtengcdo da variabilidade genética,
selecdo de acessos superiores e avaliacdo de materiais genéticos promissores para
lancamento comercial. Além de contribuir com estratégias de conservacdo e€ de manejo,
maximizam a obtencdo de ganhos genéticos significativos na selecdo de caracteristicas de

interesse na maioria das espécies de importancia econémica (Borém & Miranda, 2005).

SISTEMAS REPRODUTIVOS EM PLANTAS

Nas forrageiras tropicais existem poucas informacdes sobre o sistema de cruzamento.
O conhecimento dos sistemas reprodutivos é de extrema importancia, pois permite
compreender os padrées de fluxo génico e a diferenciagcdo genética entre e dentro de

populagdes (Hamrick, 1990).
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A sequéncia de eventos na formagdo do saco embrionario de uma planta
(megagametogénese) determinara o modo de reprodugé@o e, consequentemente, a natureza da
progénie resultante. Na parte masculina, a microsporogénese determinara a fertilidade de polen

e, assim, sua contribuicdo na constituicdo genética da progénie (Frankel & Galun, 1977).

De modo geral, as plantas se reproduzem por duas formas: assexuadamente e

sexuadamente.

Na reprodugcado assexual ou vegetativa as plantas sdo formadas por meio de 6rgaos
vegetativos especializados (raizes, tubérculos, estoldes, colmos, rizomas, estacas ou por
cultura de tecidos) e nao envolve a fusdo de gametas. Em algumas espécies as sementes sao

formadas sem a sequéncia normal da meiose e fecundacao (apomixia ou apomixia facultativa).

A reproducdo sexual é baseada no processo meibtico de divisdo celular, em que o
niamero de cromossomos das células reprodutivas é reduzido a metade para formar os
gametas: oosfera e gametéfitos. Essas plantas sao classificadas como autégamas, alégamas

ou mistas.

As plantas autbgamas apresentam altas taxas naturais de autofertilizacdo (acima de
95%). Apesar de preferencialmente realizarem autofecundacgdes, pode ocorrer uma baixa taxa
de fecundacdo cruzada nessas espécies. Porém a integridade genética dos gendtipos
homozigotos é mantida durante o processo reprodutivo. Consequentemente a variabilidade
genética distribuida estd em maior proporgao, entre as populagdes. A frequéncia de polinizacao
cruzada em espécies autégamas depende da populagdo de insetos polinizadores, intensidade

do vento, temperatura e umidade.

As plantas alégamas sao aquelas que realizam preferencialmente polinizagao cruzada
(acima de 95%). Nessas espécies ocorrem intensos intercambios de gametas com diferentes
constituicdes génicas entre diversos individuos de uma populacao. Consequentemente, a maior
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7

parte da variabilidade genética distribuida é encontrada dentro das populagbes. Alguns
mecanismos podem favorecer a polinizagdo cruzada, como a monoicia (flores de sexos
separados na mesma planta), dioicia (flores unisexuais em plantas diferentes), auto-
incompatibilidade (o poélen é geneticamente incompativel com o évulo da mesma planta),
protandria (o pélen é liberado antes do estigma estar receptivo), protoginia (o pélen é liberado

depois do estigma estar receptivo) e obstru¢ao mecéanica da autopolinizagao.

Na reproducao mista ou intermediaria todas as espécies se reproduzem utilizando os
sistemas sexuais aldgamo e autégamo simultaneamente. Estas espécies apresentam taxas de
cruzamento que variam de 5 até 95% dependendo das condigbes ambientais e da frequéncia

de polinizadores (Hamrick & Godt, 1996; Kalisz et al. 2004; Borém & Miranda, 2005).

A determinacdo das taxas de cruzamento em populacées naturais era limitada, devido a
distancia irregular entre as plantas, especialmente em espécies arbéreas, barreiras naturais
entre plantas, a dificuldade de se identificar um bom marcador genético, e a expressao de
dominancia exibida, em maior parte, por esses marcadores (Paiva et al. 1993; Paiva et al.
1994). Contudo, Ritland & Jain (1981) enfatizaram a capacidade e a versatilidade das
estimativas quando dados eletroforéticos eram empregados, considerando-se que muitos locos
segregantes com alelos co-dominantes podiam ser, frequentemente, encontrados nas

populagdes.

O surgimento dos marcadores moleculares possibilitou a obtengdo de estimativas mais
precisas das taxas de cruzamento. Além de quantificar o processo de transmissdo de genes
entre plantas, eles descrevem a transmissao de genes entre geragdes. Tradicionalmente, as
estimativas de cruzamentos eram realizadas a partir do polimorfismo isoenzimatico. As
principais vantagens do uso desses marcadores eram relacionadas ao fato de serem

geralmente co-dominantes e permitirem a andlise das espécies ainda no estagio de plantula
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(Brown & Allard, 1970). Os marcadores microssatétiles surgiram como uma alternativa. Por
serem também, co-dominantes permitem a identificacdo do genétipo (homozigoto ou
heterozigoto) sem a necessidade de testes de progénies. A possibilidade de caracterizacdo das
plantulas logo apds a germinagdo diminui o tempo necessario para se obter informagdes a
respeito do sistema de cruzamento. Além disso, é possivel obter e comparar taxas de
cruzamento verificadas a partir de locos individuais e de locos multiplos para mais informacoes

sobre a endogamia (Abdel-Ghani et al. 2004; Zucchi et al. 2004).

Os métodos de estimativas direta da taxa de cruzamento estdo baseados em um
modelo misto de cruzamento, pelo qual se determina a propor¢édo de progénies provenientes
de autofecundacao (s) e de fecundagao cruzada (t =1 — s), através de pélen de diferentes
plantas aleatoriamente disperso. Este modelo de andlise permite estimar também a proporcao
de individuos de uma determinada progénie proveniente do cruzamento entre individuos
aparentados, além da correlagdo de autofecundacdo, variacdo nas taxas de autofecundacéo
entre familias, e a correlagdo de paternidade de dois individuos, da mesma progénie, serem

irmaos completos (Ritland & Jain, 1981; Ritland, 2002).

Esse conhecimento é determinante na amostragem para a coleta de germoplasma e na
sua manutencdo, na tomada de decisdes pelo melhorista em termos de estratégias de
melhoramento, nas estimativas de pardmetros genéticos, predicdo de valores genéticos dos

gendtipos candidatos a selecao e tipos de cultivares a serem obtidas (Vencovsky et et. 2001).
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OBJETIVOS

GERAL

» Contribuir para o conhecimento genético de forrageiras tropicais com estimativas da
taxa de cruzamento (Centrosema pubescens e Calopogonium mucunoides) e analise
da diversidade genética do germoplasma de Panicum maximum, Cajanus cajan, C.

pubescens e C. mucunoides utilizando marcadores microssatélites.

ESPECIFICOS

> Isolar e sequénciar locos de microssatélites de P. maximum, C. pubescens e C.
mucunoides;
» Desenhar primers especificos para amplificar os locos de microssatélites isolados e
selecionados;
» Caracterizar cada loco de microssatélite com relagdo ao:
1 - Tipo de repeticao;
2 - Numero e tamanho dos alelos amplificados;
3 - Temperatura de anelamento;
4 - Heterozigosidade esperada e observada.
> Estimar a taxa de cruzamento em C. pubescens e C. mucunoides;
> Avaliar a diversidade genética em genétipos disponiveis no germoplasma de P.

maximum, C. cajan, C. pubescens e C. mucunoides.
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Abstract

The Guineagrass (Panicum maximum Jacq.) is one of the most important tropical forage
grasses, but genetic knowledge on this species is still limited. In this work, twenty novel
polymorphic microsatellite markers were developed, validated and employed in estimating
genetic relationships among twenty-five P. maximum accessions selected from a germplasm
collection. In addition, they were tested for cross-species amplification in four other forage grass
species. The number of alleles observed for each locus ranged from 4 to 12 (average 6.7). The
values of polymorphism information content (PIC) varied from 0.41 to 0.83 (average 0.61) and
the discriminating power (D) ranged from 0.53 to 0.98 (average 0.72). Cross-amplification
demonstrated the potential transferability of these microsatellites to four tropical forage grass
species. Cluster analysis based on the Unweighted Pair-Group Method revealed three distinct
groups: two clusters consisted of P. maximum accessions and a third cluster, consisted of the
other tropical forage grass species. The data demonstrated that the microsatellites developed
herein have potential for germplasm characterization and genetic diversity analysis in P.

maximum and other forage grass species.
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Introduction

Guineagrass (Panicum maximum Jacq.) is a tropical forage grass native to Africa.
Genetic diversity is high among P. maximum populations of tropical, subtropical and warm
temperate regions of the world, where it became an important forage grass. The P. maximum
species belongs to the family Poaceae, subfamily Panicoideae, tribe Paniceae, and forms an
agamic complex with the botanical species P. infestum Anders and P. trichocladum K. Schum.
Aposporous apomixis with pseudogamy is the propagation mode of P. maximum. This asexual
mode of propagation enables cloning of plants through the seed and can be used for fixing
desirable accessions, as F; hybrids, and simplifying commercial hybrid seed production
(Savidan 2000). In P. maximum, apomictic plants are tetraploid and have 2n=4x=32

chromosomes (Savidan 1982).

The breeding of tropical forage grasses consists mainly of the evaluation and selection
of natural ecotypes by exploiting the variability in centers of origin (Jank et al. 2005). This
procedure is being successfully used in P. maximum and several Brachiaria species for
improved livestock performance in Brazil. Guineagrass is a high yielding and nutritive forage
adapted to soils of medium to high fertility and regions receiving over 600 mm of rainfall (Pereira
et al. 2001). P. maximum is the most productive seed-propagated tropical forage grass and the

second most cultivated grass in Brazil.

The limited genetic knowledge of guineagrass has restricted breeding programs.
Genomics tools, as microsatellite markers, are required for P. maximum improvement.
Microsatellites are short tandem repeat sequence motifs, consisting of repeat units of 1-6 base
pairs (bp) that represent highly polymorphic DNA markers with discrete loci and co-dominant
alleles (Tautz and Schlotterer 1994). They are effective for genetic diversity and genetic

relationship estimation, as well as for prediction of genetic value in selected candidates derived
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from intraspecific crosses and the performance of their hybrid progenies (Grupta and Varshney
2000, Varshney et al. 2005, Ebina et al. 2007). Therefore, the development of microsatellite
markers for P. maximum could be extremely important in exploiting genetic diversity of this

species in breeding programs.

The present work reports the isolation and characterization of 20 polymorphic
microsatellite markers for P. maximum and cross-species amplifications in other four tropical

forage grass species.

Material and Methods

Plant material and DNA extraction: Microsatellites were isolated from the accession P.
maximum cv. Tanzénia (ORSTOM T58) and characterized in 25 P. maximum tetraploid
apomictic accessions from the germplasm collection of EMBRAPA Beef Cattle, MS, Campo
Grande, Brazil. The accessions were collected and introduced in Brazil by the Institut Frangais
de Recherche Scientifique pour le Développement en Coopération (ORSTOM), in France, and
Empresa Brasileira de Pesquisa Agropecudria (EMBRAPA), in Brazil, and were designated as:
ORSTOM-T21 (MASSAI), ORSTOM-T110, ORSTOM-T24, ORSTOM-G21, ORSTOM-T84,
ORSTOM-K214, ORSTOM-T46, ORSTOM-T62, ORSTOM-K191, ORSTOM-K193, ORSTOM-
K64, ORSTOM-K68, ORSTOM-K190A (MONBAGCA), ORSTOM-T58 (TANZANIA), ORSTOM-
K217, ORSTOM-KK8, ORSTOM-T60, ORSTOM-T72, ORSTOM-T91, ORSTOM-T95,
ORSTOM-KK33, ORSTOM-T97, ORSTOM-T65, ORSTOM-K249 and ORSTOM-T77. In
addition, cross-amplification tests were performed using DNA from other tropical forage grass
species in order to investigate the transferability of the microsatellites developed herein. The
genera Brachiaria and Paspalum were selected because of their impact at the forage market in

Brazil and important contribution to the development of tropical pastures. The following species
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were evaluated: Brachiaria humidicola-CIAT-26149 (BH16) and B. brizantha-CIAT-16114
(B105), from the germplasm collection of Embrapa Beef Cattle, and Paspalum regnellii (PR-
019186) and Paspalum notatum (PN-023523) from the germplasm collection of Embrapa

Pecuaria Sudeste, Sdo Carlos, SP, Brazil.

Genomic DNA was extracted from freeze-dried leaf samples following the CTAB method
of Doyle and Doyle (1990). DNA samples were evaluated on a 1% agarose gel and quantified

by comparison with known quantities of A phage uncut DNA (Invitrogen, CA, USA).

Library construction and screening for microsatellite repeat sequences: A genomic
enriched library was constructed for two dinucleotide repeat sequences following the protocol
described by Billotte et al. (1999). Genomic DNA (20 pg) was digested with Rsal restriction
enzyme (Invitrogen, CA, USA) and the resulting fragments were linked to Rsal adapters.
Dinucleotide (CT)g and (GT)g biotinylated probes were used for selection of Rsal restricted
fragments linked to Rsal adapters which contained microsatellites. The selected DNA fragments
were recovered with Streptavidine MagneShere Paramagnetic Particles (Promega, WI, USA)
using a biotinylated probe, followed by magnetic selection as described by the manufacturer.
Selected fragments were PCR amplified using primer sequences complementary to the
adapters and ligated into the pGEM-T vector (Promega, WI, USA). Escherichia coli XL-1 Blue
cells (Stratagene, CA, USA) were transformed with the recombinant plasmids and cultivated on
Luria-Bertani agar plates containing 100 ug mL-1 ampicillin (Sigma, Germany), 50 ug mL-1 X-
galactosidase, isopropyl B-D-1-thiogalactopyranoside (IPTG) (MBI Fermentas, MD, USA).

Single white colonies were transferred onto microplates for long-term storage at -80°C.

DNA Sequencing, primer desighing and microsatellite polymorphisms: Of 576
recombinant colonies that were selected, 48 were sequenced on an ABI PRISM 377 DNA

Sequencer (Applied Biosystems, CA, USA) using the Big Dye terminator version 3.1 version
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Cycle Sequencing Kit (Applied Biosystems, CA, USA). Primers were designed using LaserGene
software, vs.5.03 (DNAStar Inc.) at the following conditions: amplification size products from
150 bp to 300 bp; GC content between 40-60%; annealing temperature (Ta) between 45 and
60°C; primer length between 18 and 22 bp and with no hairpins or dimmers. The simple

sequence repeat identification tool (SSRIT) (http://www.gramene.org/db/markers/ssrtool) was

used to identify microsatellites present in the non-redundant sequences (Temnykh et al. 2001).
Polymerase chain reaction (PCR) amplifications were performed in 25 puL final volume
containing 10 ng of DNA template, 0.8 uM of each forward and reverse primers, 100 uM of each
dNTP (MBI Fermentas, MD, USA), 1.5 mM MgCI2, 10 mM Tris-HCI, 50 mM KCI, and 0.5 U Taq
DNA Polymerase (Invitrogen, CA, USA). PCR reactions were performed using the following
conditions: 94°C for 1 min followed by 30 cycles of 94°C for 1 min, specific Ta for 1 min, 72°C
for 1 min, and a final extension of 72°C for 5 min. Amplification products were verified by
electrophoresis on 3% agarose gels containing 0.1 mg ethidium bromide/ml in 1X TBE buffer
(89 mM Tris-borate, 2 mM EDTA, pH 8.0) and 6% denaturing polyacrylamide gels in 1X TBE
buffer, using a 10 bp ladder (Invitrogen, CA, USA) as a standard size. The DNA fragments were

visualized by silver staining according to Creste et al. (2001).

Data analysis: The polymorphism information content (PIC) values were calculated for
estimates of marker informativeness (Cordeiro et al. 2003). In order to compare marker
efficiencies in varietal identification, a discriminating power (D) was estimated for each primer
(Tessier et al. 1999). Genetic similarity for all the pairwise combinations were calculated
according to Jaccard’s similarity coefficient (Jaccard 1908) and clustered using the Unweighted
Pair Group Method employing arithmetic averages (UPGMA) using the NTSYSpc v.2.1 software
(Rohlf 2000). The reliability of the generated dendrogram was tested by bootstrap analysis

using the BooD software with 1.000 interactions (Coelho 2002).
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Results and Discussion

The 20 novel microsatellite loci were polymorphic in P. maximum and in the Brachiaria
and Paspalum species examined (Table 1). A total of 135 putative alleles were obtained from
the 20 microsatellite markers and used to assess genetic relationship among 25 P. maximum
accessions and four tropical forage grass species. The number of alleles ranged from 4 to 12,
with an average of 6.7. The PIC values of the 20 microsatellite loci ranged from 0.41 to 0.83
(average 0.61). The calculated D values ranged from 0.53 to 0.98 (average 0.72). The highest D
value was found in 2PMc222.1 (0.91) and 1PMs11b (0.98), which were loci with the highest PIC
values. The polyploid nature of P. maximum does not allow for estimation of the exact copy
number of each allele. Therefore, standard tests for deviation from the Hardy-Weinberg

equilibrium and linkage disequilibrium were not applied.

All polymorphic markers were tested for cross-amplification in B. humidicola, B.
brizantha, P. notatum and P. regnellii. Eleven microsatellite loci amplified in these four species,
but with different levels of transferability. Four loci (2PMc236, 1PMs11b, 2PMc226 and
2PMc144) amplified successfully in all species, indicating their absolute (100%) transferability.
The markers 2PMc252 and 2PMc287 cross-amplified only in Paspalum sp and five markers
(2PMc259, 2PMc308, 2PMc373, 2PM198.1 and 2PMc37) amplified only in Brachiaria sp.
Moreover, non-specific amplification of the loci 1PMc61, 2PMc342, 2PMc125, 1PMc48,
2PMc239.2, 2PMc191, 2PMc224, 1PMc48.16 and 2PMc222.1 was observed in the four
examined species. The results suggest considerable sequence conservation within the primer

regions flanking microsatellite loci.

Genetic analysis of 25 accessions of P. maximum revealed three distinct clusters

(Figure 1). Based on the Jaccard’s similarity coefficient the 25 accessions were differentiated.
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Table 1 Description of 20 microsatellite markers developed for Panicum maximum Jacq. and cross-species amplification in

four forage grass species.

Characteristics in

P. maximum

Transferability in tropical forage grass species

SSR locus GenI}ank Repe‘at Ta Primer sequences (5’ - 3") N Size PIC D Bracfliflria Bra.chiaria Paspalur.t.z Paspalum
accession no. motif °O) range(bp) humidicola brizantha regnellii notatum

1PMc61 FJ853735 (CA)5 60° F: ACACACCAGTCCAGTCAT 11 100-115 0.77 0.82 - - -
R: GCCACGCTCCACAG

2PMc259 FJ853736 (GT)8 60° F: GGGCCGGGGGAGTAGGTTAG 9 207-216 0.62 0.76 + + -
R: GGTTCAGGGGGAGAGCAGAGTG

2PMc342 FJ853737 (TG)7 53.3° F: GGGATCCGGTATGGTCA 4 240-253 0.41 0.53 - -
R: GTCGGCTGCGTGCTA

2PMc125 FJ853738 (TGT)9 55° F: CTTTGCCATCTCTTATTCCACA 4 230-246 0.61 0.72 - -
R: GCTGCCCATTTCTTAGTCCA

2PMc308 FJ853739 (CT)10(T)9 51.0° F: GGAACCGTGTAACTAAATGAT 6 219-240 0.58 0.70 + + -
R: TGATGAATGAACCAAAAGTCT

1PMc48 FJ853740 (CA)6 60° F: GAAATCTGGTGCATCATCCT 4 240-253 0.51 0.63 - -
R: ATCCGGTTGGCAGAGTATC

2PMc239.2 FJ853741 (GT)6 53.0° F: CAAACAATTCAAGCACAAACTA 4 251-262 0.53 0.69 - -
R: CTATGGAGAAATTAAGCAACCT

2PMc191 FJ853742 (GT)5 49.2° F: ACACTCAACTGGCAACCT 9 125-136 0.57 0.68 - -
R: TTCACAATTTCTTTTCACAC

2PMc236 FJ853743 (TG)7 53° F: AACTGTCACATATTTTCACTTT 4 302-316 0.42 0.55 + + + +
R: GGATCCCCTCTTCATTAG

1PMs11b FJ853744 (CA)9 60° F: CTGCTGCCGCCGTAGGAAT 12 345-358 0.83 0.98 + + + +
R: TTAAATGCGTCAACCCCAACC

2PMc226 FJ853745 (AC)5 53° F: TCGAATATGCAGGAGAAC 4 340-349 0.61 0.73 + + + +
R: GTAAAGTGTAAACCCCAGTG

2PMc144 FJ853746 (TG)14 55° F: CAACCTCTCGTGTCTGCTC 10 155-174 0.72 0.80 + + + +
R: CTGTCCCTGCCTGAAGTT

2PMc224 FJ853747 (CA)5 52° F: AAGGGGTGGGGTTCC 10 207-236 0.68 0.79 - -
R: TGGTCATGGTGGGTTCA

2PMc373 FJ853748 (AG)9 53.3° F: CAGGCGAATGAGAGCAAAAA 12 244-253 0.79 0.86 + = -
R: TTAAAGGCATTCGGGTGTCA

2PM198.1 FJ853749 (CT)7(TC)6 56.5° F: CAGAAAGAAGGAAGGAAAGGAA 4 232-248 0.60 0.72 + + -
R: TCTAGCTGCATGCATAAACACT

2PMc37 FJ853750 (AG)7 50° F: GATCTGTCATATTCCTTCTC 4 219-246 0.58 0.70 + + -
R: CAAAATCGTGTATAAACTCTA

2PMc252 FJ853751 (CA)6 45° F: GTAAAGCGCAAAAACT 4 250-263 0.49 0.63 + +
R: ATCCGTATCTTAGGTGA

2PMc287 FJ853752 (GM14 53.2° F: CCCTGCACAGAGAAAAC 4 261-292 0.57 0.69 + +
R: GCACCTGAAGTCCTGAA

1PMc48.16 FJ853753 (CA)6 60° F: 'GAAATGTGGTGCATCATCCT 4 135-146 0.49 0.60 - -
R: ATCCGGTTGGCAGAGTATC

2PMc222.1 FJ853754 (CT)3(CT)4 50° F: TAATCCCTTTGCCTTTTC 12 237-254 0.81 0.91 - -
R: CCCATTCATCTGCTGCTA

Ta annealing temperature; N number of alleles; PIC Polymorphism information content; D discriminating power; + successful amplification; - unsuccessful amplification.
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The P. maximum apomictic tetraploid accessions were separated into two clusters (I and
II). The cluster | consisted of two sub-clusters: IA (T21 — MASSAI and T110) and IB (T24, T46,
T60, T62, T65, T72, T84, K64, K68, K191, K193, K214, K217, K249, KK8, KK33, G21,
MOMBAGCA, TANZANIA, T97, T91 and T95). The cluster Il contained only the T77 accession.
The T21, T110 and T77 accessions are interspecific natural hybrids derived from crosses
between P. maximum and P. infestum. The sub-clusters |A and IB contain three commercial
varieties (Massai-T21, Tanzania and Mombaca), which were collected in Dar a Bagamoyo and
Korogwe, in Tanzania. The P. maximum accessions that are preceded by T were collected in
Tanzania (1969), KK in Kenya (1969), K in Kenya or Tanzania (1967) and G in research
institutions (seeds and seedlings). The data confirmed that the Kenya and Tanzania accessions
are closely related to each other. The forage grass species B. humidicola, B. brizantha, P.
notatum and P. regnellii were grouped separately from P. maximum, forming an outgroup
(cluster IIlI). High bootstrap values (>65) at main nodes indicated the consistency of the

clustering.

Genetic breeding has been largely responsible for advances in agriculture, including the
development of superior cultivars either by an increase in productivity or improvement of
adaptation to harsh environments. The success of a breeding program can be accelerated by
the effective use of molecular markers. The P. maximum microsatellite loci described herein are
potentially useful to conduct further genetic studies on population structure and could contribute
to the development of strategies for germplasm conservation and breeding in this species and

possibly in other related forage species.
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BH16 — Brachiaria humidicola
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PR — Paspalum regnelli

PN — Paspalum notatum

0.89

Figure 1 Cluster grouping of 25 accessions of Panicum maximum Jacq. and four species of forage grass, based on Jaccard’s
similarity coefficient. Bootstrap values (>65) are indicated as % at major and critical sub-nodes.
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Abstract

Guineagrass (Panicum maximum Jacq.) is one of the major forage grasses in tropical and
subtropical regions. It is an apomictic and predominantly tetraploid species. The objective of this
study was to evaluate genetic diversity in guineagrass germplasm. For this pourpose, a
collection of reproducible and informative microsatellite markers was developed. A total of 576
clones were sequenced from microsatellite-enriched (CTg and GTs) libraries. Three hundred and
twenty-three (61%) of the clones contained microsatellites. Flanking primers were designed for
116 microsatellite loci and screened using a panel of 25 guineagrass accessions. Fifty-five of
the microsatellites were polymorphic. Based on estimates of polymorphism information content
and discriminating power, 30 microsatellites were selected to characterize the guineagrass
germplasm. A total of 192 alleles were obtained with an average of 6.4 alleles per locus. Using
a model-based Bayesian approach implemented in STRUCTURE software, we identified 4
clusters in the germplasm. The STRUCTURE results were confirmed by an AMOVA analysis.
The largest fraction of variation was found within groups (55.62%). The geographic distance and
genetic similarity did not reveal a significant association between genetic and geographic
variation. These microsatellites are ideal resources for use in managing guineagrass

germplasm, conservation and exploitation of these genetic resources.
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Introduction

Guineagrass (Panicum maximum Jacq. = Megathyrsus maximus Jacq. Simon BK &
Jacobs SWL) is an important tropical forage grass native to Africa (Kenya and Tanzania) where
high genetic diversity is found (Burton et al. 1973). Because of its high yield, nutritional content
and wide adaptability to diverse ecological niches, it has been introduced and exploited widely
in Brazil, Japan, Puerto Rico, the USA and Australia (Nakajima 1978; Smith 1979; Savidan
1982; Duke 1983). It belongs to the family Poaceae, subfamily Panicoideae, and tribe Paniceae.
The species is considered apomictic (gametophytic aposporous type) (Savidan 2000; Jain et al.
2006), and its apomictic genotypes are autotetraploid (2n=4x=32); however, some sexual
genotypes have been found and identified as diploid (2n=2x=16) (Nakajima et al. 1979). P.
maximum forms an agamic complex with the botanical species P. infestum Anders and P.
trichocladum K. Schum (Muir and Jank 2004). As these three species possess the same
chromosome number (2n=4x=32) and intercross freely, intermediate or hybrid types may be

found in natural population in East Africa (Savidan and Pernés 1982).

The P. maximum germplasm used by the Brazilian Agricultural Research Corporation -
EMBRAPA Beef Cattle (Mato Grosso do Sul, Campo Grande, Brazil) was introduced in 1982 by
a cooperative agreement with the former Institut Francais de Recherche Scientifique pour le
Développement en Coopération (ORSTOM), France (today Institut de Recherche pour le
Développement-IRD). The germplasm includes apomictic and sexual accessions, and it may be
considered representative of the existing natural variability of the species due to the eco-

geographic scope of the collecting expeditions involved (Savidan et al. 1989).

The germplasm collection presents high phenotypic variability (Jank et al. 1997).
However, the genetic diversity of the germplasm has not been evaluated at the molecular level.

Knowledge of its genetic variability is important for the development of breeding strategies,
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selection of genotypes and conservation of the genetic resources. With the development of
molecular marker technologies, tools have become available to efficiently describe the structure
of the genetic diversity in the germplasm or within cultivars, as well as the diversity among
populations without the need of phenotyping (Bolaric et al. 2005). Among the available
molecular markers, microsatellites are the most promising for genomic applications and are
highly informative (Gupta and Varshney 2000). Microsatellite markers consist of short (1 - 6 bp)
tandem repeat DNA sequences dispersed randomly throughout the genome. These regions are
locus-specific, polymorphic and show a co-dominant segregation pattern (Gaitan-Solis et al.
2003). Allelic diversity at microsatellite loci caused by variation in the number of repeats of the
core sequence is probably caused by polymerase slippage and a lack of repair during DNA
replication (Field and Wills, 1996). They are quite effective for estimating genetic diversity and
genetic relationships and in predicting the genetic value of selected genotypes derived from
intraspecific crosses and the performance of their hybrid progenies (Varshney et al. 2005). This
paper reports the genetic variation of 396 P. maximum accessions from the Embrapa Beef

Cattle germplasm bank, using 30 microsatellite loci.

Material and Methods

Plant material and DNA extraction

A total of 396 P. maximum accessions were analyzed in this study (Table 1). They
belong to the germplasm of the Brazilian Agricultural Research Corporation - Embrapa Beef
Cattle at Campo Grande, Mato Grosso do Sul, Brazil. The accessions were collected by the
former Institut Francais de Recherche Scientifique pour le Développement en Coopération
(ORSTOM), France (Combes and Pernés, 1970). The accessions were introduced into Brazil

through a cooperative agreement with EMBRAPA (Savidan et al. 1989).
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Table 1. Information for the 396 Panicum maximum Jacq. accessions.

Sample Accession . Sample Accession .
code 1D Origin code ID Origin
1 K190A* Tanzania, Korogwe 199 K214 Kenya, L. Lunga-Mombasa
2 T58* Tanzania, Korogwe 200 K217 Kenya, L. Lunga-Mombasa
3 Colorado+ Unknown 201 K218 Kenya, Mombasa
4 Natsuyutakab East Africa 202 K219 Kenya, Mombasa
5 C1 Africa 203 K220 Kenya, Mombasa-Voi
6 60 Congo, Brazzaville 204 K223 Kenya, Mombasa-Voi
7 77 Kenya 205 K224 Kenya, Mombasa-Voi
8 82 Cameroon, Nkol Bisson 206 K225 Kenya, Mombasa-Voi
9 87 Cameroon, Nlohelouem 207 K227 Kenya, Mombasa-Voi
10 93 Introduced from Brazil 208 K228 Kenya, Mombasa-Voi
11 174 Ivory Coast, Daloa 209 K237 Kenya, Voi
12 304 Zaire, Gandajika 210 K241 Kenya, Voi-Machakos
13 B2 Introduced in Brazil 211 K241D= Kenya, Voi-Machakos
14 B6 Introduced in Brazil 212 K244 Kenya, Voi-Machakos
15 B7 Introduced in Brazil 213 K249 Kenya, Nairobi
16 B10 Introduced in Brazil 214 KK7 Kenya, Meru-Embu
17 B12 Introduced in Brazil 215 KK8 Kenya, Meru-Embu
18 B19 Introduced in Brazil 216 KK10 Kenya, Meru-Embu
19 B22 Introduced in Brazil 217 KK12 Kenya, Meru-Embu
20 B26 Introduced in Brazil 218 KK14 Kenya, Meru-Embu
21 78 Introduced in Angola 219 KK14E- Kenya, Meru-Embu
22 S7. Introduced in IRD 220 KK15 Kenya, Meru-Embu
23 S8e Introduced in IRD 221 KK16 Kenya, Meru-Embu
24 S9- Introduced in IRD 222 KK17 Kenya, Meru-Embu
25 S10- Introduced in IRD 223 KK18 Kenya, Meru-Embu
26 Si1e Introduced in IRD 224 KK21 Kenya, Meru-Embu
27 S12- Introduced in IRD 225 KK23 Kenya, Meru-Embu
28 S13 Introduced in IRD 226 KK23E- Kenya, Meru-Embu
29 S14. Introduced in IRD 227 KK25 Kenya, Meru-Embu
30 S15¢ Introduced in IRD 228 KK26 Kenya, Meru-Embu
31 S16¢ Introduced in IRD 229 KK33 Kenya, Meru-Embu
32 S17- Introduced in IRD 230 KK34 Kenya, Meru-Embu
33 S18¢ Introduced in IRD 231 G1 Gabon, Irat
34 S19¢ Introduced in IRD 232 G2 Uganda, Serere
35 S20- Introduced in IRD 233 G3 Nigeria, Zaria
36 S21. Introduced in IRD 234 G4 Botswana, Tuli
37 S22 Introduced in IRD 235 G5 Botswana, Nata
38 S23 Introduced in IRD 236 G6 Zimbabwe, Melsetter
39 T4 Tanzania, Dar-Bagamoyo 237 G7 Zimbabwe
40 T7 Tanzania, Dar-Bagamoyo 238 G8 Zimbabwe, Marandellas
41 T11 Tanzania, Dar-Bagamoyo 239 G9 Zimbabwe, Victoria Falls
42 T11D= Tanzania, Dar-Bagamoyo 240 G10 Zimbabwe, Marandellas
43 T18 Tanzania, Dar-Bagamoyo 241 G11 Malawi
44 T19 Tanzania, Dar-Bagamoyo 242 G11E= Malawi
45 T21* Tanzania, Dar-Bagamoyo 243 G12 Introduced from Angola
46 T23 Tanzania, Dar-Bagamoyo 244 G13 Zimbabwe, Marandellas
47 T24 Tanzania, Dar-Bagamoyo 245 G14 Zimbabwe, Marandellas
48 T45 Tanzania, Korogwe 246 G15 Zimbabwe, Marandellas
49 T46 Tanzania, Korogwe 247 G16 Introduced from Brazil
50 T60 Tanzania, Korogwe-Kilosa 248 G17 Zimbabwe
51 T62 Tanzania, Korogwe-Mikume 249 G18 Kenya
52 T65 Tanzania, Korogwe-Kilosa 250 G19 Kenya, Machakos
53 T68 Tanzania, Korogwe-Kilosa 251 G20 Kenya
54 T72 Tanzania, Korogwe-Kilosa 252 G20E- Kenya
55 T77 Tanzania, Kilosa-Mikume 253 G21 Kenya, Mac Kinnon Road
56 T81 Tanzania, Kilosa-Morogoro 254 G21E- Kenya, Mac Kinnon Road
57 T84 Tanzania, Kilosa-Morogoro 255 G22 Tanzania, Tengeru
58 T86 Tanzania, Mts. Uruguru 256 G23 Malawi, Nchizi
59 T Tanzania, Morogoro 257 G26 Kenya
60 T92 Tanzania, Morogoro 258 G27 Introduced in Angola
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Table 1. Continued.

Sample Accession

Sample Accession

code ID Origin code ID Origin

61 T95 Tanzania, Morogoro 259 G27E- Introduced in Angola

62 T96 Tanzania, Morogoro-Dar 260 G28 South Africa

63 T97 Tanzania, Morogoro-Dar 261 G28A- Unknown

64 T98 Tanzania, Morogoro-Dar 262 G30 Introduced in Angola

65 T103 Tanzania, Morogoro-Dar 263 G31 Introduced in Angola

66 T104 Tanzania, Morogoro-Dar 264 G5E Botswana, Nata

67 T108 Tanzania, Morogoro-Dar 265 G32 Introduced in Angola

68 T109 Tanzania, Morogoro-Dar 266 G33 Introduced in Angola

69 T110 Tanzania, Morogoro-Dar 267 G34 South Africa

70 T111 Tanzania, Morogoro-Dar 268 G35 Gabon, Irat

71 T113 Tanzania, Dar 269 G36 Zaire, Kinshasa-Nioki

72 T114 Tanzania, Dar 270 G38 Introduced in Sri-Lanka

73 T116 Tanzania, Dar 271 G39 Introduced in Sri-Lanka

74 T117 Tanzania, Dar 272 G40 Madagascar

75 T200 Tanzania 273 G41 Botswana, Mahalapye

76 T201 Tanzania 274 G42 Botswana, Ngamiland

77 15 Ivory Coast, Binao 275 G43 Botswana, Mahalapye

78 57 Ivory Coast, Daome, Niaouli 276 G45 South Africa

79 58 Central African Republic, 277 G46 South Africa

80 64D- Introduced in Angola 278 G47 South Africa

81 65 Congo 279 G48 South Africa

82 69 Zimbabwe, Melsetter 280 G50 South Africa

83 73 Introduced in Costa Rica 281 G51 South Africa

84 74 Introduced in Angola 282 G52 Introduced in S. Vietnam

85 80 Camaroon, Yaounde 283 G54 Introduced in Marocco

86 81 Camaroon, Nkwonvone 284 G54E- Introduced in Marocco

87 88 Introduced in Brazil 285 G56 Tanzania, Kilosa

88 88A- Unknown 286 G56E- Tanzania, Kilosa

89 88+ Unknown 287 G58 Nigeria, Nsukka

90 89 Introduced in Brazil 288 G58D- Nigeria, Nsukka

91 89B- Unknown 289 G59 Nigeria, Nsukka

92 90 Introduced in Brazil 290 G59- Nigeria, Nsukka

93 92 Introduced in Brazil 291 G61 Introduced in Australia

94 92D~ Introduced in Brazil 292 G62 Zimbabwe

95 96 South Africa 293 Goe4 Kenya, Rumuruti

96 96E- South Africa 294 G68 Introduced in Australia

97 97 South Africa 295 G68A- Unknown

98 97E- South Africa 296 G69 South Africa

99 102 Introduced in Guadalupe 297 G70 Zimbabwe
100 103 Introduced in Guadalupe 298 G71 Introduced in Australia
101 105 Introduced in Guadalupe 299 G71E- Introduced in Australia
102 105D+ Introduced in Guadalupe 300 G73 Introduced in Australia
103 106 Introduced in Guadalupe 301 G74 Introduced in Australia, Brisbane
104 112 South Africa 302 G75 Introduced in Brazil
105 112D~ South Africa 303 G76 Introduced in Australia, Brisbane
106 114 South Africa 304 G76D- Introduced in Australia, Brisbane
107 114D~ South Africa 305 G77 Introduced in Australia, Brisbane
108 116 Malawi, Lilongwe 306 G77E Introduced in Australia, Brisbane
109 117 Unknown 307 G78 Introduced in Australia, Brisbane
110 118 Unknown 308 G78E- Introduced in Australia, Brisbane
111 139 Tanzania, Tengeru-Moshi 309 G85 Introduced in Australia, Canberra
112 172 Nigeria, Lagos 310 G86 Introduced in Australia, Canberra
113 280 Kenya, Nanyuki 311 G88 Central African Republic, Bouar
114 309 Zaire, Gandajika 312 G89 Central African Republic, Bangui
115 353 Togo, Ganave 313 G89E- Central African Republic, Bangui
116 354 Togo, Ganave 314 G90 Introduced in Jamaica, Mona
117 S22R- Introduced from IRD 315 G90D- Introduced in Jamaica, Mona
118 K4 Kenya, Nairobi 316 Go1 Introduced in Jamaica, Mona
119 K8 Kenya, Nairobi 317 G93 Senegal, Dakar
120 K2 Kenya, Nairobi 318 G94 Ivory Coast, Tiantiebe
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Table 1. Continued.

Sample Accession - Sample Accession I

code ID Origin code ID Origin
121 K4 Kenya, Nairobi 319 G95 Introduced in Venezuela
122 K5 Kenya, Nairobi 320 G96 Introduced in Venezuela
123 K15 Kenya, Rumuruti 321 G97 Introduced in Surinam
124 K23 Kenya, Rumuruti-Maralal 322 G98 Introduced in Brazil
125 K28 Kenya, Maralal 323 G99 Burundi, Bujumbura
126 K31 Kenya, Maralal-Rumuruti 324 G100 Introduced in Haiti
127 K32 Kenya, Maralal-Rumuruti 325 G109 Tanzania
128 K35 Kenya, Rumuruti-Nanyuki 326 87 Camaroon, Nlohelouem
129 K36 Kenya, Rumuruti-Nanyuki 327 Aries* Introduced in Brazil
130 K38 Kenya, Rumuruti-Nanyuki 328 Atlas* Introduced in Brasil
131 K39 Kenya, Nanyuki-Nyeri 329 Japa Unknown
132 K39D- Kenya, Nanyuki-Nyeri 330 3697=74= Introduced in Angola
133 K42 Kenya, Nanyuki-Nyeri 331 3808=89- Introduced in Brazil
134 K42D~ Kenya, Nanyuki-Nyeri 332 3816=90~ Introduced in Brazil
135 K47 Kenya, Meru 333 3859=94~ Unknown
136 K47D= Kenya, Meru 334 3891=101= Unknown
137 K48 Kenya, Meru 335 3905=102= Unknown
138 K59 Kenya, Nkubu 336 3930=105~ Unknown
139 K59E-= Kenya, Nkubu 337 3981=114= Unknown
140 K62 Kenya, Nkubu 338 4120=354- Togo, Ganave
141 K63 Kenya, Nkubu 339 4316=G19 Kenya, Machakos
142 K64 Kenya, Nkubu 340 4316B=G1 Gabon, Irat
143 K65 Kenya, Nkubu 341 4375=G26 Kenya
144 K68 Kenya, Meru-Embu 342 4391=G28 South Africa
145 K71 Kenya, Meru-Embu 343 4405A=G3 Nigeria, Zaria
146 K83 Kenya, Meru-Embu 344 4405B=G3 Nigeria, Zaria
147 K88 Kenya, Meru-Embu 345 4499=G40 Madagascar
148 K89 Kenya, Meru-Embu 346 4464=G36 Zaire, Kinshasa-Nioki
149 K93 Kenya, Embu 347 4502A=G4 Botswana, Tuli
150 K98 Kenya, Forthall 348 4502B=G4 Botswana, Mahalapye
151 K98D- Kenya, Forthall 349 4618=G58 Nigeria, Nsukka
152 K102 Kenya, Forthall-Nairobi 350 4634=G61 Unknown
153 K102R- Kenya, Forthall-Nairobi 351 4651=G64 Kenya, Rumuruti
154 K103 Kenya, Forthall-Nairobi 352 4654 Africa
155 K104 Kenya, Forthall-Embu 353 4669=G68 Unknown
156 K105 Kenya, Forthall-Nairobi 354 4707=G73 Unknown
157 K105A= Unknown 355 4723=G75 Introduced in Brazil
158 K106 Kenya, Forthall-Nairobi 356 4731=G76 Unknown
159 K112 Kenya, Nairobi-Arusha 357 4804=G80 Unknown
160 K115 Kenya, Nairobi-Arusha 358 4812=G91 Unknown
161 K116 Kenya, Nairobi-Arusha 359 4847=G96 Unknown
162 K117 Kenya, Nairobi-Arusha 360 4863=G98 Introduced in Brazil
163 K124 Tanzania, Arusha 361 4928=T93+ Tanzania, Morogoro
164 K124-D Tanzania, Arusha 362 K209 Kenya, L. Lunga-Mombasa
165 K124R- Tanzania, Arusha 363 K16 Kenya, Th. Falls-Rumuruti
166 K125 Tanzania, Arusha 364 5274=K39= Kenya, Nanyuki-Nyeri
167 K126 Tanzania, Arusha 365 5282=K42- Kenya, Nanyuki-Nyeri
168 K130 Tanzania, Tengeru 366 5321=K47- Kenya, Meru
169 K138 Tanzania, Tengeru-Moshi 367 5932=K20 Tanzania, Tanga
170 K139 Tanzania, Tengeru-Moshi 368 5461=K13 Tanzania, Tengeru
171 K142 Tanzania, Tengeru-Moshi 369 5568=K14 Tanzania, Tengeru-Moshi
172 K145 Tanzania, Tengeru-Moshi 370 K159 Tanzania, Mts Pare Nord
173 K146 Tanzania, Tengeru-Moshi 371 K160 Tanzania, Mts Pare Nord
174 K146E= Tanzania, Tengeru-Moshi 372 K162 Tanzania, Mts Pare Nord
175 K156 Tanzania, Moshi-Mombo 373 K172 Tanzania, Mts Pare Nord
176 K163 Tanzania, Mts Pare Nord 374 5819A=K1 Tanzania, Mts Pare Nord
177 K164 Tanzania, Mts Pare Nord 375 5819B=K1 Tanzania, Mts Pare Nord
178 K165 Tanzania, Mts Pare Nord 376 K176 Tanzania, Mts Pare Nord
179 K171 Tanzania, Mts Pare Nord 377 K177 Tanzania, Baron's Falls
180 K173 Tanzania, Mts Pare Nord 378 K17 Kenya, Th. Falls-Rumuruti
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Table 1. Continued.

Sample Accession Sample Accession

code ID Origin code 1D Origin

181 K174 Tanzania, Mts Pare Nord 379 K25 Kenya, Rumuruti-Maralal
182 K174R- Tanzania, Mts Pare Nord 380 K27 Kenya, Maralal

183 K175 Tanzania, Mts Pare Nord 381 6149=K28~ Kenya, Maralal

184 K175D- Tanzania, Mts Pare Nord 382 K72 Kenya, Meru-Embu

185 K187B Tanzania, Mombo-Korogwe 383 K74 Kenya, Meru-Embu

186 K190B Tanzania, Korogwe-Tanga 384 K79 Kenya, Meru-Embu

187 K191 Tanzania, Korogwe-Tanga 385 K93 Kenya, Embu

188 K192 Tanzania, Korogwe-Tanga 386 K95 Kenya, Embu-Forthall
189 K193 Tanzania, Korogwe-Tanga 387 K99 Kenya, Forthall

190 K194 Tanzania, Korogwe-Tanga 388 K230 Kenya, Mombasa-Voi
191 K197 Tanzania, Korogwe-Tanga 390 K238 Kenya, Voi-Machakos
192 K201 Tanzania, Tanga 391 K240 Kenya, Voi-Machakos
193 K204 Tanzania, Mpirani-L. Lunga 392 K243 Kenya, Voi-Machakos
194 K205 Tanzania, Mpirani-L. Lunga 393 T106 Tanzania, Morogoro-Dar
195 K205E= Tanzania, Mpirani-L. Lunga 394 T115 Tanzania, Dar

196 K206 Tanzania, Mpirani-L. Lunga 395 7676=KK18 Kenya, Meru-Embu

197 K211 Kenya, L. Lunga-Mombasa 396 KK20 Kenya, Meru-Embu

198 K212 Kenya, L. Lunga-Mombasa

Note: Accession ID ORSTOM, Institut Francais de Recherche Scientifique pour le
Développement en Coopération. + Panicum coloratum. « cross-sexual. = replicates. *
Brazilian cultivar.

Genomic DNA was extracted from freeze-dried leaf samples using the cetyltrimethyl
ammonium bromide (CTAB) method (Doyle and Doyle 1990). DNA samples were quantified by

comparison with known quantities of A phage DNA on a 1% agarose gel.

Library construction, screening for microsatellite repeat sequences, DNA

sequencing and primer design

The microsatellite markers were developed from a genomic enriched library following the
protocol described by Billotte et al. (1999). The extracted DNA (P. maximum cv. Tanzania
ORSTOM -T58) was digested with the Rsal restriction enzyme (Invitrogen, CA, USA) and
ligated to the adapters 5-CTCTTGCTTACGCGTGGACTA-3’ and 5-
TAGTCCACGCGTAAGCAAGAGCACA-3'. The library was enriched for dinucleotide sequences
using (CT)g and (GT)g biotinylated microsatellite primers with labeled probes. The selected DNA

fragments were recovered with Streptavidin MagneShere Paramagnetic Particles (Promega, WI,
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USA), using a biotinylated probe. After the DNA fragments were recovered, magnetic selection
was performed according to the manufacturer specifications. Selected fragments were PCR
amplified using primer sequences complementary to the adapters and ligated into the pGEM-T
vector (Promega, WI, USA). Escherichia coli XL-1 Blue cells (Stratagene, CA, USA) were
transformed with the recombinant plasmids and cultivated on Luria-Bertani agar plates
containing 100 pg mL™" ampicillin (Sigma, Germany), 50 pg mL™ X-galactosidase, and isopropyl
B-D-1-thiogalactopyranoside (IPTG) (MBI Fermentas, MD, USA). Single white colonies were
transferred to microplates for long-term storage at -80°C. A total of 576 recombinant colonies
were selected and sequenced in both directions with the T7 and SP6 promoter primers on an
ABI PRISM 377 DNA Sequencer (Applied Biosystems, CA, USA) using the Big Dye terminator
version 3.1 version Cycle Sequencing Kit (Applied Biosystems, CA, USA). The simple sequence

repeat identification tool (SSRIT) (http://www.gramene.org/db/markers/ssrtool) was used to

identify microsatellites present in the non-redundant sequences (Temnykh et al. 2001). The
seqguences containing microsatellites were edited and clustered using LaserGene software, v.
5.03 (DNAStar Inc.). MICROSAT software was used to remove restriction sites in the
sequences. PrimerSelect software (DNAStar Inc.) was used to design complementary primer
pairs using the following conditions: expected size of the amplified product, ranging from 150 to
300 bp; GC content between 40% and 60%; melting temperature (Tm) from 45°to 60°C; primer

length ranging from 18 to 22 bp and with no hairpin or dimmer formation predicted.

Polymerase chain reaction (PCR) amplifications and genotyping

PCR was carried out in a total reaction volume of 25 pL containing 0.5 ng of DNA
template, 0.8 uM of each of the forward and reverse primers, 100 uM of each dNTP (MBI
Fermentas, MD, USA), 1.5 mM MgCI2, 10 mM Tris-HCI, 50 mM KCI, and 0.5 U Taq DNA
polymerase (Invitrogen, CA, USA). All PCR amplifications were performed in a PTC-200 thermal

cycler (MJ Research, Waltham, MA/USA) using the following conditions: 94 °C for 1 min followed
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by 30 cycles of 94°C for 1 min, specific temperature for 1 min, and 72°C for 1 min, with a final
extension of 72°C for 5 min. Amplification products were genotyped by electrophoresis on 6%
denaturing polyacrylamide gels in 1X TBE buffer, using a 10 bp ladder (Invitrogen, CA, USA) to
determine standard sizes. The DNA fragments were visualized by silver staining according to

the method of Creste et al. (2001).

Data analysis

The polymorphism information content (PIC) values were calculated for estimates of
marker informativeness according to the equation of Mateescu et al. (2005),
PIC=1-).p! -3 Y 29}P}
rml im] jmi=]
where p ' is the frequency of the i ™ allele and, the summation extends over n alleles. To

compare marker efficiencies in varietal identification, the discriminating power (D) was

estimated for each primer based on the formula,

where N is the number of individuals and p’ is the frequency of the j™ pattern (Tessier et al.

1999).

The molecular data were scored for each genotype based on presence and absence.
These data were used to generate a binary matrix for all pairwise combinations and to calculate
Jaccard’s similarity coefficient (Jaccard 1908) using NTSYS-pc software version 2.1 (Rohlf
2000). This information was used for a principle components analysis (PCA) with DARwin v.

5.0.157 software (Perrier and Jacquemound-Collet 2006). The reliability of the generated
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dendrogram was also tested by bootstrap analysis using the BooD program with 1000 iterations
(Coelho 2002). STRUCTURE software version 2.2 (Pritchard et al. 2000) was used to generate
a Bayesian inference of the population structure. This method identifies clusters of genetically
similar individuals from multilocus genotypes without prior knowledge of their population
affinities. The model assumes K genetic clusters, each having a characteristic set of allele
frequencies at each locus; a no-admixture model with correlated allele frequencies was
assumed. As a preliminary step, the analysis was performed for a number of genetic clusters
(K) ranging from 2 to 20. Consistent results across runs were obtained using a burning period of
100,000 followed by 200,000 Markov Chain Monte Carlo (MCMC) repeats. The most probable
number for K was calculated based on Evanno et al. (2005) using an ad hoc statistic, AK, which
represents the rate of change in log probability of the data between successive K values, rather
than the log probability of the data. An analysis of molecular variance (AMOVA) was carried out
using ARLEQUIN 1.1 software (Excoffier et al. 2005). The level of significance for variance
component estimates was determined by non-parametric permutation procedures using 1,000
permutations. The geographic distribution of wild accessions was visualized with the DIVA-GIS

program (Hijmans et al. 2001).

Results and Discussion

Sequence analysis and microsatellite loci polymorphism

The library enriched for dinucleotide repeat motifs (CTg and GTg) showed high levels of
microsatellite enrichment. A total of 576 clones were isolated and sequenced. Of these, 323
(61%) sequences contained microsatellites, and 236 (48.7%) were suitable for designing
primers. Redundant sequences accounted for 23% of the microsatellite-containing clones. Insert

size varied between 360 and 900 bp, with an average of 500 bp. Screening of the library
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showed that 80% of the microsatellites were dinucleotide simple motifs (perfect and imperfect),
and 20% were compound motifs. The maximum number of repeats among them was 23 (perfect
GA). Trinucleotides were less frequent (15%) and showed a lower number of repeat units (three
to five units). Tetranucleotides (3%) and hexanucleotides (2%) also appeared as simple
repeats. The most common repeat motif was the (TG)./(CA), group, which represents over

79.5% of all microsatellites.

Ultimately, a total of 116 primer pairs were designed and tested by PCR ampilification.
Previously, 20 microsatellite markers were characterized among 25 P. maximum accessions
from the germplasm collection to investigate their polymorphism content (Sousa et al. 2010).
Ninety six newly developed microsatellite were tested and, from these, 66 produced a product of
the expected size. Fifty five microsatellite were polymorphic, and 11 were monomorphic (Table
2). Of the 66 microsatellites evaluated, 46 were dinucleotide repeats, one was a trinucleotide
repeat, and 9 were compound repeats. There was no correlation between the types or length of

repeats with the monomorphic marker behavior.

A total of 318 alleles were obtained from the 55 polymorphic microsatellite markers. The
number of alleles ranged from 3 to16, with an average of 5.8 alleles per locus. This confirms the
high polymorphism of the markers. The number of alleles detected in each accession ranged
from 1 to 4 (Figure 1). This confirms the autotetraploid nature of P. maximum (Combes 1975).
In autotetraploids, there are four copies of each homologous chromosome. The resulting meiotic
combinations may include quadrivalents, trivalents, bivalents and univalents. In nature, P.
maximum exhibits diploid-tetraploid-haploid cycles (Savidan and Pernés, 1982) in crosses
between apomictic and sexual genotypes. The allele frequencies and number of patterns were
used to calculate the degree of polymorphism at each locus. The PIC values ranged from 0.19
to 0.89, with an average of 0.56. The D values ranged from 0.34 to 0.99, with an average of

0.68. The highest PIC and D values were found at locus 2PMc217, which contains 16 alleles. Of
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the investigated loci, 70% had more than a 50% probability of discriminating between two
accessions. The analysis of the D values revealed that the efficiency of a given marker does not
depend only on the number of patterns it generated, as was reported by Tessier et al. (1999).
For example, the loci 2PMc428, 2PMc40.1, 2PMc194, 1PMc39.b and 1PMc72 produced the
same number of patterns and alleles (6 and 5, respectively), but they had different
discriminatory powers. In contrast, the loci 2PMc52 and 2PMc103 with different numbers of
patterns (7 and 6, respectively), had similar discriminatory powers. Based on the estimates of
PIC and D, 30 microsatellite loci were selected to characterize the P. maximum germplasm,

composed of 396 accessions. The 30 microsatellite markers selected are shown on Table 2.
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Table 2. Characteristics of 66 microsatellite loci in 25 Panicum maximum Jacg. accessions: locus name,
GenBank accession number, primer sequences (F: forward primer, R: reverse primer), repeat motif from
sequenced clone, product length in base pairs, melting temperature (T,,), humber of alleles (Na), number of

banding pattern, polymorphic information content (PIC) and discriminating power (D).

Locus/ .
GenBank Primer sequences (5’ - 3°) Repeat motif I e';“:gu(f)‘ ) (.Qr(':“) Na Belar:‘ti(;:ng PIC D
accession no. 9 P P

2PMc8a* F: GCGTTGCTGCATGCGATACCT (TG)s 266 60° 6 7 0.66 0.76
FJ039711 R:GGGGACAAATGCGTTGAAATTAAAAATA
2PMc255 F: GCCGTGAAGACAAAGAGACC (CA)s 229 60° 4 6 0.51 0.66
FJ039712 R: GGAGAGCGAAGGGAGACATT
1PMs35.1 F: TACACTACGCCATTTTG (TG)s 198 51.4° 4 5 0.43 0.59
FJ039713 R: CTAATAGCTTCCTCAGTAATAG
1PMs43* F: ATGAAGCGGGGCGTGTAGTATT (TC)s 200 60° 6 6 0.60 0.72
FJ039714 R: TGGTGGGCGGTAAAGAGTAAAG
2PMc428* F: CTCTCAGTCCCACAGCACAC (CA)14 206 60° 6 5 0.57 0.70
FJ039715 R.TATTTGGGGATTGGGAGTAGTT
2PMc35 F: AGCACTGTGCACTAACCAAATG (GT)7 211 58.8° 4 4 0.49 0.63
FJ039716 R: CGTCTCCGTCCACCGATAG
2PMc39- F:AATGAGCTACCTTCTTG (TA)s 180 55° 1 -
HM235410 R:CATTTTAATTTTCCTGTC
2PMc376* F: CACCCATAACTGTAAAAGAA (GT)4sGC(GT)sAT(GT)s 258 51.7° 12 12 0.87 0.98
FJ039717 R: CTGGAGTAGCAAGAGTGTT
1PMs96 F: ACAAAGATGGGGCGTGAAGAC (CA)sA(CA), 252 60° 4 5 0.46 0.60
FJ039718 R: CTAGGTAGGCCGACAACAATGA
2PMc28 F: AACCCGCGCATTTACTACA (AC)s 241 55° 4 5 0.44 0.52
FJ039719 R: ATGGTTGCAGAGAAGAGATGAC
2PMc52* F: AGAATGGCACCTGGAGATAG (TG); 235 55° 6 7 0.67 0.82
FJ039720 R: GGATAGGCCGAAAGAACAT
2PMc216- F:GGTTCCATATCCCACAC (GT)s 196 50° 1 -
HM235411 R:ATCTCCACATTTAGTATCAA
2PMc168* F: CCTCGCATTTTTCTGGATTTA (TG)s 213 60° 12 10 0.79 0.86
FJ039721 R: CATAGACGCACGCACACTCAC
2PMc40* F: ATATTTCCTCGAGATTTGTGTT (TG) sCA(TG), 254 55° 6 6 0.62 0.70
FJ039722 R: AAGCTTTGGGGATTAGTAGAA
2PMc7.12 F: TAAACTAGAGGACCCGTGTG (GT); 269 60° 4 4 0.40 0.55
GU252057 R:TGTAGGCTCAAGAAAGGATT
2PMc9.9* F: GTGCGCGGCCAAGAAAAAGT (GMs 202 58° 7 8 0.66 0.78
GU252058 R: CTCGAGGGGTGGATAGGACAGG
2PMc9.17* F: ATCAACGCTTTAATCCCTGTCC (CA)s 230 60° 7 6 0.64 0.75
GU252059 R: CATCGTCGTCCTCATCGTAGTC
2PMc282- F:CAGGAACATTATGAAAGTAT (CT)1s 163 60° 1 -
HM235417 R:AAAAAGTTGCTCTAAAAAT
2PMc14* F: CAGCTCCGTCCCGTATCTCTAA (GT);7 190 60° 4 5 0.55 0.69
GU252060 R: CCGCAGGGAAGCACTATGGT
2PMc19 F: ATGGTTAAAGATGTTGTGAGTG (AC)g 248 55° 3 3 0.22 0.37
GU252061 R: GAGGCTGAGTTCTTGGATAG
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Table 2. Continued.

Locus/ .
GenBank Primer sequences (5’ - 3°) Repeat motif I e';“:gu(ﬁl ) (.Qr(":‘) Na Baarl\tci(;:ng PIC D
accession no. 9 P P

2PMc27 F: AAAAGTAGAAGCATTATCCAT (CA)g 217 60¢ 4 3 0.33 0.49
GU252062 R: TTGCAAAGTGAAAACATTAG
2PMc34 F: AGCACTGTGCACTAACCAAATG (TG); 211 58.8° 4 4 0.47 0.61
GU252063 R: CGTCTCCGTCCACCGATAG
2PMc40.1* F: ATATTTCCTCGAGATTTGTGTT (GT)4CA(TG)s 254 52° 6 5 0.62 0.72
GU252064 R: AAGGTTTGGGGATTAGTAGAA
2PMc48.2 F: TTCTTTCTTTCCTGTC (CA)13 220 44° 4 3 0.30 0.44
GU252065 R: TTAGATGCTTGAGTTT
2PMc51 F: TCAGCAAGAAACATCCTCA (GA)23 244 60° 4 5 0.44 0.61
GU252066 R: TTCCATAACCCAAATCCTG
2PMc256- F:-TGTTCCATTATTGTGTT (GA)g 215 60° 1 =
HM235412 R:AACTTTGTTATTGTGAGAA
2PMc55* F: GGTAGCGCTCTGTCCTCTTG (AC)10 220 60° 6 7 0.67 0.80
GU252067 R: GACGGCCTTTCGCTTATTTC
2PMc48* F: CCTGTCAAAAACTATGC (CA)13 231 55° 8 9 0.77 0.89
GU252068 R: GGGGAGACCTAACCA
2PMc60* F: ACAGTTAGCTTAGTGGTTG (CA)s 237 50° 4 6 0.55 0.71
GU252069 R: TATGAAGGAGTAAAAAGACA
2PMc62* F: TGCTGTTTCATACTCTCATT (AG)1o 228 51.2° 5 6 0.59 0.74
GU252070 R: ACTGTCTGTTGCTTCACTG
2PMc73 F: TAGTTATGTCATTATTTAGCA (CA)s 233 40° 4 4 0.31 0.44
GU252071 R: AAGTCTTATTTAGTCATTTTG
2PMc285- F:ACTTGCATGTTTTTAT (GT)12 175 45° 1 =
HM235420 R:TTGTTCCATCGTCTAT
2PMc84 F: GATCTATAAAAGGAGGGAGCAG (CA)10 153 50° 4 4 0.42 0.57
GU252072 R: GGGGGTTACAAGCAGGTC
2PMc87* F: CCGCTACCTTTTTCTGTCTCCA (CT)s 248 60° 9 10 0.75 0.86
GU252073 R: CTCGGCGCAAGTTGAAGTTTT
2PMc90 F: AACGGTAGCTGGTGAAGA (CA)g 178 53.7° 4 5 0.46 0.55
GU252074 R: ATGTCGATGTGGCAAGTG
2PMc103* F: GCTACATTGGTCTTG (CT)e 282 60° 8 6 0.67 0.82
GU252075 R: GGCACTTCTTAGGATA
2PMc143* F: TTGATAGATACAGAGGAACTTG (CT)1o 171 60° 10 11 0.79 0.92
GU252076 R: GGTGCCCATTAGATTGAA
2PMc247- F:GCTCCTTGCTTCACTTTTAT (CA)47 228 45° 1 -
HM235413 R:ATCCCGTCATTATTCCATT
2PMc152* F: GGCCCGTCATGTAAGAAC (CA)s 275 60° 5 6 0.59 0.73
GU252077 R: GAG GCTGAGACCGAGTGG
2PMc158* F: GGAATAGCCCCAGATA (TC)s(CA)7 227 50° 8 7 0.70 0.88
GU252078 R: GGCTACCTTCATTGTTC
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Table 2. Continued.

Locus/ .
GenBank Primer sequences (5’ - 3°) Repeat motif I el:rzgu(ﬁl ) (:-8) Na Baar::g?ng PIC D
accession no. 9 P P

2PMc172 F: AAGCTAGCAGTTTGAT (CT)2o 194 45° 4 3 0.22 0.36
GU252101 R: CGTAGGTATTGGAGTG
2PMc326.1A- F:GAAAGCATGGGCACAC (CT)1sAT(CT)3 244 55° 1 -
HM235419 R:TCGTCTCAAGGCATCC
2PMc173 F: AAGGGTATTAGGTTCTGCT (GA)12 258 55° 4 2 0.19 0.34
GU252080 R: CATGACTGACTGGATTAGG
2PMc175 F: TTCACGGTCAGATTCA (CA)s 243 45° 4 4 0.44 0.62
GU252081 R: TGCAGCTCATTTGTTT
2PMc178* F: ACCTGCTTGTTTTGCTTGTTTG (CA)s 226 60° 12 13 0.85 0.94
GU252082 R: AGGGCTGGCTCTGATTGG
2PMc194* F: CCACACGTCGCACTGATAAAAA (CA)g 245 60° 6 5 0.64 0.78
GU252083 R: CCCGAAGGCAGTAGGAGTAGAT
2PMc198 F: CAGAAAGAAGGAAGGAAAGGAA (CT)7 255 56.5° 3 5 0.29 0.37
GU252084 R: TCTAGCTGCATGCATAAACACT
2PMc433- F:GCATGTAGAGCACCAC (CA)5 180 48.9° 1 =
HM235414 R:TGTTGAAGTCAGCCTTAT
2PMc221 F: GCACGATGGGCTAAGG (GAA)s 198 53.3° 4 4 0.39 0.52
GU252085 R: GCGGCGGAACGATAA
2PMc217* F: TAACACGGGAGCTGAGGAACAT (GA)14 249 60° 5 6 0.68 0.77
GU252087 R: TGAACATAGCCAGGGAAAGGTC
2PMc247* F: GCTCCTTGCTTCACTTTTAT (CA)17 228 53.2° 16 14 0.89 0.99
GU252088 R: ATCCCGTCATTATTCCATT
2PMc302 F: GGCCTTACCCAATCCA (GT)s 210 51° 4 5 0.44 0.57
GU252089 R: TTCCCTTAACCAAATCACTT
2PMc326* F: CAATTCGTCCCTCGTCTA (CT)s 254 51° 12 12 0.79 0.90
GU252090 R: GGTTCCATGCACAAATAA
2PMc340- F:GGAGAATAAGAGAATG (GT)s 291 53.3° 1 -
HM235418 R:TAAGTAGGAGGTATGG
2PMc382* F: ACCCATGATCAGGCAGACAAGA (CA)10 236 60° 6 7 0.76 0.82
GU252091 R: GCAGGCAGGAAAGCAGTAACAC
2PMc389* F: CAGGTAACATCACAAGTA (CA)g 177 50° 7 6 0.72 0.84
GU252092 R: CTATAGGTAAAGCCAGTA
1PMc1.1* F: GGGGGGCGAGAGGGGAGAC (GT)CT (GT)s 233 60° 6 6 0.59 0.72
GU252093 R: CGGGCGCAGTTTATGGTTGGT
2PMc96- F:TCCTCCCCTTCTTTGTA (CA); 237 50° 1 -
HM235415 R:TCTCTTCAGGTCTCCAC
1PMc13a F: TCGTCCGCCTGAGCAT (GT)s 209 57.7° 4 3 0.39 0.47
GU252094 R: ACGGCGCACCACTGAC
1PMc32 F: AACAGTTTGCAGATGGTAG (CA).CG(CA)7 256 60° 4 5 0.41 0.57
GU252095 R: TTGAGGATTAATGAGAAGTC
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Table 2. Continued.

Locus/ .
GenBank Primer sequences (5’ - 3’) Repeat motif I el;rc:ﬂu(gt ) 'QI'(,:,,) Baar:‘d(;png PIC D
accession no. 9 P P
1PMc35.2 F: AATTTTGTTATCCTGCTCCAC (GT)s 208 60° 4 0.33 0.47
GU252096 R: ACCCAAAGATAATTAGAACCTG
1PMc39.b* F: CCATCACTCGGGTCAG (CA)s 242 60° 5 0.62 0.77
GU252097 R: TTTCGGCAAAACATACA
1PMc53 F: AAAGGGGGTTACAAGCAGGTC (GT).GA(GT)s 146 60° 4 0.45 0.59
GU252098 R: GATCTATAAAAGGAGGGAGCAGA
2PMc239.1A- F:TAACAAGAGAAATAAACAA (GA)g 216 50°
HM235416 R:GGAGTAAAAGGACCAC
1PMc55* F: TCCCTCTAGAACCAAGCACA (GT)13 160 60° 5 0.60 0.74
GU252099 R: ATCAAGACACATCAAGAACACAT
1PMc72 F: GAAATCCGCCTCCACCAA (CA)s 195 60° 5 0.57 0.67
GU252100 R: TCCGGCGCCACTTCAT

Note: *monomorphic loci. *microsatellite loci selected to characterize the germplasm of Panicum maximum Jacq.
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Figure 1. Allelic variation in 25 Panicum maximum accessions detected on silver-stained 6%
polyacrylamide gels. M, Molecular size marker (10 bp DNA Ladder).

Molecular analysis of Panicum maximum germplasm

For the 30 microsatellite loci selected, a total of 192 alleles were obtained, with an
average of 6.4 alleles per locus. Based on Jaccard's similarity coefficient, syntheses with low
and high variation among the accessions were constructed. The similarity among the 396
accessions of P. maximum ranged from 0.16 to 0.86, with an average of 0.32. For the 15 sexual
accessions (S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, S17, S18, S19, S20 and S21), the

mean similarity among them was 0.63.
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A typical STRUCTURE analysis assumes a model in which there are K populations,
each of which is characterized by a set of allele frequencies at each locus. Genotypes are
assigned (probabilistically) to a particular population, or jointly to two or more populations if their
genotypes indicate that they are admixed. STRUCTURE analysis coupled with computation of
Evanno AK statistics suggested a primary partition of the P. maximum accessions into 4
clusters (K=4), with a number of admixed accessions (Figure 2a and b). Thus, the
subpopulations from the STRUCTURE analysis were grouped into 4 clusters (C1, C2, C3, and
C4) (Figure 3b; Figure 4), with bootstrap values ranging from 49% to 99%, respectively. This

indicates the robustness of the genetic relationship depicted by the dendrogram.

a b
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|‘\ i
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26000 ; l | ‘ ‘ | 35
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4 -27000 } ! ‘ l 2 3
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28000 ! 25
29000 2
30000 15
31000 1
5 10 15 20 5 10 15 20
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Figure 2. Determination of K, the most probable number of clusters, using STRUCTURE
software, based on 396 Panicum maximum accessions. a. log probability of data, L(K) as a
function of K averaged over 20 replicates and, b. ad-hoc AK statistics as a function of K,
calculated over 20 replicates.
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Figure 3. a Association among 396 Panicum maximum accessions revealed by principal
component analysis (PCA) based on Jaccard’s similarity coefficient calculated from 30
microsatellite markers. Samples are colour-coded based according to STRUCTURE results. b
Population structure analysis. Each individual is represented by a thin vertical segment
partitioned into K colored segments representing the estimated individual membership to the K
cluster. The colors of the bar correspond to one of the 4 clusters identified with the
STRUCTURE program (C1 = red, C2 = green, C3 = blue and C4 = yellow).
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Cluster C1 (red) contained 50 accessions; and cluster C2 (green) contained 61
accessions; while the other two clusters, C3 (blue) and C4 (yellow), contained 107 and 178
genotypes, respectively. This approach successfully discriminated all accessions tested with the
exception of duplicate accessions. There were confirmed replicates in the germplasm based on
genetic and morphological analyses (Table 1), which were grouped together in the same
cluster. The sexual genotypes were grouped with apomictic tetraploids in clusters C2 (516), C3
(518, S17, S12 and S8) and C4 (S11, S13, S14, S19, S20, S21, S15, S9, S7 and S10). These
sexual accessions were selected from crosses between tetraploid sexual and apomictic
accessions. The tetraploid sexual accessions were obtained by artificially doubling of
chromosomes with colchicines of diploid sexual plants found in the region of origin in East Africa
and may be used in breeding programs (Savidan, 1982; Nakagawa and Hanna, 1992). For
practical purposes, crosses among accessions with different chromosome numbers or with
distinct meiotic behavior usually result in progeny infertility. In guineagrass, the chromosome
duplication with colchicine allowed the crossing of sexual genotypes with tetraploid apomictic

genotypes to obtain fertile hybrids (Combes and Pernés, 1970; Pernés et al. 1975).

The inheritance of apomixis in P. maximum is determined by a single dominant gene or
a group of very close genes that result in sexual and apomictic progenies in a 1:1 ratio.
Therefore, crosses between sexual and apomictic genotypes result in 50% apomictic hybrids
and 50% sexual individuals, consequently obtaining fixed superior genotypes, which can be
multiplied and enter the selection process, bringing new perspectives for breeding this species.
Thus, the selection of superior genotypes may be carried out by crossing selected sexual and
apomictic genotypes with promising characteristics and selection of the best apomictic

genotypes from the germplasm (Savidan, 1975, 1982, 1983).

Cluster C4 includes the Brazilian cultivars “Tanzania-1” (ORTOM-T58), “Mombaca”

(ORSTOM-K190A), “Atlas” and the Cuban cultivar “Likone (K.5829)” (ORSTOM-G26). The
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Australian cultivar “green panic” (ORSTOM-G15) and Brazilian cultivars “Aries” and “Massai”
(ORSTOM-T21) were found in cluster C3. The Massai cultivar is a natural hybrid derived from
crosses between P. maximum and P. infestum collected in Tanzania, Dar-Bagamoyo. In Brazil,
varieties “Tanzania-1”, “Mombaga” and “Massai” are the most widely cultivated. They were
selected mainly based on the following 4 characteristics: leaf yield, leaf percentage, regrowth 7

days after harvest, and pure seed yield (Jank et al. 1993).

The STRUCTURE analysis showed that the clusters C1, C2, C3 and C4 had mixed
ancestry origins (Kenya and Tanzania). The P. maximum accessions that are preceded by T
were collected in Tanzania (1969), KK in Kenya (1969), K in Kenya or Tanzania (1967), and G
were sent by African research institutions as seeds. Cluster C1 comprised 94% of the
accessions from Kenya or Tanzania collected in 1967. Clusters C2, C3 and C4 include
accessions collected from the two expeditions in East Africa (1967 and 1969) and from African
research institutions. The STRUCTURE results were confirmed by AMOVA analysis (Table 3).
The largest fraction of variation was found within groups (55.62%) and a smaller variation

among groups (34.62%).

Table 3. Molecular analysis of variance (AMOVA) based on STRUCTURE results.

Source of Degrees Sum of Variance Percentage of

variation of freedom squares component components P-value
Among 3 177.494 3.949Va 34.62 0.0000
Clusters
Within 21 537.143 9.354Vb 55.62
Clisters
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A principal components analysis (PCA) was applied to visualize individual accessions in
a multivariate space based on genetic similarity values from the proportion of the accessions in
the data. The graphical representation allows the evaluation of the population structure and
geometric distances between all the accessions in the study. The first two principal coordinates
in the PCA accounted for 57.04 and 14.52% of the total variation, respectively. As with the
STRUCTURE results, the PCA produced 4 distinct distribution of accessions (Figure 3a), and
these were colored in the figure according to STRUCTURE results. Furthermore, a strong
tendency of correspondence between the Bayesian clusters in the PCA was observed. A
scattergram of these two axes showed little origin correlation, in particular in the south of Kenya
and north of Tanzania. This indicated a closer relationship between the accessions of P.
maximum. One advantage of the PCA was that the relationships between each of the
accessions could be evaluated, and this helps to visualize possible introgression between

clusters.

The genetic relationships of the P. maximum accessions did not reveal association with
their geographic distribution. All groups had a wide geographical distribution in Kenya and
Tanzania (Figure 5). Some accessions collected in 1967 and others from the African research
institutions were closely related genetically (Cluster C2, green), but they had a broad
geographical distribution that includes regions in the south of Kenya and the north of Tanzania.
These results show wide genetic variability in these regions. A small diploid sexual colony was
discovered in the region of Korogwe in Tanzania (Combes and Pernés, 1970; Savidan, 1982).
The wide distribution of the guineagrass genotypes strongly supports the assumption of

intercrossing with the diploid sexual genotypes in natural habitats.

Microsatellite markers have become one of the most widely used molecular markers
tools for genetic analysis. The enrichment of DNA fragments through the binding of

microsatellite probes is simple and efficient for microsatellite isolation and has been successfully
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applied to a number of plant genomes. In summary, molecular marker analysis revealed the
distribution pattern of genetic diversity and population structure in P. maximum germplasm. It
was observed that this germplasm collection is a rich source of genetic variability, providing the
necessary raw material for breeding programs. In support of long-term germplasm conservation,
microsatellite markers may be usefully employed to demonstrate that genotypes or cultivars are
true to type, to help ensure proper maintenance, to determine the degree of relatedness among
genotypes or groups of genotypes, to clarify the genetic structure or partitioning or variation
among genotypes, populations and species, and to help determine the presence of a specific
gene or gene complex in particular genotypes (Koh et al. 1996). Thus, development of these
microsatellite markers is an important first step toward the development of a genetic linkage
map and the use of marker-assisted selection programs for traits of agronomic importance in P.

maximum.
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Abstract

Microsatellite markers were used to estimate the genetic diversity of 77 pigeonpea genotypes
selected from the germplasm collections at Embrapa Cattle-Southeast and, to evaluate their
transferability to Phaseolus vulgaris and Vigna unguiculata species. The number of alleles per
locus ranged from 2 to12, with an average of 5.1 alleles. The PIC values ranged from 0.11 to
0.80 (average 0.49) and the D values ranged 0.23 to 0.91 (average 0.58). The averages of
observed and expected heterozygosity were 0.25 and 0.47, respectively, showing a deficit in
heterozygosity. A model-based Bayesian approach implemented in the software STRUCTURE
was used to assign genotypes into clusters. The dendrogram was constructed based on the
modified Roger’s genetic distances using a neighbor-joining method (NJ). A total of 4 clusters
were assembled in STRUCTURE and a strong tendency of correspondence between the
Bayesian clusters in the NJ tree was observed. The genetic distance ranged from 0.09 to 0.62
(average 0.37), showing a low genetic diversity in the pigeonpea genotypes. Transferability of
pigeonpea-specific microsatellites revealed a significant cross-amplification and the presence of

polymorphic alleles in P. vulgaris and V. unguiculata.
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Analise da diversidade genética entre genétipos de guandu adaptados as regioes

da América do Sul com base em marcadores microssatélites

Resumo

Foram utilizados marcadores microssatélites para estimar a diversidade genética de 77
gendtipos de guandu, selecionados do germoplasma da Embrapa Pecuaria Sudeste e para
avaliar sua transferibilidade em Phaseolus vulgaris e Vigna unguiculata. O niumero de alelos
por loco variou de 2 a 12, com uma média de 5,1 alelos. Os indices de PIC variaram de 0,11 a
0,80 (média de 0,49) e os indices de D variaram de 0,23 a 0,91 (média de 0,58). As médias das
heterozigosidades observada e esperada foram de 0,25 e de 0,47 respectivamente, mostrando
um déficit em heterozigotos. O software STRUCTURE baseado em um modelo bayesiano foi
utilizado para agrupar os genétipos. O dendrograma foi construido com base nas Distancias
Genéticas Modificadas de Rogers, usando o método Neighbor-Joining (NJ). Quatro grupos
foram separados com o STRUCTURE os quais corresponderam aos agrupamentos gerados
com o método NJ. A distancia genética variou de 0,09 a 0,62 (média 0,39) mostrando baixa
diversidade genética entre os genétipos de guandu. Os microssatélites especificos de guandu
demonstraram transferibilidade a P. wvulgaris e V. unguiculata, bem como revelaram

polimorfismo nessas espécies.
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Introduction

The pigeonpea (Cajanus cajan (L.) Millspaugh) is one of the most important perennial
legume crops in the tropic and subtropic regions of the world. Because of its multiple usages in
food, fodder, soil conservation, crop-livestock integrated systems, reclaiming of degraded
pastures and symbiotic nitrogen fixation, the pigeonpea plays an important role in subsistence

agriculture (Reddy et al., 2005).

Because of the potential of pigeonpea as a forage legume, the Brazilian Agricultural
Research Corporation (Embrapa Cattle-Southeast, Sdo Paulo) has germoplasm collections of
selected genotypes with desirable agronomic traits such as high yield, quality of forage and
lowest tannin content (Godoy et al., 1995). Over time, the selected genotypes showed
phenotypic segregation in subsequent generations. Therefore, these genotypes were self-
fertilized and subsequently selected in order to obtain inbred lines (Godoy et al., 1994; 1997).
Several studies have been conducted to characterize genotypes and inbred lines of the
pigeonpea and provide basic information for breeding. The genetic variability of a partial set of
accessions from the Embrapa Cattle-Southeast pigeonpea germoplasm collection was
assessed using Random Amoplification of Polymorphic DNA (RAPD) molecular markers.
Results showed low genetic variability and the need to broaden the genetic base for use in crop-
livestock integrated systems and reclaiming degraded pastures (Faleiro et al., 2005; Faleiro et

al., 2006).

The knowledge of genetic variability is very important for the pigeonpea germplasm
collections and pigeonpea breeding programs. Microsatellite markers are quite effective for
estimating genetic diversity and genetic relationships and in predicting the genetic value of
selected genotypes derived from intraspecific crosses and the performance of their hybrid

progenies (Gaitan-Solis et al., 2002; Varshney et al., 2005). In this study, we used 43
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microsatellite markers to evaluate the genetic diversity of 77 pigeonpea selected genotypes
from Embrapa Cattle-Southeast germplasm collection. In addition, we studied cross-species

amplification in Phaseolus vulgaris L. and Vigna unguiculata L. Walp.

Material and Methods

Selection of microsatellite and plant material

We have selected 43 microsatellite markers described in the literature (Burns et al.,
2001; Odeny, 2006; Odeny et al., 2007) to analyze 77 genotypes of pigeonpea (Table 1). These
genotypes belong to the Brazilian Agricultural Research Corporation (Embrapa Cattle-
Southeast) germplasm collection. Thirty-nine of the genotypes are Brazilian inbred lines, three
are commercial cultivars and thirty-five are genotypes that came from the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) (Table 2). The inbred lines have distinct
morphological characteristics such as color on the stem, flowers, seeds and pods. These inbred
lines were obtained from selfing of genotypes introduced from ICRISAT and have been
incorporated to the breeding programs at Embrapa Cattle-Southeast, Sao Carlos/SP, Brazil. In
addition, cross-amplification evaluations were done using two other legume species: Phaseolus
vulgaris (CAL-143, IAC-UNA, BAT-93 and JALO-EEP558 varieties) and Vigna unguiculata
(“Fradinho” cultivar), both from the germoplasm collection of the Agronomic Institute of

Campinas (IAC) (Campinas, SP, Brazil).
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Table 1 - Characteristics of 43 pigeonpea microsatellite markers.

GenBank Repeat . Y ©ir, Product  Polymorphic  Monomorphic
Accession no. Motif Primer Sequences (5’ - 3') (°C) Length (bp) Markers Markers Source
CZ445531 (TA)4 OF. TGAATTGCTGAGAGGAGGTTT 56 234-238 + - Odeny et al. (2007)
®)R: CTGTTCCAATTCCACGGTTT
CZ445540 (GGT)4 F: ACGCTTCTGATGCTGTGTTG 45 208-210 + - Odeny et al. (2007)
R: CATCAGCATCATCGTTACCC
CZ445530 (TTC)s F: CCATTGTGCGTCTTTGTGTT 56 206-208 + - Odeny et al. (2007)
R: GCTTTTCCTCTTCCTTTCTCG
AJ306901 (CA)10 F: AAGGGTTGTATCTCCGCGTG 56 186-202 + - Burns et al. (2001)
R: GCAAAGCAGCAATCATTTCG
AJ312887 (CA)21 F: CCATAATCCAATCCAAATCC 51 160-170 + - Burns et al. (2001)
R: AGAAGGCTTTCATGTAACGC
AJ312891 (CA) F: ACAATGCTAGGGAACACCGC 455 180-206 + - Burns et al. (2001)
R: TACCTTAACCCACAATGGCC
AJ312892 (CT)s F: CAACATTTGGACTAAAAACTG 56 150-158 + - Burns et al. (2001)
R: AGGTATCCAATATCCAACTTG
AJ312893 (CT)s0 F: TGCGTTTGTAAGCATTCTTCA 50 126-150 + - Burns et al. (2001)
R: ACTTGAGGCTGAATGGATTTG
AJ312894 (CTze F: CACTTGGTTGGCTCAAGAAC 45 152-180 + - Burns et al. (2001)
R: GCCAATGAACTCACATCCTTC
AJ312895 (CA)1s F: CCTTCTTAAGGTGAAATGCAAGC 45 208-242 + - Burns et al. (2001)
R:ATAACAATAAAAGACCTTGAATGC
CZ681930 (TC)s F: GCGCTAAGGGAAAACAAAAA 56 164-174 + - (Odeny, 2006)
R: AACTCCCTTGTTGTCATATGGTG
CZ681938a (ATT)z F: TCAGGGGTAAATGCGGTATC 50 236-260 + - (Odeny, 2006)
R: GAATTGCTTTTTGCTTCCTCA
CZ681938b (ATT)z F: TCAGGGGTAAATGCGGTATC 50 212-234 + - (Odeny, 2006)
R: GAATTGCTTTTTGCTTCCTCA
CZ682017a (AAG)s F: TGAAATGAACAAACCTCAATGG 45 200-222 + - (Odeny, 2006)
R: TGTATTGCACATTGACTTGGCTA
CZ682017b (AAG)s F: TGAAATGAACAAACCTCAATGG 45 174-182 + - (Odeny, 2006)
R: TGTATTGCACATTGACTTGGCTA
CZ681983 (TGA)1 F: GAGGAGGAGGAAGAAGAAGAAGA 455 73-79 + - (Odeny, 2006)
R: TCGTCGCCGTATCACTACAA
CZ445530 (TTC)s F: CGGGCTTCCTTTTCTTCTCT 46 200 - + Odeny et al. (2007)
R: AAAACCCCGAAAACACCATT
CZ445525 (TTA)10 F: TTCTGGATCCCTTTCATTTTTC 45 196 - + Odeny et al. (2007)
R: TGACACCCTTCTACCCCATAA
CZ445522 (TA)s F: CTTCCCCCAACTAAGATCCA 46 212 - + Odeny et al. (2007)
R: GTTCGTTCTCTTTAATTGACTTGC
CZ445538 (TTA), F: CCAAGAAAAGGTGCTCCAAGT 455 155 - + Odeny et al. (2007)
R: TTGCTTCTTTTCTCGCTTGC
CZ445539 (CAT)s F: TGATAGGGACCACAACGACA 56 200 - + Odeny et al. (2007)
R

: AGCGTTGACTCCTCCCTCTT
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Table 1 - Continued.

GenBank Repeat . Y ©iT, Product Polymorphic  Monomorphic
Accession no. Motif Primer Sequences (5 - 3') (°C) Length (bp) Markers Markers Source

CZ445519 (CTRTT(CT), F- GACTCTTCACCTCACACTCATCAC 26 190 - " Odeny et al. (2007)
R: ACCTCATAGAAGAACCCTAAGCAC

CZ445544 (TTAT), F: TACAGCAGCCACATCAAAGC 455 290 - + Odeny et al. (2007)
R: TGAACCGTGAAAGTGGGATT

CZ445553 (TTA) F: ACCCATTATTGATTTGGGTA 455 200 - + Odeny et al. (2007)
R: CCAAATTTCAGCCAAGAAA

CZ445545 (AAT), F: TCTTCCATTGCATGGTGTT 56 202 - + Odeny et al. (2007)
R: GCATGATATGAGATGATGACGA

CZ445554 (AAC), F: ATAGGCCCATCTCCAGGTTC 47 158 - + Odeny et al. (2007)
R: TTAATGCCCAGCCAATTCTT

CZ445521 (TA)e-..(AT) 4 F: CTACAATCCCAGGGAAAAGG 46 210 - + Odeny et al. (2007)
R: ACAAACGTAATCTGTGTTGATCTC

27681935 (TC)s F: CATTTATTTCTCTCTGGCATTCAG 56 158 - + (Odeny, 2006)
R: CGAGCTGCAAGCATAAACG

CZ681923 (AAG)s F: CATCGCCTACAATCATAGAAAGA 54 106 - + (Odeny, 2006)
R: TCTTGTCCTTTTTCAGTCATCGT

27681927 (GAA) 6 F: CTCTTGGTTACGCGTGGACT 455 206 - + (Odeny, 2006)
R: CTTTTGCTTTTGGGTGCTT

27681929 (AGA)s F: TCACAGAGGACCACACGAAG 50 200 - + (Odeny, 2006)
R: TGGACTAGACATTGCGTGAAG

27681933 (AGA). F: AGAGGGAAAGGGAAGAGAAGA 54 200 - + (Odeny, 2006)
R: TCAAGCAACTCCAAGAAATTCA

2681946 (CTT) F: TAATCCCATTCCGTTGTCGT 45 256 - + (Odeny, 2006)
R: CCCAGGAAGAGATGAGACCA

2681968 (ATT), F: CAGGATTTTAATGGATTCTGCAA 455 280 - + (Odeny, 2006)
R: GGGTGAATACTATTTAAAAGGATA

27681969 (ACT), F: ATCCCAGACTTCATAGGGAGATAG ~ 57.5 200 - + (Odeny, 2006)
R: GTCTAGTCCCAGGTAGAAAGAGGT

CZ681961 (AGA) 10 F: ATGGGCATGGTAGAGGAGGT 47 198 - + (Odeny, 2006)
R: CGCTCATCATCGTCATCAAA

CZ681943 (GAT)s..(GAT);  F: TGGGCATGGTAGAGGAAGTT 46 186 - + (Odeny, 2006)
R: CGTCATGAAGCAACAGGAGA

2681977 (CA), F: AGCCTTGCTTGTTTCGGTTTT 46 148 - + (Odeny, 2006)
R: AAGGGAGGTGGACTACAAGGA

CZ681979 (GT), F: GTGAGTGAGAGTGAGTGTATTTGT 60 200 - + (Odeny, 2006)
R: GGTCTGATGCCAAATGTTGA

CZ681998 (TO)s F: ACAAATCCGGTGACCCATAA 60 206 - + (Odeny, 2006)
R: CCGAGAACAAAAACATTGAACA

CZ682005 (AC)o F: TGTATGTTCGTTTAGAGGCTTCC 56 200 - + (Odeny, 2006)
R: GCCCCTTTTCACTTTTCTCA

2682009 (TG), F: AGCCAGTTAATAAGCAAGCCTTTT 60 258 - + (Odeny, 2006)
R: GTGTATGCTTTACTTGCTTTGCTTT

2682011 (GT), F: AAATTCACCAGCATGATCCAA 45 196 - + (Odeny, 2006)
R

: TCTTCACTTCCGAGACACAACT

'F - Forward sequence. ?R - Reverse sequence. ®'Ta - Annealing temperature.
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Table 2 - Information of Cajanus cajan, Phaseolus vulgaris and Vigna unguiculata genotypes evaluated with

microsatellite markers.

Sample (”Genotype Genetic Sample Genotype Genetic Sample  Genotype Genetic
Code ID Origin Code ID Origin Code ID Origin
1 G1m-95 ©Bae 29 G106 India 57 G151 India
2 G3 Brazilian Cultivar 30 G108-99 BGC 58 G154 Bangladesh
3 G05-94 BGC 31 G109 BGC 59 G154-95 BGC
4 G06-95 BGC 32 G112 India 60 G158 India
5 G8-95 BGC 33 G114 India 61 G165 India
6 G9m BGC 34 G115 India 62 G166 India
7 G10-94 BGC 35 G116 India 63 G167-97 BGC
8 G17c-94 BGC 36 G118 BGC 64 G168 India
9 G18-95 BGC 37 G119 BGC 65 G168-99 BGC
10 G19m-95 BGC 38 G120 India 66 G169 India
11 G21-99 BGC 39 G121-99 BGC 67 G171 India
12 G27 India 40 G123 BGC 68 G174 India
13 G27-94 BGC 41 G124 India 69 G176 n.a.
14 G29b-94 BGC 42 G124-95 BGC 70 G184-97 BGC
15 G29m-94 BGC 43 G126 India 71 G186-98 BGC
16 G30 India 44 G127 BGC 72 G197 India
17 G39-94 BGC 45 G128 India 73 G198 India
18 G40-95 BGC 46 G131 India 74 NO 314 ®) Brazilian - 1Z
19 G47-94 BGC 47 G135 India 75 INPA Amazonia
20 G48-95 BGC 48 G137 India 76 FAVA LARGA Brazilian Cultivar
21 G57-95 BGC 49 G137-99 BGC 77 ANAO Brazilian Cultivar
22 G58 BGC 50 G138 BGC 78 CAL-143 Y b vulgaris - IAC
23 G59-95 BGC 51 G141 India 79 IAC-UNA P. vulgaris - IAC
24 G66-95 BGC 52 G142 India 80 BAT-93 P. vulgaris - IAC
25 G100 Bangladesh 53 G142-95 BGC 81 JALO-EEP558 P. vulgaris - IAC
26 G101 India 54 G148 India 82 FRADINHO V. unguiculata - IAC
27 G101-97 BGC 55 G149 India
28 G104 India 56 G149-99 BGC

"Genotype ID: Unidade de Execugdo de Pesquisa de Ambito Estadual (UEPAE). ®¥BGC: EMBRAPA Cattle-Southeast.

®)Z: Institute of Animal Husbandry. “IAC: Agronomic Institute of Campinas.
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DNA extraction, polymerase chain reaction (PCR) amplifications and genotyping

Genomic DNA was extracted from freeze-dried leaf samples using the cetyltrimethyl
ammonium bromide (CTAB) method with modifications (Faleiro et al., 2003). DNA samples

were quantified by comparison with known quantities of A phage DNA on a 1% agarose gel.

The polymerase chain reaction (PCR) was carried out in a total reaction volume of 25 pL
containing 0.5 ng of DNA template, 0.8 uM of each forward and reverse primers, 100 uM of
each dNTP (MBI Fermentas), 1.5 mM MgCI2, 10 mM Tris-HCI, 50 mM KCI and 0.5 U Tag DNA
Polymerase (Invitrogen). All PCR amplifications were performed in a PTC—200 thermal cycler
(MJ Research, Waltham, MA/USA) using the following conditions: 94°C for 1 min followed by 30
cycles of 94°C for 1 min, specific annealing temperature for 1 min, 72°C for 1 min, and a final
extension of 72°C for 5 min. Amplification products were genotyped by electrophoresis on 6%
denaturing polyacrylamide gels in 1X TBE buffer using a 10 bp ladder (Invitrogen) as a standard

size. The DNA fragments were visualized by silver staining according to Creste et al. (2001).

Data analysis

The polymorphism information content (PIC) values were calculated for estimates of

marker informativeness according to the equation of Botstein et al. (1980),

PIC=1-3 -3, 267
i=l

where f; is the frequency of the i" allele, f; is the frequency of the j" allele and the
summation extends over n alleles. In order to compare marker efficiencies in varietal

identification, the discriminating power (D) was estimated for each primer based on the formula ,
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where N is the number of individuals and p ! is the frequency of the j™ pattern (Tessier et

al., 1999).

The observed heterozygosity (Hp) and the expected heterozygosity (Hg) were analyzed
using the GDA software (Lewis and Zaykin, 2002). Genetic distance was calculated from
microsatellite marker data using modified Roger’s genetic distances. A genetic distance matrix
was estimated using tools for genetic population analysis (TFPGA v 1.3) (Miller, 1997). Cluster
analysis was performed using the neighbor-joining (NJ) method with the DARwin v. 5.0.157
software (Perried and Jacquemound-Collet, 2006). The reliability of the generated dendrogram
was also tested by bootstrap analysis using the BooD program with 1000 iterations (Coelho,
2002). The software STRUCTURE version 2.2 (Pritchard et al., 2000) was used to generate a
Bayesian inference of populations structure. By this method, a model of K populations is
assumed and samples are grouped in order to minimize linkage disequilibrium and to maximize
conformity to Hardy-Weinberg equilibrium across all analyzed loci. As a preliminary step,
analysis was performed a single time for each K value ranging from 2 to 20. Each run was
performed using the admixture model and 1000 replicates for burn-in and 10000 replicates
during analysis. The most probable number of K was calculated based on Evanno et al. (2005)
using an ad hoc statistic AK, which represents the rate of change in log probability of the data

between successive K values rather than the log probability of the data.
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Results and Discussion

Microsatellite loci polymorphism and transferability

Of the 43 microsatellite markers used, 16 were polymorphic (Table 3). A total of 83
putative alleles were obtained from the 16 microsatellite markers. The number of alleles ranged
from 2 to12, with an average of 5.1 alleles per locus. Screening of 77 pigeonpea genotypes with
these 16 markers indicated low polymorphism information content. The PIC values ranged from
0.11 to 0.80 with an average of 0.49. The D values ranged from 0.23 to 0.91 with an average of
0.58. The highest PIC and D values ware found in locus CZ681938a which contains 8 alleles.
The observed (Hp) and expected heterozygosity (Hg) values ranged from 0.01 to 0.53 (average
0.25) and 0.01 to 0.82 (average 0.47), respectively, indicating high heterozygote deficiency. Low
genetic variability of the collections of pigeonpea was also reported by Faleiro (2005, 2006 and
2007). The percentage of polymorphic RADP markers was less than 30%. These markers were
evaluated in 13, 15 and 18 genotypes of pigeonpea in different years (2005, 2006 and 2007,
respectively). The low variability in these collections may be due to a narrow genetic base of the
original germplasm collection or pre-selection of these genotypes based on agronomic

characteristic, mainly related to the production of dry matter (Faleiro, 2005).

All polymorphic markers were tested for cross-amplification in P. vulgaris (CAL-143, IAC-
UNA, BAT-93 and JALO-EEP558) and V. unguiculata (Fradinho) (Table 4). Thirteen
microsatellite markers (CZ445540, CZ445530, AJ306901, AJ312887, AJ312891, AJ312892,
AJ312893, AJ312894, AJ312895, CZ681930, CZ681938a, CZ681938b and CZ681983)

amplified in at least one bean species.

94



CAPITULO Il

Table 3 - Characteristics of pigeonpea microsatellite loci, including

number of alleles, PIC, D, Ho and Hg values.

AGe"Ba!“" Dalelle o) @ @ ©
ccession number PIC D Ho He
no.
CZ445531 2 0.29 036 0.01 0.01
CZ445540 2 028 035 0.33 0.27
CZ445530 2 0.11 0.23 0.01 0.10
AJ306901 2 082 041 0.19 0.30
AJ312887 4 0.51 0.62 0.20 052
AJ312891 4 0.32 0.43 0.29 0.25
AJ312892 5 0.49 0.56 0.28 0.51
AJ312893 12 0.61 0.72 0.42 055
AJ312894 7 0.69 0.73 036 0.72
AJ312895 5 0.60 0.75 0.29 0.66
CZ681930 6 066 078 026 070
CZ681938a 8 0.80 0.91 0.53 0.82
CZ681938b 8 0.68 078 0.32 0.71
CZ682017a 8 074 082 0.21 0.77
CZ682017b 2 0.26 0.35 0.01 0.01
CZ681983 4 048 057 0.23 0.54
049 058
Average 5.1 0.25 0.47

Number of alleles in Cajanus cajan. ®PIC - Polymorphism information
content. ®D - Discriminating power.

- Expected heterozygosity.

)

Ho - Observed heterozygosity. ®He
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Six markers (CZ445530, CZ681983, AJ312891, AJ312893, AJ312895 and CZ681930)
were successfully amplified in P. wulgaris and V. unguiculata, indicating very good
transferability. Non-specific amplification of the loci CZ445531, CZ682017a and CZ682017b
was observed between species. Eight markers (AJ306901, AJ312891, AJ312892, AJ312893,
AJ312894, CZ681930, CZ681938a and CZ681938b) revealed polymorphism between the
Phaseolus and Vigna genotypes. These results suggest considerable sequence conservation
within the primer regions flanking microsatellite loci. The high level of cross-species
amplification and the polymorphic alleles observed suggest that they can be used for inter- and
intraspecific studies. This level of amplification efficiency is similar to that observed by Gepts et
al. (2008) and Gupta et al. (2008), where chickpea microsatellite markers were used to amplify

DNA from other related legume species such as Vigna and Phaseolus.

Molecular analysis of pigeonpea germplasm

STRUCTURE analysis coupled with computation of Evanno AK statistics suggested a
primary partition of pigeonpea and genotypes of the P. vulgaris and V. unguiculata into four
clusters (K=4). STRUCTURE analysis can help to identify clusters of genetically similar
accessions. Thus, the subpopulations from STRUCTURE analysis were grouped into four
clusters (C): C1, C2, C3, and C4 (Figure 1a). Cluster C1 is comprised of the 28 pigeonpea
genotypes, which were collected in India (G141, G142, G148, G149, G151, G165, G171, G174,
G198, G176, NO 314, G168, G149, G166, G197, G158, G137, G126, G119 and G118),

Bangladesh (G154) and the Brazilian inbred lines (G154-95, G142-95, G149-99, G184-97,
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Table 4 - Characteristics of pigeonpea-specific microsatellite markers transferable to Phaseolus
vulgaris and Vigna unguiculata.

Vigna unguiculata Phaseolus vulgaris
GenBank
) Fradinho CAL-143 IAC-UNA BAT-93 I;;FI’-ES;B
Accession no.

CZ445531 - - - - -
CZ445540 208/208 208/208 208/208 208/208 208/208
CZ445530 208/208 208/208 208/208 208/208 208/208
AJ306901 200/200 198/198 186/200 200/200 200/200
AJ312887 160/160 - 160/160 160/160 160/160
AJ312891 180/206 206/206 206/206 206/206 206/206
AJ312892 - 154/154 154/156 154/156 -
AJ312893 130/130 128/128 128/146 128/146 130/130
AJ312894 166/166 - 166/166 166/166 166/168
AJ312895 242/242 242/242 242/242 242/242 242/242
CZ681930 164/164 166/166 166/166 172/172 164/164
CZ681938a 252/252 260/260 252/252 252/252
CZ681938b 220/228 228/228 228/228 224/228
CZ682017a - - - -
CZ682017b - - - - -
CZ681983 73/73 73/73 75/75 75/75 73/73

Alleles observed for each locus are displayed in base pairs (bp). (-) No amplification.
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G168-99, G167-97 and G108-99). Cluster C2 include 18 pigeonpea Brazilian inbred lines
obtained from the breeding program of Embrapa Cattle-Southeast, Sdo Carlos/SP, Brazil (G1m-
95, G05-94, G06-95, G8-95, G9m, G10-94, G17c-94, G19m-95, G27-94, G29b-94, G47-94,
G48-95, G39-94, G18-95, G40-94, G57-95 and G58) the cultivar G3-Guandu Mandarim and 2
pigeonpea genotypes from India (G30 and G27). These Brazilian inbred lines were selected for
use in crop-livestock integrated systems and reclaiming degraded pastures. The field data
confirmed that these genotypes are closely related. Cluster C3 consisted of 26 pigeonpea,
which were collected in India (104, G114, G120, G124, G116, G135, G112, G115, G101, G106,
G131, G169 and G128), Bangladesh (G100) and the Brazilian inbred lines (G124-95, G121-99,
G101-97, G21-99, G137-99, G109, G123, G127, G138, G59-95, G66-95 and G29m-94).
Clusters C1 and C3 had mixed origins (India, Bangladesh and Brazilian inbred lines). These
results indicate the presence of different gene pools among these clusters. Cluster C4
contained two pigeonpea cultivars (Fava Larga and Anéo), the inbred line G186-98 and the four
varieties of P. vulgaris (CAL-143, IAC-UNA, BAT-93 and JALO-EEP558) and one V. unguiculata

cultivar (Fradinho).

The phylogenetic NJ tree, which was constructed based on the modified Roger’s genetic
distance matrix, was colored according to STRUCTURE results (Figure 1b). Furthermore, a
strong tendency of correspondence between the Bayesian clusters in the NJ tree was observed.
Clusters C1 and C3 comprised the pigeonpea genotypes from India, Bangladesh and some
Brazilian inbred lines. Cluster C1 include 18 Brazilian inbred lines. Cluster C4 includes the 2
cultivars, the G186-98 Brazilian inbred line of the pigeonpea and all genotypes of Phaseolus
and Vigna. Genotypes of pigeonpea which were self-fertilized (by controlled pollination, and
subsequently selected in order to obtain inbred lines) grouped together (G27 and G27-94, G168
and G168-99, G154 and G154-95, G149 and G149-99, G142 and G142-95, G124 and G124-

95, G101 and G101-97), except G137 and G137-99. The pigeonpea genotype G137-99
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105

Figure 1 - Genetic diversity of
pigeonpea genotypes and cross-
species amplification in Phaseolus
vulgaris and Vigna unguiculata. a
Population structure analysis. Each
individual is represented by a thin
vertical segment, which can be
partitioned into K colored segments
that represent the individual
estimated membership to the K
cluster. Membership coefficients
obtained at the optimal K value (K
= 4 clusters). b Neighbor-joining
tree analysis. The numbers at the
tip of the tree branch indicate the
accession number. The colors of
the bar and the tree branch
indicate the 4 groups identified
through the STRUCTURE program
(C1 = red, C2 = green, C3 = blue
and C4 = yellow).

99



CAPITULO Il

presented a heterozygote profile. Although pigeonpea is considered an autogamous species,
cross-pollination can occur in the presence of pollinators, ranging from 3% to 26%.
Consequently, a percentage of heterozygous strains can be observed, even if it is a low
percentage (Reddy et al., 2004). The bootstrap value of the center point of the group (82.0%)
indicates the robustness of the genetic relationship depicted by the dendrogram. The genetic
distances among the 77 genotypes of pigeonpea ranged from 0.09 to 0.62 with an average of
0.39. The lower at genetic distances were found among the genotypes of cluster C2, such as
G06-95 and G9m (0.09). These two genotypes have similar stem color (green) and thickness
(10mm) (Godoy et al., 2004; Provazi et al., 2007). The largest genetic distances were found
among the genotypes G1m-95 (cluster 2) and G158 (0.62) (cluster 1). Genetic distances
between clusters C1 and C3 were higher than the C2 cluster revealing moderate diversity
among these genotypes. The cultivars Fava Larga and An&o were grouped in a distinct cluster
(C4) with 0.42 genetic distance between them. The cluster analysis based on modified Roger’s

genetic distances shows the narrowing of the genetic basis among genotypes.

Knowledge of the genetic diversity in germplasm collections is fundamental for further
breeding programs to fully exploit existing diversity by genotypes selection. As evident from the
clustering of genotypes, it is clear that these microsatellite markers are efficient. The pigeonpea
is an important crop of the Phaseoleae tribe, which has limited genomic resources. As
microsatellite markers are highly polymorphic, reproducible, co-dominant in nature and
distributed throughout the genome, they have become the ideal marker system for genetic

analysis and breeding applications.
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Conclusions

The microsatellite markers revealed low genetic diversity among genotypes of
pigeonpea, especially between the Brazilian inbred lines selected for use in crop-livestock
integrated systems and reclaiming degraded pastures. The modified Roger’s genetic distances
revealed the presence of genotypes genetically close. These results show the need to broaden
the genetic variability of the collection in order to increase efficiency during the selection and

breeding programs of pigeonpea.

Pigeonpea-specific microsatellite markers were transferable to P. wvulgaris and V.
unguiculata. The transferable loci exhibited polymorphism among some genotypes.

Transferability studies of microsatellite loci from other cultures can be highly advantageous.
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Abstract

Centrosema pubescens Benth. is a forage legume widespread in tropical America. Twenty-six
polymorphic microsatellite markers were isolated and characterized in 15 genotypes of C.
pubescens from the Cerrados Research Center Germplasm Bank of the Brazilian Agricultural
Research Corporation (EMBRAPA). The number of alleles observed for each locus ranged from
2 to 5, with an average of 3 alleles per locus. The polymorphism information content (PIC)
varied from 0.39 to 0.86 (average 0.57) and the discriminating power (D) ranged from 0.45 to
0.98 (average 0.68). The observed heterozygosity (Ho) and the expected heterozygosity (Hg)
were 0.01-0.81 and 0.10-0.86, respectively. A cross-amplification test in 11 Centrosema species
suggested potential transferability of these microsatellites. The data indicated that the
polymorphic microsatellite markers developed in this work should be useful for assessing

genetic diversity in further breeding programs and germplasm conservation.
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The genus Centrosema comprises 34 species native to the New World tropics and
subtropics (Williams and Clements 1990). Many Centrosema species are natural components of
pastures and have nutritive values equal to or higher than those of other tropical pasture
legumes. Several Cenfrosema species occur naturally in semiarid tropics, and some are tolerant
to acid and hight aluminum-saturated soils (Schultze-Kraft et al. 1990). Among those species,
Centrosema pubescens Benth. (C. molle Mart. Ex Benth.) has attained a major economic
importance as a cut-and-carry forage system in association with grass-legume for pasturelands,
protein banks and cover crops (Teitzel et al. 1990). C. pubescens chromosome number is
2n=2x=20 (Novaes and Penteado 1993) while 2n=2x=18 and 22 have been reported in other
species of this genus. Centrosema is assumed to be predominantly a self-pollinating genus,
although insect cross-pollination has been reported in C. brasilianum, with outcrossing rates

from 31.2 to 53.5% (Maass and Torres 1992).

In addition to currently cultivated species, the genus Cenfrosema includes other
promising species to be used as pasture crops. However, genetic knowledge in Centrosema
species is still limited, and that has restricted their domestication and exploitation in breeding
programs. In this study, we developed microsatellite markers for C. pubescens, which are
suitable to investigate the genetic diversity in this species. Additionally, the microsatellites were

tested for cross-amplifications in 11 other Centrosema species.

Genomic DNA samples were extracted from fresh leaves of C. pubescens using the
cetyl trimethyl ammonium bromide (CTAB) method (Doyle & Doyle, 1990). A microsatellite-
enriched library was constructed according to the protocol described by Billotte et al. (1999).
Genomic DNA samples were was digested with Rsal restriction enzyme, and the resulting DNA
fragments were linked to Rsal adapters. The library was enriched for dinucleotide sequences
using (CT)s and (GT)s biotinylated microsatellite primers with labeled probes that were bound to

Streptavidine MagneShere Paramagnetic Particles as described by the manufacturer.
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Selected fragments were amplified by polymerase chain reaction (PCR) using primer
sequences complementary to the adapters and then ligated into a pGEM-T vector (Promega).
Plasmids were transformed into competent XL-1 Blue Escherichia coli cells. Transformed cells
were cultivated on agar medium containing 100 pg mL™" ampicillin, 50 ug mL™" X-galactosidase
and Isopropyl B-D-1-thiogalactopyranoside (IPTG). Single white colonies were transferred onto
microplates for long-term storage at -80°C. A total of 192 positive clones were bi-directionally
sequenced in an automated sequencer ABI PRISM 377 (PerkinElmer, Applied Biosystems)
using T7 and SP6 primers and the v3.1 Big Dye terminator 3.1 kit (Applied Biosystems).
Sequences were assembled and edited using Segman (DNAStar). The simple sequence repeat
identification tool (SSRIT) was used to identify SSRs present in all non-redundant sequences
(Temnykh et al. 2001). Eighty-two clones contained microsatellite sequences with more than
five repeats and flanking regions suitable for primer design. The Primer Select (DNAStar)

software was used to design 36 primer pairs.

A total of 15 genotypes of C. pubescens (Cerrados Research Center Germplasm Bank
of the Brazilian Agricultural Research Corporation - EMBRAPA) were used to evaluate SSR
polymorphisms. PCR amplifications were performed in 25 pL total volume containing 10 ng of
genomic DNA, 0.8 uM forward and reverse primers, 100 uM of each dNTP, 1.5 mM MgCl,, 10
mM Tris-HCI, 50 mM KCI, and 0.5 U Tag DNA Polymerase (Invitrogen). A PTC — 200 thermal
cycler (MJ Research, Waltham, MA/USA) was used for PCR amplifications using a touchdown
cycling program according to Don et al. (1991). Amplification products were analyzed by
electrophoresis on a) 3% agarose gels containing 0.1 mg ethidium bromide/ml in 1X TBE buffer
(89 mM Tris-borate, 2 mM EDTA, pH 8.0), and b) 6% denaturing polyacrylamide gels in 1X TBE
buffer, using the 10 bp DNA Ladder (Invitrogen) as size standard. Afterwards, gels were silver

stained according to Creste et al. (2001).
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Of the 36 developed microsatellites, 26 were polymorphic and the number of alleles per
locus ranged from 2 to 5, with an average of 3 alleles per locus (Table 1). Polymorphism
information content (PIC) was calculated in order to estimate marker informativeness (Botstein
et al. 1980). PIC values ranged from 0.39 to 0.86, with an average of 0.57. The highest PIC
value (0.86) was found in the CS21 locus, which presented the highest number of alleles (5).
For the purpose of comparing the efficiency of markers in varietal identification, we estimated
the discriminating power (D) of each primer (Tessier et al. 1999). The D values ranged from
0.45 to 0.98, with an average of 0.68. The descriptive statistics and the test for Hardy-Weinberg
equilibrium were performed using tools for genetic population analysis (TFPGA) (Miller 1997).
The observed heterozygosity (Ho) and the expected heterozygosity (Hg) were 0.01-0.81 and
0.10-0.86, respectively. Twelve loci showed a significant deviation from the Hardy-Weinberg
equilibrium (HWE) after Bonferroni correction (P: (5%) < 0.0036). The presence of null alleles
was tested using Micro-checker ver. 2.2.3 (htpp://www.microchecker.hull.ac.uk/). The loci CS21,
CS36, CS81 and CS154 were significant for the presence of a null allele. In this study, no
linkage disequilibrium was detected among all loci, using the Popgene 1.32 software (Yeh and
Boyle, 1998). All polymorphic markers were tested for cross-amplification in 11 differents
Centrosema species. Nineteen microsatellite loci were amplified for all the different species.
Two loci (CS45 and CS71) were successfully amplified in all species. Non-specific amplification
of CS53, CS68, CS98, CS99, CS125, CS127 and CS154 was observed in some Centrosema
species (Table 2). The data on the developed Centrosema microsatellites indicated high

potential for their use in comparative and phylogenetic studies.

The cross-species amplification data suggested that microsatellites developed for C.
pubescens are potentially useful for genetic diversity studies of this species and of other species

in the genus. In conservation programs, they should be useful for characterizing natural
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populations and germplasm collections, as well as to determine the degree of relatedness

among individuals or groups of accessions.
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Table 1. Characteristics of the twenty-six microsatellite markers of Centrosema pubescens Benth.

SSR  GenBank o catmotif 1D,  Primer sequences (5 -3 A Sz pec p  Hy, He P-HWE
locus Accession no. (eC) range(bp)

CSs10 GQ293042 (GT)8 60 - 45 F: 5'ATACTGTTTTCCTCATTGS' 3 3057320 0.47 0.58 0.37 0.65 0.000*
R: 5’AACTCTGTCTCTTCACTG3'

CS20 GQ293043 (CA)3CG(CA)5 60 - 45 F: 5ACACCATACATGCGAAAGAT3' 3 98 - 107 0.71 0.87 0.42 0.55 1.000"°
R: 5' CCATATGAAAATTGTTGTGA3'

CS21 GQ293044 (AG)15 60 - 45 F:5' TTCACATAAAATCAAACCAA3' 5° 207 - 236 0.86 0.98 0.81 0.86 0.679N°
R: 5’AACCACATTCTTCTATCCTT3'

CS35 GQ293045 (CA)6 60 — 45 F:5GCATATAGTAAATCTGTTGTGG 3' 3 231 -242 0.76 0.82 0.29 0.70 0.000*
R:5’AGAGTGAAAGAAAGAAGAAAAGS'

CS36 GQ293046 (CA)5 60 — 45 F:5TTGGTTATTAAATTGGTGAAG3' 22 137 -146 0.44 0.51 0.08 0.37 0.558 NS
R:5'TTAAAAATCTAGCAGGAAAGTT3'

CS37 GQ293047 (GA)2GT(GA)12 60 — 45 F:5 TCAAAACTATCTACATCCA3' 2 127 -150 0.41 0.52 0.29 0.66 0.328 N8
R:5TCTAATAACAACGCAATAA 3'

CS39 GQ293048 (GT)7AT(GA)9AA(GA)4 60 — 45 F:5'ACACAACAACATAAAAGTAS' 2 214 -242 0.39 0.47 0.01 0.10 0.032N8
R:5TATGGAGTAAGACAAACAA3'

CS45 GQ293049 (CA)5 60 — 45 F:5'CAGAAATGCAAATGCTACAAAAZ' 2 196 — 205 0.45 0.53 0.20 0.52 0.587 N8
R:5'GTGGGCCAGAATCAGGAA3'

CS53 GQ293050 (GT)7 60 — 45 F:5TGCAAAAAGAGAAATAAAATGA3Z' 3 243 -256 0.55 0.63 0.53 0.82 0.326"°
R:5'ATGACCAAAAGTGAGTGAGAAT3’

CS61 GQ293051 (CA)7 60 — 45 F:5'TTTTTATGCTTCCTGTTCA3' 3 196 — 209 0.76 0.81 0.32 0.71 1.000™
R:5TTAAATTTCAAAAGACCACTG3

CS62 GQ293052 (CT)2(GT)6 60 —45 F:5'CTGATGTGGATGATGAGGS' 2 192 - 203 0.42 0.55 0.21 0.77 1.000™
R:5TTCTGACACTTATAAAAACAAC3’

CS68 GQ293053 (GT)5 60 — 45 F:5TGGGTTAATTCAATGTAGCAG3' 2 260 - 271 0.50 0.63 0.19 0.30 0.001*
R:5’AAGGTCGAATCTCAGCAAAAT3

CS70 GQ293054 (CA)10 60 — 45 F: 5'CCATACCCTCACCAATCC3' 4 167 —-186 0.79 0.86 0.36 0.72 0.002*
R: 5'CCATCACAAGTTATACCATCAGS'

CS71 GQ293055 (CT)9 60 — 45 F: 5’ATACCTGATGAAATGTGGAT3' 2 279 -296 0.49 0.63 0.28 0.51 0.000"
R: 5'AATAATTTCTGCAGTGTTTTG3'

CS81 GQ293056 (AG)6GG(AG)7 60 — 45 F:5'CATGGGTCTTGGGTTTTG3' 22 102-129 0.41 0.56 0.23 0.23 0.058 N8
R:5'AATAGGGTCTGCATCTGTTCA3'

CS86 GQ293057 (AC)5 60 - 45 F:5'ACTTGCTGCACTTGTCACC3' 2 3652376 0.52 0.68 0.05 0.60 0.000*

R:5'GTCCCTTTCTTTTCGTTATCACS3'
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Table 1. Continued.

SSR GenBank . TD . s o Size
locus  Accession no. Repeat motif (°C) Primer sequences (5’ - 3’) A range(bp) PIC D Ho He P-HWE
CS89 GQ293058 (GT)4...(GT)5 60 —45 F:5'AATTTCCTTCACTTTTGTTCC3' 3 ZOZ— 213 0.58 0.69 0.05 0.72 0.001*
R:5'AATTTCTTTCTTTTTCACTTCA3'
CS98 GQ293059 (CA)7 60 —45 F:5'ACAAAGCAGGTGATGGACTCT3' 3 120-133 0.79 0.85 0.55 0.71 0.662"N8
R:5TCTCTGTTGCTCTGGACTTACTC3'
CS99 GQ293060 (GA)9 60 —45 F:5TTCATACTAATACCCTTTTTCT3' 2 321 -340 0.41 0.55 0.18 0.40 0.002*
R:5’CTCCACTTCAACCACTCAS'
CS120 GQ293061 (GT)11 60 — 45 F:5TTTGAAGTGACCAGGAGGATTT3' 4 435 — 458 0.81 0.92 0.06 0.81 0.000*
R: 5’AAGACCATGTGGAAGAGGATTGS'
CS125 GQ293062 (GT)6 60 — 45 F: 5’GATTACAGAGTTGGGATTTT3' 2 117-130 0.61 0.77 0.21 0.39 1.000N®
R: 5'CCATTCTCTTCATACTTACC3'
Ccs127 GQ293063 (AC)7 60 — 45 F: 55GGAAAGGGACTCAAGAAAGAAA3Z! 2 102-115 0.33 0.45 0.33 0.46 0.369M
R: 5’GTGATTATAGGGGGAACAGGAG3'
CS128 GQ293064 (GT)8 60 — 45 F:5CACTTGCCCTTCTTGTTATC3' 2 268 — 283 0.42 0.57 0.18 0.40 0.000*
R:5'GCTGTGCGTATGTTTGTGT3'
CS154 GQ293065 (GA)13 60 — 45 F:5'CCCAGTCAGTTGAGTTGTAG3' 4 120 — 145 0.70 0.83 0.06 0.79 0.289N°
R:5'AAGGTATCCATGGTTTATCT3'
CS156 GQ293066 (GA)9 60 — 45 F:5’ATAGAAAAGAAAAGAAGAAA3Z' 2 135-152 0.58 0.71 0.29 0.52 0.003*
R:5'ACAAGCATAAATGATAAGTGS'
CS102 GQ293067 (CA)6 60 — 45 F:5TTCATGCATGCACTTCAAAT3' 4 289 - 300 0.82 0.96 0.21 0.83 0.000*

R:5'CCCTTCCCATACGTTACTTACT3'

F, forward sequence; R, reverse sequence;

TD, touchdown PCR with temperatures ranging from 60°C to 45°C;

A, total number of alleles per locus;

a, the presence of a null allele was detected by Micro-checker ver. 2.2.3 (htpp://www.microchecker.hull.ac.uk/);

PIC, polymorphism information content;

D, discriminating power;

Ho, observed heterozygosity; Hg, expected heterozygosity;

P-HWE, P values for the HWE test, significance threshold adjusted using Bonferroni correction: P(P%) < 0.0036;

NS not significant; *, significant.
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Table 2. Cross-species amplification of Centrosema pubescens Benth microsatellite markers
in 11 Centrosema species.

Microsatellite loci

Centrosema Species  CS10 CS20 (€821 (€835 (536 (C837 (539 (545 (853 (CS61  (CS62 (CS68 CST0 CST1

C. pascuarum® + - - - + + = + = = = = = g
C brachypodium® - - - - + 2 = SE B ot o i + iE
C. brasilianum® = i + i + " - + - - . - 4 €
C. rotundifolinm® — - + — + - - e = 48, % = s g
C. acuiifolium® - - ~ - = - - 4 = - - _ _ a
C terezae'® — - - - 5t = + + = s £ £ 2 g
C. arenarium® + + - + - - + + — + + - - +
C tetragonolobum®  — - - + = = = s = o g o e s
C. macrocarpum® - - - + — — - + - — — _ + +
C. plumieri® - — - = = + s T s - = = s ot
C. sagitatum® - - ~ - = + + SE B A o i i A

Microsatellite loci

Centrosema Species €581  (CS86  CSB9  CS98 (S99  C5120  (CS5125  (CS127 (5128 (5154 (CS156  CS5102 n

C. pascuarum® + - + - ! + =5 e e s + e 3
C. brachypodium* - - - - — + - - - - + — 3
C. brasilianum® — — - - - + = == + o + = 3
C. rotundifolium® - - - - - - ~ - — ~ + — 53
C. acutifolium® + + - - - - = = — o e + 3
C terezae'* - - - - - = = £ o & i o 1
C. arenarium® - + - - - = = - i - - - 2
C tetragonolobum®  — — - - - - = 2 iy i A o2 )
C. macrocarpum® — - - - - — - - - - - - 3
C. plumieri® - — - - - = =5 e =2 s =% = 1
C. sagitatum® - - + - - - - — — — _ _ 1

" nomen nudum (Not described species);
* PCR, product amplified using touchdown PCR (temperature range provide in Table 1);
+, successful amplification; -, unsuccessful amplification;

n, number of individuals tested for amplification.
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Abstract

Microsatellite markers are highly informative and widely used in genetic studies. Currently, only
26 microsatellite markers are available for Centrosema pubescens. In this study, we evaluated
the transferability of these 26 microsatellite loci across 11 different Centrosema species and
estimated the outcrossing rate in C. pubescens. Nineteen of the 26 tested microsatellites (78%)
were successfully transferable across the Centrosema species. The transferable microsatellite
loci exhibit polymorphism in Centrosema, with an average of 7.5 alleles per locus. The
polymorphism information content and discriminating power values calculated ranged from 0.22
to 0.89 (average 0.64) and 0.47 to 0.99 (average 0.77), respectively. A model-based Bayesian
approach implemented in the software STRUCTURE was used to cluster the accessions. A
dendrogram was constructed based on the modified Roger's genetic distances using a
neighbor-joining method (NJ). A total of three clusters were assembled to demonstrate the
genetic relationships between Centrosema species. Six microsatellites were used to
characterize the mating system in C. pubescens. The outcrossing rate was estimated in open-
pollinated populations of 10 progenies consisting of 20 genotypes each. The multilocus
outcrossing rate (t,) was 0.269 (27%), suggesting a mixed mating system with a predominance
of autogamy. The single locus outcrossing rate (&) was 0.129 (13%), and the difference (t, — t)
was 0.040, indicating that only 4% of outcrossing occurs in related individuals. The paternity
correlation (rp) was 0.139, suggesting that there is a low probability of finding full sibs in the
progeny. The transferable microsatellite markers identified here should be useful for exploiting

the genetic resources of Centrosema.
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Introduction

The genus Centrosema (DC.) Benth. belongs to the family Fabaceae (alt.
Leguminosae), subfamily Faboideae and tribe Phaseoleae. The genus comprises 34 species
(Williams and Clements 1990) that are native to Central and South America. Several
Centrosema species occur naturally in Brazil, where wide genetic diversity is found (Schultze-
Kraft and Clements 1990). Centrosema includes species that can adapt to diverse habitats,
such as the dry tropics, high-altitude tropics, subtropics, poorly drained and seasonally flooded
areas, and acidic, low-fertility soils (Keller-Grein et al. 2000). As such, Centrosema has been
agronomically evaluated in Brazil (Novaes et al. 1994; Farifas et al. 1997; Borges, 2006),
Nigeria (Nworgu and Fasogbon, 2007; Odeyinka et al. 2008), Columbia (Grof, 1982; Keller-
Grein et al. 2000) Australia (Schultze-Kraft et al. 1997), Asia (Humphreys et al. 1990) and Peru
(Reategui et al. 1985). Of the promising fodder crop species of Centrosema, three are of
interest in the tropical and subtropical areas of America: C. pubescens (Centrosema molle Mart.
Ex Benth), C. acutifolium and C. brasilianum. The chromosome number for these three species
is 2n=2x=22 (Novaes and Penteado 1993) while 2n=2x=18 and 20 have been reported in other

species of this genus (Battistin and Vargas 1989; Clements et al. 1983; Miles et al. 1990).

In addition to the currently cultivated species, the genus Cenfrosema includes other
promising species that may be used as pasture crops. However, genetic knowledge in
Centrosema is still limited, and that has restricted their domestication and exploitation in
breeding programs. Advancing knowledge in this area will require the application of genomic
tools, such as molecular markers. In C. pubescens, only twenty-six polymorphic microsatellite

markers have been reported (Sousa et al. 2009).

Microsatellite markers are short (1 — 6 bp) tandem repeat DNA sequences that are

dispersed randomly throughout the genome (Litt and Luty 1989). Replication slippage or
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unequal crossing over events produce variation in the number of repeat motifs, and thus, these
loci represent hypervariable regions of the genome. These regions are highly polymorphic, co-

dominant and can result in high rates of transferability across species (Gaitan-Solis et al. 2002).

The transferability of microsatellite loci among closely related species depends on the
extent of homology and sequence conservation in the regions flanking the simple-sequence
repeats. A high rate of transferability has already been documented for plant species. The
cross-amplification of microsatellites in closely related Oryza species has been reported (Wu
and Tanksley 1993). Choumane et al. 2000 reported the conservation of microsatellite loci in
different taxa of Fabaceae. In legumes, several reports have shown that microsatellites can be
transferred from one genera/species to another (Pandian et al. 2000, Eujayl et al. 2004,
Gutierrez et al. 2005). In addition to being applicable to genetic diversity, genetic mapping, and
marker-assisted selection, they are useful for estimating mating systems in plants (Varshney et

al. 2005; Karasawa et al. 2007; Azevedo et al. 2007).

Centrosema is assumed to be predominantly a self-pollinating genus, although insect
cross-pollination has been reported in C. brasilianum with outcrossing rates ranging from 31.2 to
53.5% (Maass and Torres 1992). However, the reproductive system of other Centrosema
species has not been clearly elucidated. This information is essential for establishing strategies
for selection and improvement and for proposing effective approaches for conservation (Endels
et al. 2007). In this study, we used C. pubescens-specific microsatellite markers to assess
cross-transferability in 11 different Centfrosema species and to estimate the outcrossing rate in

C. pubescens.
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Material and Methods

Plant materials

Twelve Centrosema species (C. pubescens, C. pascuorum, C. brachypodum, C.
brasilianum, C. rotundifolium, C. acutifolium, C. terezae, C. arenarium, C. tetragonolobum, C.
macrocarpum, C. plumieri and C. sagitatum) were used in this study (Table 1). These
accessions were obtained from the Cerrados Research Center Germplasm Bank of the
Brazilian Agricultural Research Corporation — EMBRAPA, Distrito Federal — Brasilia, Brazil and

the Instituto de Zootecnia, Sdo Paulo — Nova Odessa, Brazil.
Microsatellite markers

Twenty-six microsatellite markers were selected for this study based on the primer
sequences used earlier in C. pubescens (Sousa et al. 2009). The lengths of these markers vary
from 18 to 22 nucleotides, and the product lengths vary from 165 to 298 base pairs (bp).

Primers were synthesized by Invitrogen, CA, USA.
DNA extraction, polymerase chain reaction (PCR) amplification and genotyping

Genomic DNA was extracted from freeze-dried leaf samples using the cetyltrimethyl
ammonium bromide (CTAB) method of Doyle and Doyle (1990). DNA samples were quantified

by comparing with known quantities of A phage DNA on a 1% agarose gel.

PCR was carried out in a total reaction volume of 25 pL containing 0.5 ng of DNA
template, 0.8 uM of each forward and reverse primers, 100 uM of each dNTP (MBI Fermentas,
MD, USA), 1.5 mM MgCI2, 10 mM Tris-HCI, 50 mM KCI, and 0.5 U Tag DNA Polymerase
(Invitrogen, CA, USA). All PCR amplifications were performed in a PTC-200 thermal cycler (MJ
Research, Waltham, MA/USA) using touchdown PCR parameters 94°C for 2 min; 2x [15 cycles

of 94°C for 1 min, 60°C (-12C/cycle) for 1 min and 72°C for 2 min]; 30 cycles of 94°C for 1 min,
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Table 1. Centrosema species and their
respective accession numbers.

Name species Accﬁzsmn
1 Centrosema pubescens* CPAC 4205
2 Centrosema pubescens™ CPAC 4247
3 Centrosema pubescens™ CPAC 4250
Centrosema pubescens™ CPAC 4251
Centrosema pubescens™ CPAC 4252
Centrosema pubescens™ CPAC 4253
Centrosema pubescens* CPAC 4254
Centrosema pubescens* CPAC 4255
Centrosema pubescens™ CPAC 4256
Centrosema pubescens* CPAC 4257
4 Centrosema pascuarum CPAC 2945
5 Centrosema pascuarum CPAC 2955
6 Centrosema. brachypodum CIAT 5833
7 Centrosema. brachypodum CIAT 5850
8 Centrosema brasilianum CIAT 5234
9 Centrosema brasilianum CIAT 5178
10 Centrosema rotundifolium CIAT 2560
11 Centrosema rotundifolium CPAC 2661
12 Centrosema acutifolium CIAT 15086
13 Centrosema acutifolium CIAT 15448
14 Centrosema terezaer CPAC 4526
15 Centrosema arenarium CIAT 5236
16 Centrosema arenarium CIAT 5599
17 Centrosema tetragonolobum CIAT 15087
18 Centrosema tetragonolobum CIAT 15440
19 Centrosema macrocarpum CIAT 5593
20 Centrosema macrocarpum CIAT 5447
21 Centrosema plumieri NO 2418
22 Centrosema sagittatum BRA 7595
23 Centrosema sagittatum BRA7864

*maternal plants selected for the progeny array; =nomen
nudum (Not described species); CPAC: Brazilian
Agricultural Research Corporation — Embrapa Cerrados;
NO: Nova Odessa; BRA: Genotype number of Brazilian
Agricultural Research Corporation; CIAT: International
Center for Tropical Agriculture.
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48°C for 1 min and 72°C for 2 min; and 72°C for 5 min (Don et al. 1991). Amplification products
were genotyped by electrophoresis on 6% denaturing polyacrylamide gels in 1X TBE buffer,
using a 10 bp ladder (Invitrogen, CA, USA) as a size standard. The DNA fragments were

visualized by silver staining according to Creste et al. (2001).

Allele scoring and data analysis

Polymorphism information content (PIC) values were calculated to estimate marker
informativeness (Botstein et al. 1980). To compare marker efficiencies in varietal identification,
the discriminating power (D) was estimated for each primer (Tessier et al. 1999). The observed
heterozygosity (Ho) and the expected heterozygosity (Hg) were analyzed using the GDA
software (Lewis and Zaykin, 2002). Genetic distance was calculated from microsatellite marker
data using modified Roger’s genetic distances. A genetic distance matrix was estimated using
tools for genetic population analysis (TFPGA v 1.3) (Miller, 1997). Cluster analysis was
performed using the neighbor-joining (NJ) method with the DARwin v. 5.0.157 software (Perrier
and Jacquemound-Collet, 2006). The reliability of the generated dendrogram was also tested by
a bootstrap analysis using the BooD program with 1000 iterations (Coelho, 2002). The software
STRUCTURE version 2.2 (Pritchard et al. 2000) was used to cluster individuals according to
distinct allele frequency sets. As a preliminary step, the software was run once for each K value
ranging from 2 to 20. Each run was performed using the admixture model and 1.000 replicates
for burn-in and 10,000 replicates during analysis. The most probable number of K was
calculated based on Evanno et al. (2005) using an ad hoc statistic AK, which perceives the rate
of change in log probability of the data between successive K values rather than the log

probability of the data.
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Mating system determination

Fifteen accessions of C. pubescens from the Germplasm Collection of Embrapa
Cerrados, were grown in the field under natural conditions to obtain maternal progenies (Table
1). From these 15 accessions, 10 were randomly chosen for the progeny array. Pollinated
seeds from the 10 maternal plants were grown in the year of 2009, and 20 plants per progeny

were evaluated, totalizing 200 accessions for each species.

The mating system was analyzed according to the mixed mating model of Ritland and
Jain (1981) using MLTR software (Ritland 2002), with the following assumptions: a) each mating
event is due to random outcrossing (f) or self-fertilization (with probability s = 1 - 1); b) the
probability of outcrossing is independent of the maternal genotypes; c) the pollen pool is
homogeneous over all maternal plants; d) there is no selection between fertilization and the time
of assay for progeny genotypes; e) alleles at different loci segregate independently (Ritland and
Jain 1981). The following parameters were estimated: multilocus outcrossing rate (t,), single-
locus outcrossing rate (f;), outcrossing rate between related individuals (t,, — t;), correlation of
paternity (rp,) or proportion of full sibs among outcrossed progeny, correlation between
outcrossing rates of different loci (r;) and normalized variation of outcrossing rates among
progenies (r). All parameters were estimated using maximum likelihood procedures. The
number of contributing pollen donors for each progeny was estimated to be 1/rp (Ritland 1989).
The inbreeding coefficient of maternal parents (F,) was also calculated using the MLTR
software (Ritland 2002). The standard errors of the reported estimates were calculated based

on 10,000 bootstrap resamplings of the progenies.
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Results and discussion

Cross amplification and polymorphism of microsatellite markers in Centrosema

species

To evaluate the cross-species amplification, we screened 20 accessions of 11 different
Centrosema species. Of the 26 C. pubescens-specific microsatellite markers that were
assessed, 19 amplified in at least 1 Centrosema species, while 7 did not amplify in any of the 11
Centrosema species. Table 2 displays the name of the locus, GenBank accession number,
repeat motif, primer sequences (forward and reverse), annealing temperature, number of
alleles, product length and the source for these microsatellite markers. We observed that the
transferability of these markers across species varied. Two microsatellite markers (CS45 and
CS71) amplified in all Centrosema species (Table 3). Transferability among Centrosema
species was measured to be 55% for two markers (CS70 and CS128), 33.3% for four markers
(CS35, CS36, CS37 and CS156), 25% in another seven markers (CS10, CS20, CS39, CS61,
CS62, CS86 and CS120), 16% in three markers (CS21, CS81 and CS89) and 8.3% in one
marker (CS102). Seven markers (CS53, CS68, CS98, CS99, CS125, CS127 and CS154) did
not show positive amplification in any Centrosema species. However, these results show a
considerable level of conserved sequences in the flanking regions of microsatellite loci. All of
the transferable markers that were amplified are simple di-nucleotide simple and compound
repeat motifs with (GT), and (AG),, being the most abundant repeat. A total of 149 alleles were

identified for the 19 transferable markers in the different Centrosema species.

Extensive polymorphism in the genotypes of the Centrosema species is apparent in the
wide variation of size and number of amplification products. The number of alleles per locus

ranged from 2 to 20, with an average of 7.52. The PIC values ranged from 0.22 (CS102) to 0.89
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Table 2. Microsatellite markers used in the cross amplification of Centrosema species and in the
estimation of the outcrossing rate in Centrosema pubescens.

Ac clé::il:;/ no. Repeat motif (Ig) Primer sequences (5’ - 3’) A l:l’_?ndgutﬁt Source
Cs10 (GT)8 60 - 45 F: ATACTGTTTTCCTCATTG 9 298bp Sousa et al. (2009)
GQ293042 R:AACTCTGTCTCTTCACTG
Cs20 (CA)3CG(CA)5 60 - 45 F:ACACCATACATGCGAAAGAT 6 267bp Sousa et al. (2009)
GQ293043 R:CCATATGAAAATTGTTGTGA
cs21* (AG)15 60-45  F:TTCACATAAAATCAAACCAA 3 229bp Sousa et al. (2009)
GQ293044 R:AACCACATTCTTCTATCCTT
CS35 (CA)6 60 — 45 F:GCATATAGTAAATCTGTTGTGG 8 253bp Sousa et al. (2009)
GQ293045 R:AGAGTGAAAGAAAGAAGAAAAG
CS36 (CA)5 60 — 45 F.-TTGGTTATTAAATTGGTGAAG 9 176bp Sousa et al. (2009)
GQ293046 R:TTAAAAATCTAGCAGGAAAGTT
cs37 (GA)2GT(GA)12 60—45  F:TCAAAACTATCTACATCCA 9 165bp Sousa et al. (2009)
GQ293047 R:TCTAATAACAACGCAATAA
cs39 (GT)7AT(GA)9AA(GA)4 60_45  F:ACACAACAACATAAAAGTA 4 268bp Sousa et al. (2009)
GQ293048 R:'TATGGAGTAAGACAAACAA
cs45 (CA)5 60—45  F:CAGAAATGCAAATGCTACAAAA 16 216bp Sousa et al. (2009)
GQ293049 R:GTGGGCCAGAATCAGGAA
cs53 GTy7 60-45  F-TGCAAAAAGAGAAATAAAATGA - 2320p Sousa et al. (2009)
GQ293050 R:ATGACCAAAAGTGAGTGAGAAT
CS61 (CA)7 60 — 45 F:-TTTTTATGCTTCCTGTTCA 5 241bp Sousa et al. (2009)
GQ293051 R:TTAAATTTCAAAAGACCACTG
cs62 (CT)2(GT)6 60—45 F:CTGATGTGGATGATGAGG 6 227bp Sousa et al. (2009)
GQ293052 R:TTCTGACACTTATAAAAACAAC
Ccs68 G5 60_45 F-TGGGTTAATTCAATGTAGCAG - 189bp Sousa et al. (2009)
GQ293053 R:AAGGTCGAATCTCAGCAAAAT
Cs70* (CA)10 60 — 45 F:CCATACCCTCACCAATCC 8 253bp Sousa et al. (2009)
GQ293054 R:CCATCACAAGTTATACCATCAG
CSs71 (CT)9 60 — 45 F:ATACCTGATGAAATGTGGAT 20 226bp Sousa et al. (2009)
GQ293055 R:AATAATTTCTGCAGTGTTTTG
CS81 (AG)6GG(AG)7 60 — 45 F:CATGGGTCTTGGGTTTTG 4 243bp Sousa et al. (2009)
GQ293056 R:AATAGGGTCTGCATCTGTTCA
CS86 (AC)5 60-45  F:ACTTGCTGCACTTGTCACC 6 184bp Sousa et al. (2009)
GQ293057 R:GTCCCTTTCTTTTCGTTATCAC
CS89 (GT)4...(GT)5 60 — 45 F:AATTTCCTTCACTTTTGTTCC 5 242bp Sousa et al. (2009)
GQ293058 R:AATTTCTTTCTTTTTCACTTCA
Cs98* (CA)7 60—45  F:ACAAAGCAGGTGATGGACTCT . 204bp Sousa et al. (2009)
GQ293059 R:TCTCTGTTGCTCTGGACTTACTC
cs99 (GA)9 60—45  F-TTCATACTAATACCCTTTTTCT . 273bp Sousa et al. (2009)
GQ293060 R:CTCCACTTCAACCACTCA
cs120* @M1 60—45  FTTTGAAGTGACCAGGAGGATTT 6 286bp Sousa et al. (2009)
GQ293061 R:AAGACCATGTGGAAGAGGATTG
CSs125 (GT)6 60 — 45 F:GATTACAGAGTTGGGATTTT - 254bp Sousa et al. (2009)
GQ293062 R:CCATTCTCTTCATACTTACC
CSs127 (AC)7 60 — 45 F:GGAAAGGGACTCAAGAAAGAAA - 204bp Sousa et al. (2009)
GQ293063 R:GTGATTATAGGGGGAACAGGAG
CS128 (GT)8 60 — 45 F:CACTTGCCCTTCTTGTTATC 8 247bp Sousa et al. (2009)
GQ293064 R:GCTGTGCGTATGTTTGTGT
cs154* (GA)13 60—45  F:CCCAGTCAGTTGAGTTGTAG - 226bp Sousa et al. (2009)
GQ293065 R:AAGGTATCCATGGTTTATCT
CS156 (GA)9 6045  FATAGAAAAGAAAAGAAGAAA 9 206bp Sousa et al. (2009)
GQ293066 R:ACAAGCATAAATGATAAGTG
cs102* (CA)B 60 — 45 F:-TTCATGCATGCACTTCAAAT 2 236bp Sousa et al. (2009)
GQ293067 R:CCCTTCCCATACGTTACTTACT

Locus/Accession no, name locus and GenBank accession number; F, forward sequence; R, reverse
sequence; TD, touchdown PCR with temperatures ranging from 60°C to 45°C; A, allele number in
Centrosema; *, microsatellite used to estimate the outcrossing rate.
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Table 3. Cross-species amplification of 26 microsatellite markers in 11 Centrosema

species.
. . 1
Microsatellite markers
Centrosema
. CS10 CS20 CS21 CS35 CS36 CS37 CS39 CS45 CS53 CS61 CS62 CS70
Species
4 C. pascuorum 200 - - 250 176 165 R 192 R R R R
5 C. pascuorum 200 - T 2500256 172/186  160/170 - 192 - - - -
6 C. brachypodum 220/236 - B 200 , , 200 . 240 - 198
7 C. brachypodum 228/240 - - - 202/216 - - 200 - 230/240 - 198
8 C. brasilianum - 180 ~ 1902200 - - 1921202 - - - 198/206
9 C. brasilianum - - 180 - 190 - 196 - - 206
10 C. rotundifolium - 220/228 - 208/216 - - 210/222 - - - 200
11 C. rotundifolium - 228 _ 210216 - 210 - - 200/210
12 C. acutifolium - 192204 . ) B B - 215 - - - -
13 C. acutifolium - 204 ~ _ - 215 - - -
14 C. terezae* - 210 . - - - 220 192206 - 208216 192 -
15 C. arenarium 204/7210 - 2507262 - 190 190202 212222 216 - 216 192212 -
16 C. arenarium 2047216 250/256 R 190 200 _ 216 - 2101216 192/210 -
17 C. tetragonolobum - - ~ 200/212 _ - _ 210218 - - 220 206/212
18 C. tetragonolobum - - 212216 - 218/228 - 220/230 214/226
19 C. macrocarpum - - 220 - 215 - - 232
20 C. macrocarpum - - R 2201226 R R R 198/215 R R - 232
21 C. plumieri - - - 202 - 202 - - -
22 C. sagitatum - - - - - 172/186  220/228 190 - - - -
23 C. sagitatum - - - 170/180 228 188/192 - - -
Transferability (%) 25.0 25.0 16.0 333 333 333 25.0 100 - 25.0 25.0 55.0
PIC 0.86 0.71 0.47 0.76 0.51 0.68 0.39 0.87 - 0.76 0.67 0.79
D 0.98 0.87 0.68 0.82 0.69 0.83 0.47 0.99 - 0.81 0.86 0.86
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Table 3. Continued.

R . 1
Microsatellite markers

Cesn;g %f:;"a CS71 CS81 CS86 CS89 CS98 CS99 CS120 CS125 CS127 CS128 CS154 CS156 CS102

4 C. pascuorum 180 240 - 230 - - 2060214 - - 240 - 200 -
5 C. pascuorum 178/188 240 - 232242 - - 214 - - 2421248 - 200 -
6 C. brachypodum 200212 - - - - - 240 - - - - 186/200 -
7 C. brachypodum 206/218 _ 2421252 - - - - 186 -
8 C. brasilianum 180/186 - - - - - 240256 - - 232 - 190/206 -
9 C. brasilianum 180/190 - - - - - 256 - - 2301240 - 194/208 -
10 C. rotundifolium 212 B - - - - - - - - - 196/216 -
11 C. rotundifolium 212 _ _ _ _ _ - 214 -

12 C. acutifolium 200 2327242 180 - - - - - - - 222/236
13 C. acutifolium 200 238 182/196 - - - - - - - 222
14 C. terezae* 2061212 - 2001206 - - - - - - 240252 - - -
15 C. arenarium 2001220 - 180/190 - - - - - - 252 - - -
16 C. arenarium 220 - 190 - - - - 252 - - -
17 C. tetragonolobum 50514 - - - - 2461258 - - -
18 C. tetragonolobum 510518 - - - - 258 - - -
19 C. macrocarpum 216 R - - - R R R R R R - -
20 C. macrocarpum 216 _ _ _ _ - - - - - - - -
21 C. plumieri 214 _ _ _ - - - - - - - - -
22 C. sagitatum 2201228 - - 200210 - - - - - - - - -
23 C. sagitatum 218230 R R 210 R R R R R R R R R
Transferability (%) 100 16.0 25.0 16.0 - - 25.0 - - 55.0 - 33.3 8.3
PIC 0.89 0.41 052 0.58 - - 0.71 - - 0.62 - 0.78 0.22

D 0.99 0.56 0.68 0.69 - - 0.86 - - 0.79 - 0.89 0.49

*, nomen nudum (Not described species); 1, alleles observed for each locus are displayed in bp; -,
indicates no amplification. PIC, polymorphism information content; D, discriminating power.
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(CS71), with an average of 0.64, and the D values ranged from 0.47 (CS102) to 0.99 (CS71 and

CS45), with an average of 0.77.

Several microsatellite loci displayed complex allele patterns with minor alleles that
amplified poorly; these were not considered for further analysis. The size of the alleles produced
by the transferable microsatellite was highly variable in Cenfrosema species, indicating that
there could be additional amplification products of C. pubescens-specific microsatellites
unpredicted products. The occurence of multiple alleles has been reported earlier as a result of
the amplification of more than one locus for each microsatellite (Holton et al. 2002). The
generation of amplification products from a defined locus requires that the 3’ terminal
nucleotides of the target sequence be perfectly complementary to the primers (Choumane et al.
2004). If amplification across the species boundary is possible, the respective loci should be
conserved between the two species. The amplification of a microsatellite locus in one species
with primers recognizing the microsatellite from another species does not necessarily confirm
the conservation and identity of the locus. We observed here that some C. pubescens
microsatellite markers cannot be amplified in either all or one particular species of Centrosema.
This result could be due to mutation in the microsatellite binding site or to the absence of the

locus in certain species.

Genetic relationships among Centrosema species

Using the 149 alleles obtained, we assessed the genetic relationships among
Centrosema species. STRUCTURE analysis coupled with computation of Evanno AK statistics
suggests a primary partition of Centrosema species into four clusters (K=3) (Figure 1a and 1b).
STRUCTURE can help to identify clusters of genetically similar accessions. Thus, the

subpopulations from the STRUCTURE analysis were grouped into three clusters (C): C1, C2
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and C3 (Figure 2). Cluster C1 (red) includes the species C. rotundifolium (10 and 11
accessions), C. acutifolium (12 and 13 accessions), C. terezae (14 accession) and C.
macrocarpum (19 and 20 accessions). Cluster C2 (green) includes the species C.
tetragonolobum (17 and 18 accessions), C. brasilianum (8 and 9 accessions), C. brachypodum
(6 and 7 accessions), C. arenarium (15 and 16 accessions) and C. plumieri (21 accession).
Cluster C3 (blue) includes the three C. pubescens accessions (1, 2 and 3), as well as the

species C. pascuorum (4 and 5 accessions) and C. sagittatum (22 and 23 accessions).
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Figure 1. Determination of K, the most probable number of clusters, using
STRUCTURE software, based on 12 different Centrosema species. a. log probability of
data, L(K), as a function of K averaged over 20 replicates. b. ad-hoc AK statistics as a
function of K calculated over 20 replicates.
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Figure 2. Hierarchical organization of genetic relatedness in Centrosema species
STRUCTURE analysis (K = 3). The proportion of membership (y-axis) assigned to the
inferred genetic clusters is indicated for each individual (x-axis). The species are: 1, 2
and 3 - C.pubescens; 4 and 5 — C. pascuorum; 6 and 7 — C. brachypodum; 8 and 9 —
C. brasilianum; 10 and 11 — C. rotundifolium; 12 and 13 — C. acutifolium; 14 — C.
terezae; 15 and 16 — C. arenarium; 17 and 18 — C. tetragonolobum; 19 and 20 — C.
macrocarpum; 21 — C. plumieri; 22 and 23 — C. sagittatum.

The phylogenetic NJ tree constructed based on the modified Roger’s genetic distance
matrix, was colored according to the STRUCTURE results (Figure 3). We observed a strong
tendency for correspondence between the Bayesian clusters in the NJ tree. Clusters C1 (red)
comprised of the species C. rotundifolium, C. acutifolium, C. terezae and C. macrocarpum.
Cluster C2 (green) includes C. tetragonolobum, C. brasilianum, C. brachypodum, C. arenarium
and C. plumieri. Cluster C3 (blue) includes the three C. pubescens accessions, C. pascuorum
and C. sagittatum. In these two analyses, the species that were used as male parents in the
crosses with C. pubescens (C. acutifolium and C. macrocarpum) were grouped together in
cluster C1. The genetic distance among Centrosema species ranges from 42% to 95%. The
bootstrap values (> 45) at the cluster and sub-clusters indicated the robustness of the genetic

relationships depicted in the dendrogram.
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Figure 3. Neighbor-joining tree of Centrosema species based on the Rogers modified
genetic distance. Each branch is color-coded according to membership in the K = 3
clusters identified by STRUCTURE. Bootstrap values (>45) at nodes indicated the
significance of clustering.

134



CAPITULO V

Several studies have shown that the microsatellites developed for one species can be
used in related plant species (Dayanandan et al. 1997). The success of cross-species
amplification is likely to depend not only on the evolutionary distance between the source and
target species, but also on the rate of evolution in the genomic sequence where the
microsatellite is located (Datta et al. 2007). A high transferability of microsatellite markers has
been observed in many other genera and species. Gaitan-Solis el al. (2002) developed 68
Phaseolus vulgaris microsatellite loci and found that the transferability rate to other Phaseolus
species was almost 50%. Choi et al. (2004) showed that Medicago truncatula microsatellite loci

could be transferred to multiple legumes.

The microsatellite loci used in this study were efficient for analyzing genetic relationships
in Centrosema species because they presented high transferability to related species without
the development of specific microsatellite markers. These loci may thereby be useful for genetic

studies in the cross-amplified species.

Outcrossing rate in Centrosema pubescens

The outcrossing rate in C. pubescens was estimated with six microsatellite loci (Table

2), using 10 field-grown plants as maternal parents and 20 accessions per progeny (Table 1).

For the 6 microsatellite loci, the number of alleles per locus varied from 2 to 6, with an
average of 3.8. The observed heterozygosity varied from 0.09 to 0.42 (0.23 in average) and the
expected heterozygosity ranged from 0.43 to 0.74 (0.58 in average). The loss of heterozygotes
could indicate some level of autogamy (Barkley et al. 2006). The calculated PIC values varied

from 0.39 to 0.61, with an average of 0.48 (Table 4).
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Table 4. Number of alleles per locus (A), observed heterozygosity (Ho),
expected heterozygosity (Hg) and polymorphism information content (PIC) of
Centrosema pubescens families.

Loci A Ho He PIC
CS21 4 0.09 0.53 0.53
CS70 5 0.32 0.61 0.61
CS98 3 0.18 0.74 0.45
CS120 2 0.23 0.69 0.38
CS154 6 0.16 0.43 0.56
CS102 3 0.42 0.51 0.39

The estimate of the multilocus outcrossing rate (f,) was 0.269(0.069), indicating a mixed
mating system (Table 5). This result shows that 73.1% of the plants were derived by self-
fertilization and 26.9% by outcrossing. The single locus outcrossing rate (f;) was 12%
[0.129(0.043)]. The difference in outcrossing rate (t, — f) is significantly different from zero
(4%) [0.040(0.043)], indicating that crosses occur between related individuals. The difference
between multilocus and single locus outcrossing rates represents an estimate of the degree of
biparental inbreeding. In its presence, t; will be smaller than tm because outcrossing events that
are not detected at a single locus have a higher probability of being detected as more loci are

examined (Ritland 1996).

The paternity correlation (r,) was 0.139(0.052). This parameter provides information
about the probable number of plants contributing pollen to a given seed parent. When r, is

small, we expect that the number of plants contributing pollen is large. Quantifying 1/r,is an
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Table 5. Mating system parameters in Centrosema pubescens: multilocus
outcrossing rate (f.), single locus outcrossing rates (f;), multilocus correlation
of paternity (rp), correlation of t estimate among loci (r:), correlation of ¢ within
progenies (r) and parental coefficient of inbreeding (F,).

Parameters

Estimates
(standard error)

0.269 (0.069)
0.129 (0.043)
0.040 (0.023)
0.139 (0.052)
7.19

0.86 (0.042)
0.362 (0.09)
0.139 (0.076)

P

estimate of the effective number of pollen parents per family. Even though the progenies were

derived from 10 parental plants, 7.1 (1/0.139) contributed as pollen donors in C. pubescens

experiments. A high correlation was found in t estimates across all loci (r,) [0.86(0.042)],

supporting the estimates of & The correlation of t within progenies (r) was low [0.362(0.09)],

indicating that there is a small but significant difference in outcrossing rates among progenies.

The correlation of t within progenies or the normalized variation of t among progenies (r)

measures the extent to which the outcrossing rate differs between different progenies.

The outcrossing rate can be inferred from the inbreeding coefficient or the Fixation Index

of the maternal generation (F,) (Parzies et al. 2008). In this study, F, was 0.139(0.076),

corresponding to 14% inbreeding in the maternal generation.
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The genus Centrosema is considered to be autogamous, but cross-pollination can occur
under natural conditions in the presence of pollinators. The outcrossing rates estimated for two
accessions of C. brasilianum (31.2% and 53.5%) using flower color as a marker (Maass and
Torres, 1992). The multilocus estimations of outcrossing from family arrays, a statistically robust
method, indicates that C. acutifolium should be included in the category of mixed self-mating
plant species. The estimated outcrossing (f) obtained for the three lines were 0.27, 0.35 and

0.41, respectively (Shaw et al. 1981).

While the indirect estimation of outcrossing from the fixation index is less precise than
other methods, the estimations of outcrossing rates that were obtained from F values indicate
that the other species should also be considered mixed mating species. For the six populations
of C. acutifolium, the estimation of t ranged from 0.33 to 0.59, with an average of 0.40. In C.
brasilianum the range was from 0.15 to 047, with an average of 0.33. Finally, in C. pubescens

these values were 0.33 to 0.56, with an average of 0.41 (Penteado et al. 1996).

Outcrossing rates can vary widely in plant species according to population and
environmental conditions. Climate variation can change the behavior of pollinators and the
phenology of flowering plants (Degen et al. 2004). The reproductive system plays a crucial role
in the amplification and recombination of the variability within species populations.
Consequently, the random mating deviations observed in C. pubescens have important

consequences for conservation and breeding.
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Abstract

Twenty-three microsatellite markers were developed and optimized for Calopogonium
mucunoides. The markers were used to analyze 60 genotypes from a germplasm collection.
Polymorphism information content (PIC) values ranged from 0.23 to 0.89 and discriminating
power (D) values varied from 0.48 to 0.99. The observed (Hp) and expected heterozygosity (Hg)
values ranged from 0.05 to 0.88 and 0.33 to 0.97, respectively. Of the 23 loci, 17 did not deviate
from Hardy-Weinberg equilibrium and were not significant for the presence of null alleles. These

microsatellite markers could be useful for future genetic studies of C. mucunoides.
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Calopogonium mucunoides Desv. (Fabaceae) is a diploid (2n=36) perennial herbaceous
plant native to South America and Central America. It is used as a grazing legume, green
manure, pioneer legume and soil cover crop (Varela & Gurgel 2001). C. mucunoides has high
nitrogen fixing capability, being cultivated in soils with low pH and poor fertility. This species is
characterized by moderate resistance to drought, but it does not tolerate low temperatures
(McSweeney & Wesley-Smith 1986). In Brazil, C. mucunoides is one of the most widely used

legumes, with annual seed production around 600 to 800 t year ' (Pizarro & Carvalho 1997).

Despite of the importance and great potential of the C. mucunoides species in Brazil,
genetic knowledge on this tropical forage legume is still limited. A large germplasm collection
that comprises more than 200 accessions is available in the Brazilian Agricultural Research
Corporation (EMBRAPA) — Cerrados (C. mucunoides germplasm bank), Brasilia/DF Brazil.
Pizarro and Carvalho (1997) evaluated this germplasm collection and reported significant
variation in dry matter yield (DMY), dry season leaf retention, nutritive value and seed yield.
Here we report twenty-three polymorphic microsatellite markers that shall increase alternatives
for exploiting the genome of this species providing novel tools for genetic studies in C.

mucunoides.

In the present work, microsatellites were developed for C. mucunoides from a genomic
enriched library, following the protocol described by Billotte et al. (1999). Genomic DNA
samples were extracted from leaf tissues using the cetyltrimethyl ammonium bromide method,
as described by Doyle & Doyle (1990). The DNA samples were digested with the Rsal
restriction enzyme and ligated into the adapters 5-CTCTTGCTTACGCGTGGACTA-3" and 5'-
TAGTCCACGCGTAAGCAAGAGCACA-3". The genomic library was enriched for dinucleotide
sequences using (CT)s and (GT)s biotinylated microsatellite primers with labelled probes, which
were bound to Streptavidine MagneSphere Paramagnetic Particles, as described by the

manufacturer. Selected fragments were amplified by PCR using primer sequences
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complementary to the adapters and then ligated into the pGEM-T vector (Promega). Plasmids
were introduced into Escherichia coli XL-1 Blue competent cells. Transformed cells were
cultivated on agar plates containing 100 pg mL™" of ampicillin, 50 pg mL™" of X-galactosidase and

Isopropyl B-D-1-thiogalactopyranoside (IPTG).

A total of 96 clones were selected and bidirectionally sequenced in an ABI PRISM® 377
Automated Sequencer using the T7 and SP6 primers and the Big Dye® Terminator Cycle
Sequencing Kit v3. (PerkinElmer Applied Biosystems). Sequences containing microsatellites
were assembled and edited in Segman (DNAStar). Restriction sites in the DNA sequences were
removed using the MICROSAT software (A. M. Risterucci, personal communication). The
simple sequence repeat identification tool (SSRIT) was used to identify perfect microsatellites in
the raw sequences (Temnykh et al. 2001). Sixty-two of these clones contained microsatellite
sequences with more than five repeats and flanking regions suitable for primer design. The

Primer Select software (DNAStar) was used to design 23 primer pairs.

The 23 selected microsatellite loci (Table 1) were characterized in 60 accessions of C.
mucunoides from the germplasm collection of Embrapa Cerrados Research Center. Polymerase
chain reaction (PCR) amplifications were carried out in 25 pL total volume containing 10 ng of
DNA template, 0.8 uM forward and reverse primers, 100 uM of each dNTP, 1.5 mM MgCl,, 10
mM Tris-HCI, 50 mM KCI, and 0.5 U Tag DNA Polymerase (Invitrogen). All PCR amplifications
were performed in a PTC-200 thermal cycler (MJ Research, Waltham, MA/USA) using a
touchdown cycling program described by Don et al. (1991). Amplification products were
separated by electrophoresis on 3% agarose gels containing 0.1 mg ethidium bromide/ml in 1X
TBE buffer, and 6% denaturing polyacrylamide gels in 1X TBE buffer. After each run, gels were
silver stained according to Creste ef al. (2001). A 10-bp DNA ladder (Invitrogen) was used as

size standard.
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Table 1. Characteristics of the twenty-three microsatellite markers of Calopogonium mucunoides Desv.

SSR GenBank . TD . . Size Null allele
locus  Accession no. Repeat motif (°C) Primer sequences (5’ - 3’) A range(bp) PIC D Ho He P-HWE frequence

CL09 GQ398753 (GT)s 60 - 45 F:ATTGCGAACGCGAGATTATTA 4 2755bp 0.66 0.81 0.83 0.94 0.051™ 0.000
R:CCTTTCACGCTTTTCCTTTTT

CL11 GQ398754 (GT)g...(TC)s 60 - 45 F:TTAAATTAGCAGAGTGAAAA 5 189bp 0.72 0.88 0.75 0.95 0.000* 0.0652
R:TTGAGGGGGAATAAAGT

CL12 GQ398755 (TG 60 - 45 F:AAGTGTTTTTGTTTTTCTTTTAC 6 284bp 0.88 0.96 0.07 0.90 0.329N¢ 0.000
R:GTGCTTTTCTCTATTGATTTT

CL19 GQ398756 (AC)g 60 — 45 F:ATTATTTCGTTTTCTTTGGTAT 10 217bp 0.89 0.99 0.77 0.97 0.002* 0.0122
R:TGTAGTTAGCTTTGTTGTCTTG

CL23 GQ398757 (GT)s...(TG)s 60— 45 F:GTTAGAACCGACACTGA 8 254bp 0.82 0.96 0.68 0.94 0.548 N8 0.000
R:AACACCAATTACCACAT

CL24 GQ398758 (CA)s 60— 45 F:ATTGGGATTAAGAAAGGAC 10 212bp 0.87 0.98 0.88 0.96 0.282N¢ 0.000
R:CTAAAGAAACGAAAATGTG

CL26 GQ398759 (GT)s 60— 45 F:CACTTATCATTAGCCTTGTA 3 279bp 0.44 0.59 0.88 0.91 0.042N8 0.000
R:AATTTGACTCTTCTTGGTG

CL27 GQ398760 (AG)1s 60 — 45 F:AGAAAAAGACAGGAGTAG 6 177bp 0.75 0.88 0.13 0.33 01778 0.000
R:ATCAAGAAAGAAATAGAC

CL29 GQ398761 (TG)7 60— 45 F:TGCAGAGCTCCATAGTCAAA 4 285bp 0.67 0.79 0.57 0.95 0.246"° 0.000
R:CTCTCCGTCTGCATCTTCAA

CL33 GQ398762 (CA)s 60 — 45 F:GCAAGAAAATAGCAGTCAAA 5 245bp 0.83 0.94 0.88 0.95 1.000M 0.000
R:AGGGAAGGGAAAAATCATAG

CL41 GQ398763 (AG)s...(GT)s 60 — 45 F:AAAGGTCAGTGCCAAAATA 4 298bp 0.52 0.69 0.31 0.74 1.000N 0.000
R:CCTCACATCACAAAGAACA

CL45 GQ398764 (AC)s 60— 45 F:CCACACTCAACCCAAAACCTTA 5 220bp 0.66 0.81 0.36 0.84 0.001* 0.000
R:AAAACAACTCCCTCATCAACAA

CL50 GQ398765 (TG)14 60 — 45 F: AAAGGGCACAATTAAAAGAGTT 4 240bp 0.60 0.82 0.79 0.93 0.002* 0.0142
R: TGATGGAGAAGCAGAGAATGTA

CL61 GQ398766 (CA)g 60 — 45 F:GTAAAGGAGAGGCTGAGGAAG 4 249bp 0.59 0.76 0.59 0.93 0.088 NS 0.000
R:TGAAAGAGCAAGGAGGTATTA

CL69 GQ398767 (TC)s 60— 45 F:ACATGTTTCTAGATTGTTGTCT 3 276bp 0.51 0.65 0.43 0.85 0.069M 0.000

R:CTGCCGTAAGAATGGTAG
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Table 1. Continued.

SSR GenBank . TD . - Size Null allele
locus  Accession no. Repeat motif (°C) Primer sequences (5’ - 3’) range(bp) PIC D Ho He P-HWE frequence
CL71 GQ398768 (AC)g 60 - 45 F:TGTTCAACCTTGTCAGTCATTT 223bp 0.62 0.81 0.65 0.93 0.000* 0.024°
R:CCCCCTCCCCATTTATTT
CL93 GQ398769 (CA);...(CT)s 60— 45 F:AATGCATGCTGAACCACTTT 247bp 0.58 0.71 0.05 0.72 0.001* 0.0112
R:TGACTCATGCCTAATAACCAC
CL49.1 CQ906418 (CA)s 60 — 45 F:CATTTTTCCTTGTGGTGT 204bp 0.42 0.61 0.36 0.64 1.000M8 0.000
R:TTGCTAAACTCGTGTATGTG
CL100 CQ906419 (TG)s 60—45  F:AACCACAACACCCGAACTTT 234bp 0.44 0.69 0.43 0.67 1,000 0.000
R:CCAGGGACACCATACCACAT
CL114 CQ906420 (TA)s(GT)s(TG) 5 60 — 45 F:TTTTTAAATCACCACCTT 245bp 0.23 0.55 0.29 0.68 0.132N8 0.000
R:ATCTTGAATGAAAATACTCTTA
CL121 CQ906421 (TGT), 60 — 45 F: CGTTTTCGTCGTCGTTATCGTC 260bp 0.45 0.67 0.48 0.66 0.256 ¢ 0.000
R:CACAAATCCTCAATCCCCTTCC
CL124 CQ906422 (CT)s(CA) s 60 — 45 F:TTGAAAGAAAAAGGAAAGT 273bp 0.33 0.48 0.36 0.68 0.096 NS 0.000
R:CCCATTGAGGTGAAGAT
CL104 CQ906423 (AGCCT) 3 60 —45 F:CGTGCGGTGAGTTGTGGA 252bp 0.47 0.63 0.41 0.69 0.102Ns 0.000

R:GGTTGGCTTAAGCTGGTTTTG

F, forward sequence; R, reverse sequence;

TD — touchdown PCR with temperatures ranging from 60°C to 45°C;

A, total number of alleles per locus; PIC, polymorphism information content; D, discriminating power;

Ho, observed heterozygosity; He, expected heterozygosity;

P-HWE, P values for the HWE test, significance threshold adjusted using Bonferroni correction: P (P%) < 0.0029;

NS not significant, *, significant;

4 the presence of a null allele was detected by Micro-checker ver. 2.2.3 (htpp://www.microchecker.hull.ac.uk/).
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The number of alleles per locus ranged from 2 to 10, with an average of 4.0 alleles per
locus. Polymorphism information content (PIC) values were calculated for the purpose of
assessing marker informativeness (Botstein et al. 1980). The PIC values ranged from 0.23 to
0.89 and averaged 0.60. The discriminating power (D) of each locus was estimated in order to
compare the efficiency of markers in varietal identification (Tessier et al. 1999). The D values
ranged from 0.48 to 0.99, with an average of 0.77. The highest PIC and D values were found in
the CL19 and CL24 loci, which presented the highest number of alleles (10). The tools for
genetic population analysis (TFPGA) (Miller 1997) was used to estimate the expected and
observed heterozygosities and to evaluate the Hardy—Weinberg equilibrium (HWE). The
observed and expected heterozygosity values ranged from 0.05 to 0.88 and 0.33 to 0.97,
respectively. Six loci (CL11, CL19, CL45, CL50, CL71 and CL93) showed significant deviation
from the Hardy-Weinberg equilibrium (HWE) after Bonferroni correction (P 0.05 < 0.0029). The
loci CL11, CL19, CL50, CL71 and CL93 were significant for the presence of a null allele, as
tested using the Micro-checker 2.2.3 (htpp:/www.microchecker.hull.ac.uk/) software. The
linkage disequilibrium (LD) was analyzed using the GDA software (Lewis & Zaykin 2002). No
significant linkage disequilibrium was detected among all loci, according to the chi-squared test

(P<0.001).

The polymorphic microsatellite loci developed for C. mucunoides and described herein
are potentially useful for genetic studies of this species, including analysis of population

structure.
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RESULTADOS DO ARTIGO “Mating system and molecular characterization of

Calopogonium mucunoides Desv. germplasm based on microsatellite markers”

Material vegetal

O banco de germoplasma é composto de 195 acessos procedentes da colecdo do

Centro Internacional de Agricultura Tropical (CIAT) (Tabela 1). Esses acessos estdo sendo

mantidos no campo, no Centro de Pesquisa Agropecuaria do Cerrado (CPAC) em Brasilia-DF.

Tabela 1. Origens dos 195 acessos de Calopogonium mucunoides Desv.

. *Numero do . 5 *Numero do .
Codigo acesso Origem Cadigo acesso Origem

1 7983 Brasil Q9 8353 Brasil

2 911 Brasil 100 8985 Brasil

3 825 Brasil 101 884 Brasil

4 8514 Brasil 102 8043 Brasil

5 8404 Brasil 103 9104 Brasil

6 8518 Brasil 104 8980 Brasil

7 8983 Brasil 105 18564 Brasil

8 8405 Brasil 106 7982 Brasil

9 8365 Brasil 107 9111 Brasil
10 19812 Pest Sumaria 108 8510 Brasil
11 18299 Colémbia 109 896 Brasil
12 7981 Brasil 110 7104 Panama
13 8513 Brasil 111 8374 Brasil
14 8509 Brasil 112 887 Brasil
15 18065 Hainan 113 8129 Colémbia
16 18568 Brasil 114 826 Brasil
17 4035 Colémbia 115 7105 Panama
18 20847 Brasil 116 2084 Brasil
19 7980 Brasil 117 8706 Venezuela
20 20846 Brasil 118 18107 Venezuela
21 18066 Hainan 119 18108 Venezuela
22 8544 Brasil 120 18109 Venezuela
23 8131 Colémbia 121 18997 Venezuela
24 18295 Colémbia 122 18998 Venezuela
25 7115 Panama 123 18999 Venezuela
26 729 Colémbia 124 19000 Venezuela
27 17934 Colémbia 125 7303 Venezuela
28 18296 Colémbia 126 9187 Venezuela
29 17995 Colémbia 127 18099 Venezuela
30 7113 Panama 128 20341 Venezuela
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Tabela 1. Continuagéo.

. *Numero do . . *Numero do .

Caodigo acesso Origem Caodigo acesso Origem
31 17546 Colémbia 129 18102 Veneziiela
32 9905 Colémbia 130 709 Venezuela
33 7116 Panama 131 710 Venezuela
34 7117 Panama 132 793 Venezuela
35 7114 Panama 133 7299 Venezuela
36 17886 Colémbia 134 18100 Venezuela
37 18767 Colémbia 135 18101 Venezuela
38 18298 Colémbia 136 7300 Venezuela
39 7123 Panama 137 7302 Venezuela
40 7120 Panama 138 8705 Venezuela
41 7119 Panama 139 8515 Brasil
42 7106 Panama 140 19240 Panama
43 8350 Brasil 141 17376 Terenggand
44 8125 Colémbia 142 7109 Panama
45 7108 Panama 143 8118 Colémbia
46 20124 Colémbia 144 830 Colémbia
47 18567 Brasil 145 9332 Belize
48 8208 Colémbia 146 19249 Panama
49 7121 Panama 147 741 Colémbia
50 18297 Colémbia 148 8120 Colémbia
51 20709 Colémbia 149 8115 Colémbia
52 18302 Colémbia 150 19248 Panama
53 20710 Colémbia 151 7367 Nao identificado
54 20123 Colémbia 152 20673 Se Sulawesi
55 18301 Colémbia 153 19509 Se Sulawesi
56 17513 Colémbia 154 20675 Se Sulawesi
57 8116 Colémbia 155 19506 Se Sulawesi
58 18471 Colémbia 156 19510 Se Sulawesi
59 7107 Panama 157 943 Peru
60 18294 Colémbia 158 17785 Peru
61 8839 Colémbia 159 17786 Peru
62 7111 Panama 160 20567 Peru
63 858 Colémbia 161 17856 Peru
64 20156 Colémbia 162 20324 México
65 17887 Colémbia 163 20329 Mexico
66 7110 Panama 164 20335 Mexico
67 831 Colémbia 165 20337 Mexico
68 20914 Colémbia 166 20338 México
69 8075 Colémbia 167 20340 México
70 18300 Colémbia 168 9450 México
71 8707 Venezuela 169 19513 Cent. Sulawesi
72 8117 Venezuela 170 951 Nao identificado
73 17512 Colémbia 171 19513 Cent. Sulawesi
74 17851 Colémbia 172 19519 Cent. Sulawesi
75 7124 Panama 173 19520 Cent. Sulawesi
76 18103 Venezuela 174 19522 Cent. Sulawesi
77 879 Bolivia 175 19523 Cent. Sulawesi
78 8709 Venezuela 176 9342 Esquintca
79 9185 Venezuela 177 17372 Perak
80 8708 Venezuela 178 18104 Venezuela
81 18106 Venezuela 179 770 Colémbia
82 17374 Johor 180 19245 Panama
83 8113 Colémbia 181 19244 Panama
84 7112 Panama 182 19246 Panama
85 17375 Pahang 183 20676 Se Sulawesi
86 7122 Panama 184 19250 Panama
87 7416 Brasil 185 17373 Negeri Sembil
88 891 Brasil 186 739 Nao identificado
89 7722 Brasil 187 19532 Nao identificado
90 18559 Brasil 188 9901 Nao identificado
91 892 Brasil 189 20159 Nao identificado
92 8133 Colémbia 190 18105 Venezuela
93 18557 Brasil 191 19505 Se Sulawesi
94 8978 Brasil 192 19504 Se Sulawesi
95 4043 Colémbia 193 19511 Se Sulawesi
96 20845 Brasil 194 19243 Panama
97 893 Brasil 195 7118 Panama
98 8517 Brasil

* Numero do CIAT (Centro Internacional de Agricultura Tropical).
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Selecao dos marcadores microssatélites e genotipagem

Para caracterizagcdo molecular do germoplasma de C. mucunoides, foram selecionados
17 marcadores microssatélites com os maiores indices de polimorfismo (PIC - Polymorphism
information content) (Sousa et al. 2010). Os locos selecionados, suas respectivas temperaturas
de anelamento, nimero de alelos/loco e o contetdo de polimorfismo estdo apresentados na

Tabela 2.

Os produtos amplificados foram genotipados em géis de poliacrilamida a 6% corados
com prata (Creste et al. 2001). A partir da genotipagem foi possivel observar um total de 93
alelos. O numero de alelos/loco variou de 4 a 8 com uma média de 5,5. Foram calculados os
indices de PIC de cada loco. Essa estimativa fornece o contetdo de polimorfismo de cada loco,
levando em consideracdao o nimero de alelos por loco e suas frequéncias relativas (Botstein et
al. 1980). Para estabelecer melhores combinagbes de marcadores microssatélites que
permitissem a discriminacdo dos acessos selecionados, foi utilizada a metodologia de Tessier
et al. (1999) para calcular o D (Discriminating power). Os indices de PIC variaram de 0,44 a
0,88, com uma média de 0,69. Os indices do D variaram de 0,59 a 0,96 com média de 0,82. O

maior indice de PIC e D foi observado no loco CL88 (0,88), o qual apresentou 8 alelos.
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Tabela 2. Marcadores microssatélites utilizados para caracterizar o germoplasma de
Calopogonium mucunoides Desv.

Locos/ A Tamanho
Numero Motivos (Ig) S;%J:rr;c(ga’ dgs) A do PIC D
GenBank p produto
CL09 (GT)s 60 - 45 F:ATTGCGAACGCGAGATTATTA 6 255bp 0,76 0,89
GQ398753 R:CCTTTCACGCTTTTCCTTTTT
CL11 (GT)s...(TC)s 60 - 45 F:TTAAATTAGCAGAGTGAAAA 4 189bp 0,62 0,78
GQ398754 R:TTGAGGGGGAATAAAGT
CL12 (TG)14 60 - 45 F:AGTGTTTTTGTTTTTCTTTTAC 8 284bp 0,88 0,96
GQ398755 R:GTGCTTTTCTCTATTGATTTT
CL19 (AC)s 60 — 45 F:ATTATTTCGTTTTCTTTGGTAT 6 217bp 0,79 0,90
GQ398756 R:TGTAGTTAGCTTTGTTGTCTTG
CL23 (GT)s...(TG)s 60 —45 F:GTTAGAACCGACACTGA 8 254bp 0,81 0,90
GQ398757 R:AACACCAATTACCACAT
CL24 (CA)s 60 —45 F:ATTGGGATTAAGAAAGGAC 4 212bp 0,67 0,81
GQ398758 R:CTAAAGAAACGAAAATGTG
CL26 (GTs 60 —45 F:CACTTATCATTAGCCTTGTA 3 279bp 0,44 0,59
GQ398759 R:AATTTGACTCTTCTTGGTG
CcL27 (AG)16 60 —45 F:AGAAAAAGACAGGAGTAG 6 177bp 0,75 0,88
GQ398760 R:ATCAAGAAAGAAATAGAC
CL29 (TG)7 60 — 45 F:TGCAGAGCTCCATAGTCAAA 6 285bp 0,77 0,89
GQ398761 R:CTCTCCGTCTGCATCTTCAA
CL33 (CA)s 60 —45 F:GCAAGAAAATAGCAGTCAAA 5 245bp 0,63 0,79
GQ398762 R:AGGGAAGGGAAAAATCATAG
cL41 (AG)s...(GT)g 60—45  F:AAAGGTCAGTGCCAAAATA 4 298bp 0,55 0,70
GQ398763 R:CCTCACATCACAAAGAACA
CL45 (AC)s 60 — 45 F:CCACACTCAACCCAAAACCTTA 6 220bp 0,83 0,94
GQ398764 R:AAAACAACTCCCTCATCAACAA
CL50 (TG)11 60 —45 F: AAAGGGCACAATTAAAAGAGTT 5 240bp 0,67 0,83
GQ398765 R: TGATGGAGAAGCAGAGAATGTA
CL61 (CA)q 60 — 45 F:GTAAAGGAGAGGCTGAGGAAG 4 249bp 0,53 0,75
GQ398766 R:TGAAAGAGCAAGGAGGTATTA
CL69 (TC)s 60 — 45 F:ACATGTTTCTAGATTGTTGTCT 6 276bp 0,71 0,85
GQ398767 R:CTGCCGTAAGAATGGTAG
CL71 (AC)s 60 - 45 F:TGTTCAACCTTGTCAGTCATTT 4 223bp 0,62 0,73
GQ398768 R:CCCCCTCCCCATTTATTT
CL93 (CA);...(CT)s 60 — 45 F:AATGCATGCTGAACCACTTT 8 247bp 0,78 0,89
GQ398769 R:TGACTCATGCCTAATAACCAC

F, sequéncia forward; R, sequéncia reverse;

TD — touchdown PCR com temperatura variando de 60°C a 45°C;
A, numero total de alelos por loco;

PIC, Polymorphism information content,

D, Discriminating power.
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Caracterizacao molecular do germoplasma de Calopogonium mucunoides

Para analise da estruturagdo da diversidade genética sem hierarquizagéo a priori, foi
utilizada a abordagem bayesiana realizada pelo programa STRUCTURE (Pritchard et al. 2000).
Foram testados os indices de Kvariando de 1 a 10. Para cada indice de K foram realizadas 10
corridas, 200,000 burn-ins e 300,000 simulagdes de Monte Carlo de Cadeias de Markov
(MCMC). O numero real de K foi selecionado a partir dos indices de AK, seguindo a
metodologia descrita por Evanno et al. (2005). A partir dessa metodologia, o valor ideal de k = 6

foi identificado (Figura 1).

300 T

250 1

150 +

K
Figura 1. Melhor K de acordo com a metodologia de Evanno et al. (2005).
O maior AK corresponde ao melhor agrupamento (k = 6).
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Os 195 acessos de C. mucunoides foram atribuidos a seis grupos diferentes: G1
(vermelho), G2 (verde), G3 (azul), G4 (amarelo), G5 (rosa) e G6 (ocre) (Figura 2). Os acessos
da Venezuela foram inseridos em um unico grupo (G1), com distancia genética média de 29%
entre eles. Dos 45 acessos brasileiros analisados, 95% foram inseridos no mesmo grupo (G2).
Esses acessos brasileiros compartilham pools génicos com acessos da Colémbia (G6) e do
Panama (G3). Os acessos do Peru e do México compartilham pools génicos muito
semelhantes. Eles foram atribuidos ao mesmo grupo (G4). O Unico acesso da Bolivia foi
inserido no grupo G1 e mostrou-se muito préximo dos acessos da Venezuela. Os acessos do
Se Sulawesi foram agrupados em um Unico grupo (G5), revelando-se mais distintos dos demais

grupos.

A analise de varidncia dos dados moleculares (AMOVA) foi realizada no software
ARLEQUIN v.2.0 (Schneider et al. 2000), baseada no agrupamento do STRUCTURE. Essa
andlise é realizada através da decomposi¢do da variagao total nos componentes entre e dentro
dos grupos, por meio das distancias ao quadrado (Excoffier et al. 1992). A partir desse
resultado foi possivel verificar que a maior variancia genética esta entre os grupos (64,62%)
dos gendtipos provenientes de diferentes paises (Tabela 3). Esses resultados confirmam o

agrupamento do STRUCTURE.

As distancias genéticas entre os 195 acessos de C. mucunoides foram geradas no
software TFPGA (Tools for Population Genetic Analysis) (Miller, 1997), utilizando o coeficiente
de Rogers Modificado. O agrupamento foi gerado com o software DARwin v. 5.0.157 (Perrier
and Jacquemound-Collet, 2006), empregando o método Neighbor Joining (NJ). O grafico foi
pintado. As cores representam e correspondem ao agrupamento do STRUCTURE (Figura 3).
Foi possivel observar a formacao de seis grupos distintos, com os indices de bootstrap
variando de 53% a 99%. Isso revela a consistencia entre esses agrupamentos. As distancias

genéticas entre esses acessos variaram de 0,22 a 0,92, com média de 0,42. Esses resultados
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demonstram que existem acessos muito préximos entre si em determinadas regides. O teste de
atribuicao (STRUCTURE) e o agrupamento NJ foram consistentes. Ambos formaram seis

grupos bem definidos e representados pelos mesmos acessos.

A analise dos componentes principais (PCA) foi aplicada para visualizar os acessos
individuais em um espaco multivariado, baseado nas distancias genéticas entre cada acesso
(Figure 4). A representagao grafica demonstrou que a relagdo genética entre os 195 acessos
refletiu na sua distribuicao geografica (Figura 5). Ou seja, as origens desses acessos foram
determinantes para formagao de grupos. A distribuicdo geogréafica dos acessos foi localizada

com o auxilio do programa DIVA-GIS (Hijmans et al. 2001).

Os marcadores microssatélites desenvolvidos nesse trabalho, foram eficientes para
diferenciar os acessos e caracterizar a diversidade genética do germoplasma de C.

mucunoides.

Tabela 3. Resultados da AMOVA baseados nos agrupamentos do STRUCTURE.

Graus de Soma dos Componentes

Variagao liberdade quadrados de variancia Porcentagem P-valor
Entre os 5 211,994 5,843Va 64,62 0.0000
grupos

Dentro dos 34 673,341 11,435Vh 35,62
grupos
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Figura 2. Teste de atribuicdo para os 195 acessos de Calopogonium mucunoides avaliados (K=6). Os
acessos estao representados pelas barras verticais coloridas. A mesma cor em acessos diferentes indica que
eles pertencem ao mesmo grupo. Cores diferentes no mesmo acesso indicam a porcentagem do genoma
compartilhado com cada grupo.
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Figura 3. Dendrograma baseado nas distancias genéticas de Rogers Modificada entre os 195
acessos de Calopogonium mucunoides. Agrupamento gerado pelo método Neighbor Joining
(DARwin). As cores correspondem aos grupos obtidos na analise do STRUCTURE.
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Figura 4. Distribuicdo genética dos 195 acessos de Calopogonium mucunoides obtida a partir dos
componentes das coordenadas principais (PCA). As cores correspondem aos grupos obtidos na analise
do STRUCTURE.
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Figura 5. Distribuicbes geograficas e genéticas dos 195 acessos de Calopogonium mucunoides. As linhas indicam as
posicdes dos acessos as suas respectivas origens geograficas no mapa. As cores correspondem aos grupos obtidos na

analise do STRUCTURE.
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Taxa de cruzamento

Para caracterizagdo do sistema reprodutivo de C. mucunoides foram selecionadas
aleatoriamente 10 plantas-mae (Tabela 4), que estavam mantidas no campo (Embrapa
Cerrados — Brasilia - DF) sob condicées naturais. Dessas 10 plantas foram coletadas 30
sementes e colocadas para germinagdo em caixas com vermiculita. Apés germinacao foram

selecionadas 20 plantas por progénie, totalizando 200 plantas.

Table 4. Gendtipos (plantas-mae) selecionados para
estimar a taxa de cruzamento em Calopogonium

mucunoides.

Numero do Origem
Genoétipo 9
CIAT19522 Cent.
CIAT20845 Brasil
CIAT831 Colémbia
CIAT19511 Se Sulawesi
CIAT7107 Panama
CIAT8980 Brasil
CIAT20335 México
CIAT7722 Brasil
CIAT19244 Panama
CIAT19509 Se Sulawesi

Foram coletadas folhas jovens para extracdo do DNA, seguindo o protocolo descrito por
Doyle & Doyle (1990). Dos marcadores microssatélites desenvolvidos para essa espécie

(Sousa et al. 2010), foram selecionados 6 para genotipagem da populacao (Tabela 5).
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Table 5. Marcadores microssatélites usados para estimar a taxa de cruzamento em
Calopogonium mucunoides. A — numero de alelos, Ho — heterozigosidade observada,
He — heterozigosidade esperada e PIC (Polymorphism information content).

Nome do Numero do

Loco Acesso/GenBank Ho He PIC

CL09 GQ398753 4 0.23 0.62 0.63
CL12 GQ398755 3 0,32 0,27 0,41
CL19 GQ398756 3 0,17 0,32 0,39
CL23 GQ398757 2 0,09 0,43 0,28
CL93 GQ398769 3 0,18 0,53 0,46
CL45 GQ398764 2 0,32 0,61 0,14

Nas familias, o nimero de alelos por loco variou de 2 a 4, com média de 2,8. Os indices

de polimorfismo variaram de 0,14 a 0,63, com média de 0,38. A heterozigosidade esperada

(He) e observada (Ho) foi calculada usando o programa GDA (Genetic Data Analysis) (Lewis &

Zaykin, 2002). As He e Ho variaram de 0,27 a 0,62 e de 0,09 a 0,32, com média de 0,46 e 0,21,

respectivamente. Esses resultados revelam a presenca de poucos heterozigotos, indicando

algum nivel de endogamia.

O sistema reprodutivo de C. mucunoides foi analisado com base no modelo de

cruzamento misto (Ritland & Jain, 1981), com o auxilio do programa Multilocos MLTR

(Multilocus Mating System Program) (Ritland, 2002). Os parametros estimados foram:

a)

Taxa populacional de cruzamento multilocos (t);
Taxa populacional de cruzamento loco simples (1);

Taxa de cruzamento entre aparentados (&, = tn — &);

Coeficiente de endogamia na geracao maternal (Fp,);

Correlagéo de paternidade (rp);

Correlacao de t entre progénies (r);

Correlacao de t entre os locos (ri).
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O numero de doadores de poélen para cada progénie (1/rp) foi estimado seguindo a
metodologia descrita por Ritland (1989). As variancias das estimativas foram encontradas pelo
método Bootstrap, cujas plantas dentro das familias foram as unidades de reamostragens,
obtendo-se, entdo, os desvios padrdao a 95% de intervalo de confianga e, com isso, a
significancia dos indices das taxas de cruzamento.

As estimativas dos pardmetros analisados evidenciaram que C. mucunoides é uma
espécie de reprodugcao mista e que nesse ciclo reprodutivo 83,7% das plantas foram originadas
por autofecundacao e 16,3% por cruzamentos (Tabela 6). A taxa de cruzamento loco simples
foi de 11% (0,109). A diferenga nas taxas de cruzamentos f, — I, significativamente diferente
de zero (5%), indica ocorréncia de cruzamentos entre genitores aparentados. A correlacao de
paternidade foi de (r, = 0,339) indicando que poucos pais contribuiram para a formacdo de
familias. O numero de doadores de polen (1/r,) que contribuiram com cada familia foi de 2,94.
A correcao de t estimada entre os locos foi alta (0,79) e a correcao de t entre as progénies foi
de 0,213, demonstrando que a taxa de cruzamento n&o variou entre locos, mas foi significativa
entre as familias. O coeficiente de endogamia (F,,) estimado para os genitores maternos foi de
0,049, o que indica uma baixa endogamia em cada genitor.

As estimativas da taxa de cruzamento mostradas nesse trabalho sdo os primeiros dados
obtidos com marcadores microssatélite para C. mucunoides. Eles podem contribuir para

domestificagdo, manutencao e conservagao do germoplasma dessa espécie.
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Tabela 6: Estimativas dos pardmetros associados ao modo
de cruzamento de Calopogonium mucunoides.

Parametros Estimativas
estimados (erro padrao)
tm 0,163 (0,051)
ts 0,109 (0,041)
tn — £ 0,054 (0,033)
I 0,339 (0,042)
1/ry 2,94

la 0,79 (0,036)

r 0,213 (0,113)
Fr 0,049 (0,016)

(tn), taxa populacional de cruzamento multilocos;
(), taxa populacional de cruzamento loco simples;
(t, = tn — &), taxa de cruzamento entre aparentados;
(rp), correlagdo de paternidade;

(na), correlagéo de t entre os locos;

(r), correlagé@o de tentre progénies;

(Fm), coeficiente de endogamia na geragao maternal.
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CONSIDERAGCOES FINAIS

A impotancia das pastagens cultivadas vem diminuindo em area, mas aumentando em
produtividade devido ao padrdao de produgdo que se firmou nos Ultimos anos, exigindo
cultivares mais produtivas e adaptadas a diferentes ecossistemas. O melhoramento genético
tem sido responsavel por esse avanco na agricultura, com o desenvolvimento de cultivares
superiores. O sucesso desse avango depende inicialmente do conhecimento da variabilidade
genética existente em bancos de germoplasma, onde estdo localizados valiosos recursos
genéticos, 0s quais em sua maioria ndo sdo explorados por falta de conhecimentos genéticos

basicos.

O conjunto de dados obtidos no presente trabalho demonstra um panorama inicial da
diversidade e da estrutura genética encontrada no germoplasma de quatro espécies de
forrageiras tropicais (P. maximum, C. cajan, C. pubescens e C. mucunoides) baseada em
dados genotipicos, obtidos por meio de marcadores microssatélites. Esses resultados podem
contribuir diretamente para o desenvolvimento de estratégias de conservagdo, manejo,
identificagdo e selecdo de acessos superiores mais precocemente e com maior confiabilidade.
Consequentemente pode garantir a obtencdo de ganhos genéticos superiores, principalmente
para as espécies que tem um programa de melhoramento genético definido (P. maximum e C.

cajan).

Elevados indices de diversidade genética foram encontrados no germoplasma de P.
maximum, utilizando marcadores microssatélites desenvolvidos nesse estudo (Capitulos | e Il).
A estruturagao da diversidade genética molecular interespecifica foi consistente nos diferentes
métodos de analises (NJ, PCA e STRUCTURE). A andlise bayesiana realizada com o

programa STRUCTURE atribuiu os 396 acessos de P. maximum a quatro clusters bem
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definidos. Para definicdo de como a diversidade esta estruturada, o procedimento da AMOVA

foi utilizado e demonstrou maior variagdo dentro dos clusters (55,62%).

O padrao de distribuicdo da diversidade genética encontrado nessa colegéao reflete as
evidéncias biolégicas (apomixia) e histéricas disponiveis para essa espécie (Combes & Pernés
1970; Savidan 1982a). A colecao brasileira de P. maximum é a mais completa da espécie, e
pode ser considerada representativa da variabilidade natural existente devido a abrangéncia
ecogeogréfica das expedicdes de coleta, realizadas no centro de origem da espécie (Africa). P.
maximum é uma espécie apomitica com uma ampla variacao fenotipica. Os resultados obtidos
nesse estudo indicam valiosos recursos genéticos que podera garantir a variabilidade genética

dessa espécie.

De modo tradicional, a selecédo é realizada com base nas caracteristicas fenotipicas de
interesse para uma produga@o animal mais eficiente. Essa estratégia tem obtido sucesso para
caracteristica de alta herdabilidade, ou seja, quando o fendtipo reflete a constituicdo genética
do individuo. Porém, para caracteristicas de baixa herdabilidade, na qual o fenétipo nao reflete

0 genétipo, o ganho é reduzido.

Uma consequéncia dessa caracterizacao foi encontrada no germoplasma de C. cajan
(Capitulo 1ll). A baixa média de marcadores microssatélites polimoérficos evidenciaram uma
estreita variabilidade genética entre os 77 gendtipos analisados. As analises moleculares
realizadas no presente trabalho revelaram a presenca de gendtipos muito préximos
geneticamente, principalmente entre os que foram selecionados e submetidos a sucessivas
autofecundacgdes para obtencao de linhagens. A baixa variabilidade genética pode ser devido a
selecdo com base nas caracteristicas agronémicas de interesse, principalmente relacionadas a
producdo de matéria seca. A selegdo de gendtipos para essa exclusiva finalidade pode ter
afunilado a variabilidade genética da cole¢ao de trabalho da Embrapa Pecuaria Sudeste. A

caracterizacao do germoplasma com marcadores microssatélites revelou diferencas genéticas

178



CONSIDERAGOES FINAIS

entre os genétipos, com maior precisao e sem o obscurecimento causado pelo efeito ambiental.
Esses resultados revelam a necessidade de ampliar a base genética para aumentar a chance

de sucesso na sele¢ao e no melhoramento genético dessa espécie.

De modo geral, existem varias leguminosas forrageiras em pastagens naturais e em
areas de cultivo, pouco estudadas. Entre elas estdo C. pubescens e C. mucunoides que

poderao contribuir para a producao animal através de sua utilizagdo mais intensa.

Nesse manuscrito foram desenvolvidos os primeiros marcadores microssatélites para
essas duas espécies (Capitulos IV e VI). Os marcadores microssatélites especificos de C.
pubescens foram ftransferidos para 11 diferentes espécies do género Centrosema (C.
pascuorum, C. brachypodum, C. brasilianum, C. rotundifolium, C. acutifolium, C. terezae, C.
arenarium, C. tetragonolobum, C. macrocarpum, C. plumieri e C. sagitatum). Esse género
abriga outras espécies com potencial forrageiro € esses marcadores podem ser utilizados na

caracterizacao da diversidade genética dessas espécies.

A caracterizagdo molecular do germoplasma de C. mucunoides permitiu quantificar a
divergéncia genética entre 195 acessos e correlacionar com as informacbes geograficas
(Capitulo VII). O germoplasma é composto de acessos procedentes da Venezuela, Brasil,
Colédmbia, Bolivia, Panama, Peru, México e de algumas regides da Indonésia. A analise
bayesiana (programa STRUCTURE) atribuiu esses acessos a seis clusters diferentes. Esse
agrupamento refletiu em suas respectivas distribuicdes geograficas (programa DIVA-GIS). Ou
seja, as origens desses acessos foram determinantes para formacdo de clusters. A
estruturacdo dessa distribuicao foi confirmada pela AMOVA, a qual revelou 64,62% de variacao
entre os clusters. Tais informacdes além de permitirem a identificacdo de combinacdes génicas

adaptativas de interesse, podem orientar atividades de coleta e conservagao ex situ.

Considerando o potencial dessas duas espécies (C. pubescens e C. mucunoides) a taxa
de cruzamento foi estimada com os marcadores microssatélites desenvolvidos no presente
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trabalho (Capitulos V e VII). Os diferentes sistemas de cruzamento e, consequentemente, o
fluxo génico, tém um grande efeito na composicao genética e na fertilidade de populacdes
naturais. Tais aspectos estdo também relacionados a questdes evolutivas e de conservacgao
das espécies em geral. Embora C. pubescens e C. mucunoides sejam consideradas

autégamas, a taxa de fecundagao cruzada foi de 26% e 16%, respectivamente.

Os resultados observados nesse estudo caracterizam essas duas espécies com um
sistema misto de cruzamento com predominancia de autogamia. Esses resultados sao os
primeiros relatos de estimativas da taxa de cruzamento, ao nivel de familia, obtidos com
marcadores microssatélites para essas duas espécies. As estimativas da taxa de cruzamento
para outras espécies do género Centrosema obtidas a partir de caracteres morfolégicos,
também apontaram um sistema misto de reproducao (Shaw et al. 1981; Maass and Torres,
1992). Em espécies autdgamas, a taxa de cruzamento pode ser influenciada pela presenca de
insetos polinizadores, intensidade do vento, temperatura e umidade. Essa condicao representa

uma garantia de manutencao da variabilidade em condi¢des naturais.
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A metodologia empregada na construgdo da biblioteca genbmica enriquecida em
microssatélites [(CT)s e (GT)g] foi eficiente nas trés espécies de forrageiras tropicais (P.
maximum, C. pubescens e C. mucunoides). Foi possivel isolar locos de microssatélites
especificos polimérficos e transferi-los entre diferentes espécies. Os marcadores
microssatélites foram eficazes na avaliacdo da diversidade genética do germoplasma (P.
maximum, C. cajan, C. pubescens e C. mucunoides) e na caracterizagdo dos sistemas

reprodutivo de C. pubescens e C. mucunoides.

Os resultados obtidos no presente trabalho a partir dessas analises, permitem concluir

para:

a) Panicum maximum Jacq.

» O germoplasma de P. maximum foi coletado em duas regides especificas da Africa
(Quénia e Tanzania), as quais nao foram determinantes para a formagao de grupos. A
distribuicdo desses acessos por componentes principais mostrou o grau de relacionamento
desses acessos nessas duas regides. A ampla distribuicdo mostrou a importancia da
segunda coleta em regides mais especificas. Essa delimitacdo ampliou a variabilidade

genética nessa colecgéo;
» Os 396 acessos de P. maximum (apomiticos e sexuais) avaliados com 30 marcadores

microssatélites, foram atribuidos a quatro grupos distintos (STRUCTURE), evidenciando

uma ampla diversidade genética. Esse conhecimento & um pré-requesito para o
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melhoramento e pode orientar o melhorista na selecdo de acessos candidatos com mais

eficiencia;

» Os acessos sexuais foram agrupados entre os apomiticos autotetraploides. Eles tiveram
seus cromossomos duplicados artificialmente com colchicina para obtencdo de acessos

tetrapléides sexuais, para uso em programas de melhoramento;

> Essa andlise permitiu a caracterizacao e a discriminagdo das variedades comerciais

brasileiras e estrangeiras;

> Foi possivel identificar acessos duplicados dentro do germoplasma por meio da analise

molecular e dos caracteres morfoldgicos;

» Os microssatélites polimérficos especificos de P. maximum foram transferidos para 4
diferentes espécies de forrageiras tropicais (Brachiaria humidicola, B. brizantha, Paspalum
regnelli e P. notatum). A menor porcentagem de transferibilidade foi observada nas duas
espécies de Paspalum por serem mais distantes filogeneticamente. Esses dois géneros
foram selecionados devido ao impacto no mercado de forrageiras no Brasil e a sua

importante contribuicao para o desenvolvimento de pastagens tropicais.

b) Cajanus cajan (L.) Millsp.

» Os marcadores microssatélites selecionados da literatura foram Gteis na avaliacao da
diversidade genética entre 77 genoétipos de C. cajan, selecionados do programa de

melhoramento da Embrapa Pecuéria Sudeste, Sao Carlos-SP;
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» O polimorfismo detectado nos locos de microssatélites foi baixo. Esse resultado pode
ser justificado devido a base genética estreita da colegao que foi introduzida no Brasil, ou a
pré-selecdo desses gendtipos com base em caracteristicas agronémicas de interesse,

principalmente relacionadas a produgao de matéria seca;

» O padrao de agrupamento do STRUCTURE e do DARwin (método Neighbor Joining)
baseado nos dados genotipicos e na distancia genética (Coeficiente de Rogers Modificado)
revelou a presenca de genétipos muito préximos do ponto de vista genético. Isso ocorre,
principalmente, entre os genoétipos que foram selecionados e inseridos no programa de
melhoramento da Embrapa Pecudria Sudeste, para serem utilizados em sistemas de
integracao lavoura-pecudria e na recuperacao de areas degradadas. Esses resultados
evidenciaram a necessidade de ampliar a base genética da colegao para aumentar os

ganhos genéticos na selegao e no melhoramento;

» Os marcadores microssatélites especificos de C. cajan foram transferidos para
Phaseolus vulgaris e Vigna unguiculata. Os locos que foram transferidos exibiram
polimorfismos em alguns genétipos. Essa metodologia pode ser vantajosa por diminuir o
custo de desenvolvimento de marcadores especificos para espécies filogenéticamente

préximas.

c) Centrosema pubescens Benth.

» Os microssatélites polimérficos especificos de C. pubescens foram transferidos para
outras 11 diferentes espécies do género Centrosema. Alguns locos amplificaram em todas

as especies, indicando a presenga de regides conservadas entre essas espécies;
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> A estimativa da taxa de cruzamento em C. pubescens indicou a presenca de um
sistema misto de cruzamento (26%) com predominéncia da autogamia. Essa condicdo
representa uma garantia de manutengéao da variabilidade genética, que € necessaria para
se manter no ambiente diante das pressdes ambientais naturais tdo comuns em areas

tropicais.

c) Calopogonium mucunoides Desv.

> O teste de atribuicdo (STRUCTURE) e o padrdo de agrupamento Neighbor Joining
(DARwin) baseados em dados genotipicos, refletiu o grau de diversidade genética do
germoplasma de C. mucunoides. Os 195 acessos avaliados foram inseridos em seis

diferentes grupos, os quais estao relacionados com as suas respectivas origens;

> A caracterizagdo molecular revelou pouca variabilidade genética dentro dos grupos,
embora tenha sido possivel identificar alguns acessos mais divergentes. A maior variagao

foi observada entre os grupos;

» Os 17 marcadores microssatelites utilizados foram suficientes para caracterizar grupos
de acessos de origem geografica comum. A discriminacdo desses acessos fornece uma
melhor compreensao sobre a estrutura genética e a localizacdo da variabilidade. Esses
resultados promovem subsidios para a conservacdo € uso dos recursos genéticos

disponiveis no germoplasma dessa espécie;
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> A estimativa da taxa de cruzamento em C. mucunoides também indicou a presenca de
um sistema misto de cruzamento (16%) com predominancia da autogamia. O
conhecimento da taxa de cruzamento fornece subsidios para estratégias de coleta,
domestificagdo, manejo e conservagao do germoplasma. Além disso, esse conhecimento é
importante na multiplicagao de sementes, prevenindo misturas entre diferentes genétipos e

consequentemente, garantindo a integridade de cada acesso.
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PERSPECTIVAS

O germoplasma de P. maximum é composto por valiosos recursos genéticos, porém
grande parte dele permanece inexplorado por falta de conhecimentos genéticos basicos. Nesse
contexto, os resultados moleculares obtidos a partir da caracterizagdo do germoplasma de P.
maximum com o0s marcadores microssatélites, serdo analisados juntos com os dados
morfologicos e agronémicos. A partir dai espera-se identificar genétipos apomiticos superiores
candidatos a novas cultivares e selecionar genitores elites para novos cruzamentos nessa

espécie.

A avaliacdo agronémica do germoplasma de C. mucunoides apresentou materiais com
potencial agronémico superior ao C. mucunoides utilizado no Brasil. As caracteristicas
morfolégicas estdo sendo avaliadas na Embrapa Cerrados em Brasilia — DF. Buscando
contribuir com esse estudo, os resultados moleculares obtidos nesse trabalho serdo analisados

em conjunto com dados agronémicos e morfolégicos.

Além disso, os marcadores microssatélites desenvolvidos nesse trabalho poderdao ser

utilizados na:
» Na identificagdo de hibridos, de apomiticos, de clones e de variedades;
> Selecao de genitores;
» Construcdo de mapa genético;
> Selecao assistida;
» ldentificacdo de um marcador ligado a apomixia (P. maximum) e€;

» Reducao do nimero de acessos avaliados no programa de melhoramento.
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