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RESUMO

Uma estratégia bem reconhecida para aumentar o pool génico do trigo
consiste na introducdo de genes de espécies selvagens afins. Aegilops tauschii
Coss. possui muitas caracteristicas agronomicamente desejaveis, ndo facilmente
encontradas em trigo (Triticum aestivum L. em Thell), tal como a resisténcia a
patbgenos. Com o objetivo de aumentar a resisténcia do trigo cultivado a
ferrugem da folha, quatro hexapléides sintéticos (PF844005, PF964001,
PF964004 e PF964009), desenvolvidos a partir do cruzamento de T. durum L.
(AABB) X Ae. tauschii (DD), foram cruzados com quatro cultivares brasileiras de
trigo (AABBDD - BRSAnNgico, RS120, BRS209 e CD104). Foram realizadas
andlises citogenéticas visando avaliar a estabilidade meiotica dos hexaploides
sintéticos, cultivares e suas progénies F1, F2 e RC1F1. Nas cultivares, os indices
meidticos variaram de 85,1 a 94,1 indicando uma estabilidade citologica
relativamente alta. Trés formas sintéticas apresentaram indices meibticos
variando de 78,2 a 80,6, o que indica um comportamento meidtico razoavelmente
regular. A quarta forma sintética apresentou um indice meidtico estatisticamente
mais baixo (40,4). A meiose foi estudada em algumas plantas, mostrando que
univalentes e retardatarios sdo as causas da formacdo de micronucleos. A
frequéncia de grdos de polen vidveis variou de 90,4 a 94,0% para as cultivares,
enquanto as formas sintéticas exibiram viabilidade polinica variando de 79,9 a
92,0%. Assim como para o indice meiético, a comparacdo das médias gerais
mostrou que as frequéncias de grdos de polen viaveis das cultivares sao
estatisticamente superiores as das formas sintéticas. O efeito da combinacéo de
cruzamento bem como das geragcdes no indice meidtico e na viabilidade do polen
foi estatisticamente significante. Entretanto, na viabilidade do pdlen, houve uma
interagao significativa entre combinagcdo de cruzamento X geragdo. Embora a
andlise estatistica ndo tenha discriminado claramente as combinacdes
genotipicas, uma tendéncia foi evidenciada nos dados de viabilidade do pdlen e
indice meibtico, sendo que os cruzamentos envolvendo a cultivar CD104
apresentaram repetidamente médias mais elevadas. Por outro lado, as

combinag¢des incluindo a cultivar BRS120 apareceram com as meédias mais



baixas. A resposta a raca SPJ-RS de Puccinia triticina foi avaliada ao longo das
geracdes. Oito combina¢des genotipicas exibiram resisténcia a ferrugem da folha
em todas as geragOes. Estes resultados confirmam que Ae. tauschii pode ser
usado como fonte de recursos genéticos para aumentar a resisténcia a ferrugem
da folha em cultivares comerciais, usando linhas hexapldides sintéticas como
ponte.

O tamanho do grdo de pélen foi avaliado nos niveis diploide (2n=2X=14,
Ae. tauschii = T. tauschii, um acesso), tetraploide (2n=4X=28, T. durum, quatro
cultivares) e hexaplbéide (2n=6X=42, T. aestivum, quatro cultivares brasileiras e
quatro formas sintéticas). Graos de pélen com o menor diametro (39,14 um) foram
encontrados na espécie dipléide Ae. tauschii. Os graos maiores (55,82 a 59,87
um) foram observados nas cultivares e sintéticos hexapldides. Valores
intermediarios foram apresentados pelas cultivares tetrapldides de T. durum
(46,57 a 47,64 um). Além da associacdo entre tamanho de pdlen e nivel de
ploidia, foi verificado em todos os genétipos que o diametro dos grdos de pélen
viaveis foi significativamente maior do que aquele observado para os gréos
inviaveis. A deteccéo de diferencas significativas no diametro dos gréos de pdlen
permitiria 0 uso de citbmetro de fluxo para obter uma estimativa rapida tanto do

nivel de ploidia como da viabilidade do pélen em Triticum.



ABSTRACT

One well-recognized means to increase the wheat gene pool is to introduce
genes from wild relatives. Aegilops tauschii Coss. posses many agronomically
identified desirable characteristics not readily found in wheat (Triticum aestivum L.
em Thell), such as resistance to pathogens. Aiming to improve the resistance of
cultivated wheat to leaf rust, four synthetic hexaploids (PF844005, PF964001,
PF964004 and PF964009), developed from T. durum L. (AABB) and Ae. tauschii
(DD), were crossed with four Brazilian commercial wheat cultivars (AABBDD -
BRSAnNngico, RS120, BRS209 and CD104). Cytogenetical analyses were
performed aiming to evaluate the meiotic stability of the synthetic hexaploids,
cultivars and their F1, F2 and BC1F1 progenies. Meiotic indices varied from 85.1
to 94.1, indicating a relatively high cytological stability of the cultivars. Three
synthetic forms presented meiotic indices that varied from 78.2 to 80.6, indicating
a quite regular meiotic behavior. The fourth synthetic form presented a statistically
lower meiotic index (40.4). Meiosis was studied in some plants, showing that
univalents and laggards were the causes of micronuclei formation. The frequency
of viable pollen grains varied from 90.4 to 94.0% for T. aestivum cultivars and from
79.9 to 92.0% for synthetic forms. As well as for meiotic index, the comparison
between general means showed that the frequencies of viable pollen grains are
statistically higher in cultivars than in synthetic forms. The effect of cross
combinations as well as generations on the meiotic index and pollen viability was
highly significant. However, in pollen viability, statistical analysis showed that
interaction between cross combinations and generations, as well as their simple
effects were significant. Although the statistical analysis had not clearly
discriminated the genotype combinations, there was a clear tendency in pollen
viability and meiotic index data, with crosses involving CD104 cultivar showing up
repeatedly with higher means. On the other hand, combinations including BRS120
cultivar appeared with the lowest means. The responses to the Puccinia triticina
SPJ-RS race were evaluated over generations. Eight genotype combinations

exhibited leaf rust resistance in all generations. These results confirm that Ae.



tauschii can be used as a good genetic source for improving leaf rust resistance in
commercial cultivars, using synthetic hexaploid lines as a bridge.

Pollen grain size was evaluated in diploid (2n=2X=14, Aegilops tauschii = T.
tauschii, one accession), tetraploid (2n=4X=28, T. durum, four commercial
cultivars), and hexaploid (2n=6X=42, T. aestivum, four Brazilian cultivars, and four
synthetic forms) levels. The pollen grains with the smallest diameter (39.14 um)
were found in Ae. tauschii, the diploid species. The largest pollen grains (55.82 to
59.87 um) were observed in the hexaploids T. aestivum and synthetic forms.
Intermediate values were presented by tetraploid cultivars of T. durum (46.57 to
47.64 um). In addition to an association between pollen size and ploidy level, it
was found that the mean diameter of viable grains was significantly larger than
that of inviable grains for all the genotypes studied. The significant differences
detected in pollen diameter could allow the use of particle counters to obtain a

rapid estimation of ploidy level as well as pollen viability in Triticum.
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1. INTRODUCAO
1.1. Aimportancia econdmica do trigo

O trigo foi uma das primeiras plantas domesticadas e por 8000 anos tem
sido a base da alimentacdo das principais civilizacdes da Europa, Asia e Africa. A
partir da sua domesticacédo, nas lavouras do Sudoeste da Asia, em 7000 a 9000
a.C., a cultura deste cereal sofreu uma grande expanséao (Bell, 1987), sendo que,
até a década de 80, a variabilidade encontrada era de nada menos de 25.000
cultivares disponiveis em todo mundo (Mota, 1982 apud Angra, 1995).

O trigo fornece cerca de 20% do total de calorias consumidas pela
humanidade (FAO, 1998). Seu grdo é uma excelente fonte de energia
(carboidratos), proteinas e fibras. O seu grande trunfo é possuir um tipo de
proteina com certa elasticidade, chamada de gluten, caracteristica importante no
processo de panificacdo e ndo encontrada em outros graos. A farinha de trigo &
utilizada no preparo de uma grande gama de produtos. Em forma de péo e de
outros derivados, o trigo constitui um dos alimentos mais importantes da cesta
bésica brasileira (Silva et al., 1996).

A producdo mundial de trigo aumentou drasticamente durante o periodo de
1951-1990, desde quando permanece relativamente constante. No entanto, a
area cultivada permanece praticamente inalterada. Isto pressupde um aumento
consideravel na produtividade dessa cultura. Em 1950, a producao mundial era de
cerca de 1 ton/ha, alcancando cerca de 2 ton/ha na década de 1980 (Curtis,
2002).

Atualmente, o trigo é cultivado em mais de 240 milhdes de hectares, area
esta maior do que a de qualquer outra planta cultivada, e mundialmente é maior
que todas as demais culturas combinadas (Curtis, 2002). A producdo mundial de
trigo de 2006/07 estd projetada pelo Departamento de Agricultura dos Estados
Unidos (USDA) em 593,1 milhdes de toneladas.

A China é o maior produtor mundial de trigo com cerca de 16,2 % do total.
Os paises da Unido Européia aparecem em segundo lugar, mas, individualmente,
a posicdo é da india, seguida da Russia, Estados Unidos, Ucrania, Paquistéo,
Turquia, Canada, Argentina e Cazaquistdo, que detém em torno de 50% da
producdo mundial (USDA, 2003).
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Curtis (2002) aponta a China, a Russia, o Egito, o Japdo e o Brasil como os
maiores importadores de trigo. O mesmo autor refere que 0s maiores
exportadores sdo EUA, Canad4, Franga e Australia.

O consumo médio de trigo no mundo € de 83 Kg/habitante/ano, enquanto
que no Brasil cai para aproximadamente 51 kg/habitante/ano (Bacaltchuk, 2003).
Assim, o Brasil, com uma populacdo em torno de 170 milhdes de habitantes, para
atender a sua demanda interna de 10 milhées de toneladas de consumo de trigo,
necessitava importar, anualmente, cerca de 6,5 a 7 milhGes de toneladas, a um
custo anual médio superior a um bilhdo de dolares. No entanto, a producdo anual
apresentou um aumento de 76% em relacdo aos 2,9 milhdes de toneladas da
safra anterior, ficando em torno de 5 milhdes de toneladas no ano de 2003
(Rodrigues, 2003).

Na safra 2005/2006 a area cultivada no Brasil foi de 2,361 milhdes de
hectares, com producédo de 4,873 milhdes de toneladas. O Estado do Rio Grande
do Sul produziu 1,564 milhdes de tonelada de trigo, com uma produtividade de
1,850 kg/ha (CONAB, 2007). Para a safra de 2006/2007 que se encontra ja
colhida, a area cultivada foi de 1,8 milhdo de hectares, inferior a da safra anterior
em 25,6%. Essa reducéo foi impulsionada pelos baixos precos do produto e pelas
condicdes climéticas adversas na implantacéo da cultura (estiagem) e no periodo
de floracédo e frutificacdo (geadas). Como resultado, a produtividade da safra caiu
para 1271 Kg/ha, sendo inferior a da safra anterior em 38,4%. Em funcédo da
reducdo da area plantada e da produtividade, a producéo foi de 2,23 milhdes de
toneladas (CONAB, 2007).

No Brasil, a produtividade € considerada baixa e instavel devido a fatores
tais como os solos acidos, com altos niveis de aluminio e fixacdo de fosforo;
severas pressodes de enfermidades como ferrugens, septorioses, mancha marrom,
mancha bronzeada, giberela e oidio, precipitacdes variaveis sendo excessivas no
sul e escassas no centro; frios fora de época. As baixas temperaturas no periodo
de floracdo e o excesso de chuvas na colheita podem reduzir severamente a
producao (Curtis, 2002).

Nas ultimas décadas, a cultura de trigo sofreu modificacdes significativas,

especialmente no rendimento, arquitetura de planta, resisténcia aos estresses
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bidticos e abidticos e qualidade de panificacdo. As modificacbes foram
necessarias para que as lavouras alcancassem niveis adequados de
produtividade e oferecessem garantias aos produtores, além de satisfazer as
exigéncias da industria e do mercado. Tais alteracdes foram obtidas através do
esforco conjunto de programas de melhoramento genético no mundo todo, sendo
que atualmente encontram-se disponiveis genoétipos com excelentes
caracteristicas e com boa adaptabilidade as mais diversas condi¢cdes. Porém,
para que a triticultura nacional melhore sua competitividade, € necessario que 0s
custos de producédo e os custos que afetam a comercializacdo sejam reduzidos.
Para que isso ocorra, é fundamental que novas tecnologias com maior
exequibilidade e com menores riscos sejam disponibilizadas, possibilitando
aumentos de produtividade.

1.2. A origem e evolucao do trigo

O termo trigo é normalmente empregado para as espécies cultivadas do
género Triticum, pertencente a tribo Triticeae da familia Poaceae. Trabalhos
classicos de NilssonEhle (1909) e Sakamura (1918) — citados por Gill & Friebe
(2002) - demonstraram que o0s trigos sdo seéries polipléides agrupadas em trés
niveis de ploidia: dipldide, tetraploide e hexapldide, com nimeros cromossdmicos
de 14, 28 e 42, respectivamente. Assim, 0 numero cromossémico béasico € 7,
sugerindo que as espécies sao todas derivadas de ancestral Unico em um
passado distante.

Seguindo os trabalhos basicos, diversos pesquisadores dedicaram-se a
uma extensa investigacao do trigo e espécies afins. Cruzamentos artificiais entre
as espécies pertencentes aos trés niveis de ploidia e o estudo do pareamento dos
cromossomos na meiose dos hibridos, associados a outras evidéncias, permitiram
a identificacdo das espécies que deram origem ao trigo atual (Moraes-Fernandes,
1985).

O conjunto hapléide de cromossomos, ou genoma, dos trigos dipléides &
designado A. Sendo assim, as espécies dipldides sdo genomicamente
assinaladas como AA. Na maioria, e possivelmente em todos os tetrapléides, ha
um conjunto de cromossomos de outra espécie diploide, designado B,
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constituindo-se, assim, como AABB os genomas dos trigos tetrapldides. Os
hexaploides apresentam a constituicdo completa dos tetraploides com a adi¢cao do
genoma de outra espécie dipldide, designado D. Consequentemente, 0s trigos
hexapléides apresentam constituicdo gendmica AABBDD (Riley, 1960).

Apesar de um grande numero de espécies ter sido cultivado ao longo do
tempo, atualmente o cultivo € praticamente restrito ao trigo duro tetrapléide
(Triticum turgidum L.) e ao trigo comum hexapléide (Triticum aestivum L. em
Thell) (Knott, 1989a). A origem do trigo cultivado, tal como conhecemos hoje, esté
relativamente bem documentada, e € o resultado da combinacdo do patriménio
genético de trés espécies diploides ancestrais. Dados moleculares tem indicado
T. urartu Tum. ex. Gandil. como o doador do genoma A, apesar de analises
citogenéticas nao distinguirem entre T. monococcum L. e T. urartu (Dvorak et al.,
1988, 1993). McFadden & Sears (1944, 1946) e Kihara (1944) demonstraram que
Ae. squarrosa (agora denominado Ae. tauschii Coss.) foi o doador do genoma D.
Entretanto, a identidade conclusiva do doador do genoma B permanece nao
determinada, podendo estar a espécie doadora atualmente extinta ou seu
genoma extensamente modificado por hibridacdes introgressivas com espécies
silvestres (Knott, 1989a). Sarkar & Stebbins (1956), Riley et al (1958) apoiados
por dados moleculares mais recentes de Dvorak & Zhang (1990) e Dvoérak (1998)
sugerem que 0 genoma B é altamente relacionado ao de Aegilops speltoides
Tausch.

O género Triticum fornece um bom exemplo de evolucédo por anfiploidia,

como esquematizado a seguir:

7T urartu <<>/\§ Espécie desconhecida

n=14, AA Z2n=14, BB

T turgidum Ae. tauschii
n=28, AABB % n=14, DD

7 aestivum
2n=42, AABBDD
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As trés espécies ancestrais do trigo hexapléide cultivado atualmente,
embora distintas, sdo altamente relacionadas e, portanto, cada cromossomo em
um genoma pode ser relacionado ou homedlogo a outro cromossomo em cada
um dos demais genomas. Portanto, sdo sete grupos homedlogos de trés
cromossomos cada. Assim, muitos dos sistemas genéticos apresentam-se
duplicados ou triplicados, modificando os padrbes de segregacdo mendeliana
(Moraes-Fernandes, 1985).

Apesar de serem funcionalmente e estruturalmente relacionados, e
estarem essencialmente inalterados em comparacdo com sua condicdo nos
diploides (Riley, 1960), os cromossomos homeodlogos do trigo ndo pareiam,
formando-se apenas bivalentes na meiose. O pareamento dos cromossomos
homedlogos dos trés genomas do trigo hexapléide é normalmente evitado pela
acdo de um alelo no loco Phl no cromossomo 5B (Riley & Chapman, 1958). Esta
atividade, que € responsavel por regular o pareamento do tipo bivalente
(diploidizacdo) e a heranca dissébmica de T. aestivum, surgiu provavelmente apds
o desenvolvimento da poliploidia (Riley, 1960). Pareamento homedlogo pode ser
esperado na falta do braco longo do cromossomo 5B ou quando a atividade de
Ph1l é suprimida (Riley et al., 1959), o que indica que uma simples mutacao pode
alterar drasticamente o padréo de pareamento do trigo (Jauhar et al., 1991), como
ja demonstrado em trabalho de Riley (1960).

Jauhar et al. (1991) verificaram baixo nivel de pareamento em hapldides
(ABD) com Phl em atividade, com rara formacao de bivalentes. Esta observacao
€ consistente com relatos anteriores (Riley & Chapman, 1958; Kimber & Riley,
1963). No entanto, em mutantes phl, foi demonstrado substancial pareamento
homeologo, com aumento de 7,5 a 11,6 vezes. Mediante estudos de
bandeamento C e N, Hutchinson et al. (1983) e Jauhar et al. (1991) puderam
comprovar que a maioria absoluta das associagdes ocorreu entre 0s genomas A e
D, o que também é demonstrado em estudos com hibridos, permanecendo o
genoma B preferencialmente na forma univalente. O genoma B mostrou-se mais
relacionado ao genoma A do que ao D, apesar de mostrar raro pareamento com

ambos genomas.
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1.3. Hibridac&o interespecifica em trigo

Os trigos polipléides cultivados, em funcédo de seu modo peculiar de origem
- envolvendo hibridacdes interespecificas, duplicacdo cromossémica e
consequente isolamento instantaneo das espécies parentais - possuem uma base
genética muito estreita, que representa apenas uma pequena fracdo da
diversidade genética dos seus progenitores selvagens (Dhaliwal et al., 1993).

A ampla hibridagéo tem sido registrada como ocorréncia natural entre as
espécies polipléides do grupo Aegilops-Triticum, o que leva a discussao de serem
ou ndo consideradas como entidades independentes. Esta observacdo levou a
proposicdo de que a hibridacdo teve papel decisivo na formacdo de muitas
espécies polipldides atuais. Estas conexdes inter e intra-especificas fornecem
recurso rico e facilmente disponivel para a obtencdo de variabilidade genética
(Zohary & Feldman, 1961).

O potencial pratico da hibridacdo ampla em Triticeae é provavelmente
muito maior do que em outros grupos, em funcdo da facilidade de cruzamento,
aliada ao amplo conhecimento dos genomas, mas também como consequéncia
da importancia desta cultura para o mundo (Mujjeb-Kazi & Kimber, 1985). Varios
genes controlando a resisténcia a diversas doencas do trigo e qgue aumentam a
qualidade protéica tém sido transferidos das espécies e géneros afins através de
hibridag&o interespecifica (Dhaliwal et al., 1993).

O pool génico primario inclui cultivares antigas (ou racas crioulas),
tetrapléides cultivados e os dipléides doadores dos genomas A e D. Nestes
casos, a transferéncia de genes ocorre como consequéncia direta da hibridacao
e recombinacdo homologa. O pool génico secundéario € formado por polipléides
dos géneros Triticum e Aegilops onde o pareamento cromossdmico € reduzido e a
transferéncia génica pressupde estratégias de manipulacédo especiais. Quando os
genomas sdo nao-homoélogos, as espécies dipldides ou polipléides sao incluidas
no pool génico terciario, onde a transferéncia génica sé é possivel mediante o uso
de técnicas especiais que promovem a troca homeologa. Baseado nestes
requisitos, de acordo com a facilidade de transferéncia, a diversidade constante
do pool génico primario € a mais importante para o melhoramento de trigo
(Mujeeb-Kazi & Rajaram, 2002).
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A tribo Triticeae inclui 25 géneros, com em torno de 400 espécies
distribuidas nos trés pools génicos, que podem oferecer ampla diversidade
genética para o melhoramento de trigo.

A hibridacdo ampla, incluindo cruzamentos intergenéricos e
interespecificos, é o primeiro passo para introduzir variacado e transferir caracteres
desejaveis de espécies selvagens para as espécies cultivadas. A producao de tais
hibridos com o uso de técnicas simples de emasculagédo e polinizacdo tem uso
extensivo em programas de melhoramento de trigo. Com esta técnica muitos
hibridos importantes foram e continuam sendo produzidos (Mujjeb-Kazi & Kimber,
1985).

Barelle fez o primeiro cruzamento interespecifico em trigo em 1806 (Ciferri,
1955). Desde entdo, a hibridacdo ampla no trigo tem sido extensivamente
utilizada, o que produziu volumosa literatura. Sharma & Gill (1983) publicaram
uma extensa lista de hibridos envolvendo espécies de Triticeae, muitos dos quais
sdo atualmente variedades comerciais, com varios exemplos de genes desejaveis
transferidos de espécies afins para o trigo.

Os genatipos envolvidos, o nivel de ploidia, os procedimentos e a direcao
dos cruzamentos influenciam o sucesso da producéo de hibridos (Mujeeb-Kazi &
Kimber, 1985; Sharma & Gill, 1983). Em geral, a pratica para as espécies do
grupo Triticum tem sido utilizar a espécie com maior nivel de ploidia como
progenitor materno. As razdes para isto incluem a maior facilidade em emascular
e 0 menor desequilibrio entre 0 nimero de cromossomos do embrido e do
endosperma (Mujeeb-Kazi & Kimber, 1985).

O principal obstaculo em uma transferéncia de genes de espécies afins e
obter sucesso no cruzamento. Quando as espécies a serem cruzadas sao
distantemente relacionadas ocorre falha na fertilizacdo ou o desenvolvimento do
embrido cessa em um estagio precoce. Quando este problema é encontrado,
deve-se testar uma ampla variedade de genétipos de ambos o0s parentais e tentar
0 cruzamento nas duas direcdes, esperando que uma combinagao possa ser mais
compativel que a outra (Knott & Dvoérak, 1976). Varias espécies de Triticeae

apresentam genes que controlam a possibilidade de cruzamento com espécies
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afins, podendo apresentar diferencas entre espécies e entre acessos de uma
mesma espécie (Fedak, 1998).

A inviabilidade de embrides hibridos resultantes de cruzamentos
interespecificos que objetivam a transferéncia de genes, vem sendo superada
pelos crescentes avancos na area da cultura de tecidos (Moraes-Fernandes,
1985). O uso da cultura de embrides zigéticos certamente aumentou 0 sucesso
dos cruzamentos entre espécies mais distantes. O estimulo da germinacdo do
embrido in vitro pela aplicagdo de hormdnios e outros nutrientes no meio de
cultura pode promover a transposicao de barreiras ao cruzamento (Sharma & Gill,
1983).

A fertilidade parcial de alguns hibridos interespecificos pode ser explicada
devido a poliploidia e & ocorréncia de genomas em comum com as espécies
parentais. Os poliploides podem tolerar a desarmonia cromossdmica causada
pela hibridacéo, devido as duplicacbes (Feldman, 1965). No entanto, numerosos
hibridos interespecificos e quase todos os intergenéricos séo totalmente estéreis.
O problema de esterilidade pode ser resolvido por duplicagcdo dos cromossomos
ou por retrocruzamentos. Efetivamente, o uso pratico destes hibridos foi limitado
até o advento do uso da colchicina no final da década de 1930 (Mujeeb-Kazi &

Rajaram, 2002).

1.4. Espécies afins como fonte de resisténcia a doencas

No melhoramento de plantas o0 homem esta constantemente a procura de
NOVOS recursos genéticos. Nas espécies cultivadas, muitas vezes faltam genes
que sao importantes para o melhorista, particularmente genes de resisténcia a
doencas. Em muitos géneros, e especialmente os que compreendem um
complexo polipléide como € o caso do trigo, as espécies relacionadas fornecem
uma importante reserva de genes que podem ser utilizados em programas de
melhoramento (Knott & Dvoérak, 1976).

As fontes de resisténcia a doencas sdo as mesmas das outras
caracteristicas herdaveis em uma cultura: variedades comerciais locais ou
estrangeiras, variedades antigas cujo cultivo tenha sido abandonado ou que
tenham sido descartadas dos estoques dos melhoristas e também espécies
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silvestres afins a espécie cultivada (Agrios, 1997). A hibridacéo interespecifica
permite, além da incorporacdo de resisténcia a doencas, a diversificacdo de
genes relacionados a outras caracteristicas, aumentando a variabilidade da
cultura (Brammer, 2000).

A variabilidade inicialmente existente em varias racas crioulas
(“landraces”), que conferia adaptacdo a flutuacbes ambientais e resisténcia a
doencas e pragas, foi consideravelmente reduzida quando a selecdo para a
uniformidade se tornou norma (Kimber, 1993). Este fendmeno levou a erosédo da
variabilidade genética, tornando-se importante a descoberta de vias de acesso
aos genes que estdo presentes em espécies afins ou ancestrais, para tentar
utiliza-los em programas de melhoramento. Neste contexto, tornam-se muito
importantes os dados sobre a evolucao, origem e estrutura genética do trigo, onde
o conhecimento das relacdes citogenéticas e citotaxondmicas das espécies
envolvidas é essencial para determinar a metodologia adequada, a fim de que a
transferéncia seja bem sucedida (Moraes-Fernandes, 1985).

Qualquer programa de melhoramento que inclui o uso de espécies afins
como fonte de resisténcia a doencas, deve iniciar pela pesquisa do tipo de
resisténcia existente em espécies relacionadas (Knott & Dvorak, 1976). Para as
espécies afins as plantas cultivadas mais importantes, estas informacgdes ja estdo
disponiveis. Por exemplo, as espécies afins do trigo contém uma rica reserva de
genes com potencial para uso em programas de melhoramento, incluindo
resisténcia as ferrugens em um amplo espectro de racas (Knott, 1989a).

Em funcdo da grande divergéncia entre as espécies afins do trigo, a
transferéncia de genes pode variar desde simples até muito dificil. A probabilidade
de sucesso da transferéncia de um carater depende basicamente de trés fatores:
da compatibilidade de cruzamento entre as espécies, do pareamento dos
cromossomos das duas espécies e consequente fertilidade do hibrido, e, da
complexidade genética do carater (Knott, 1989a). Assim, conforme ja
mencionado, a quebra de barreiras para a producéao de hibridos envolvera acées
em varios estagios, passando pela escolha dos pais e direcdo do cruzamento,
emasculacao, polinizagéo, resgate e cultura do embrido (Mujjeb-Kazi & Kimber,
1985).
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A dificuldade na transferéncia de genes de espécies afins para o trigo
cultivado é dependente, ainda, da localizacdo dos genes, que podem estar em
genomas homoélogos (A, B ou D) ou em genomas somente homeodlogos. A
transferéncia de resisténcia a doencas de espécies afins é mais dificil quando os
cromossomos envolvidos ndo sao suficientemente similares para que a permuta
ocorra naturalmente (Knott & Dvorak, 1976; Aung & Kerber, 1998). As
transferéncias envolvendo cromossomos homeélogos requerem técnicas
especiais (Knott, 1989a). Se os cromossomos do genoma introduzido no trigo
pareiam com pelo menos um dos genomas da espécie cultivada em presenca do
gene Phl, do sistema de controle de pareamento homodlogo, isto € um bom
indicativo de estreita homologia entre os genomas, e de relativa facilidade na
transferéncia de caracteres (Jauhar, 1993). Portanto, a utilizagdo de organismos
pouco relacionados aumenta a dificuldade de introducéo de variacado (Mujjeb-Kazi
& Kimber, 1985).

A probabilidade de introducdo de variacdo de alguns genomas é muito
maior que outras, dependendo da quantidade de rearranjos ocorridos ao longo da
histéria evolutiva das espécies (Kimber, 1993). Além disso, em hexaploides
anfiploides os genomas A e B podem inibir a expressdo de genes presentes no
genoma D (Chevre et al., 1989).

Como a transferéncia de genes implica na passagem de segmentos
cromossOmicos de uma espécie a outra, 0 segmento deve ser 0 menor possivel,
evitando-se a incorporacdo de outros caracteres indesejados, o que diminui a
utilizacdo dos gendtipos produzidos (Moraes-Fernandes, 1985; Autrique et al.,
1995). Vérios trabalhos realizados levaram a conclusdo de que quanto menor o
segmento inserido maior a probabilidade de sucesso na producdo de variedades
de interesse comercial (Kimber, 1993). Como o controle desta etapa é muito
dificil, € comum que variedades comerciais resistentes ndo sejam produzidas
diretamente, em funcdo da quantidade de caracteres deletérios que sdo mantidos
nos hibridos. Assim, sdo necessarias sucessivas geracdes de retrocruzamento, o
que faz com que um Unico hibrido produzido seja utilizado em diversos programas

de melhoramento. Por exemplo, Knott (1989b) testou nove gendétipos derivados
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de cruzamentos com espécies selvagens apds retrocruzamento, dos quais cinco
apresentavam potencial para serem lancados como cultivar.
1.4.1. Aegilops tauschii

A classificacdo e nomenclatura dos membros do complexo trigo — espécies
cultivadas e selvagens pertencentes aos géneros Triticum e Aegilops -
historicamente tem apresentado diversas discordancias (Morrison, 1993), uma
vez que este complexo é constituido por um grupo de espécies que apresenta
formas naturais desenvolvidas por eventos de hibridagdo e poliploidia e formas
domesticadas desenvolvidas por pressdo de selecdo artificial. Além disto,
algumas espécies cruzam facilmente formando uma rede de introgressdes e
outras interconexdes, o que dificulta ainda mais o esclarecimento das relagbes
taxonémicas. Assim, muitos autores (revisdo em van Slageren, 1993) colocam
diversas espécies de Aegilops no género Triticum. Por exemplo, Ae. squarrosa,
doador do genoma D do trigo, também denominado Ae. tauschii, mais
recentemente passou a ser utilizado como sinonimia de Triticum tauschii.

Aegilops tauschii destaca-se, dentre os géneros silvestres, como potencial
candidato a doador de genes de interesse por apresentar alta homologia
cromossOmica com T. aestivum. Os cromossomos do genoma D de Ae. tauschii
mostram completo pareamento com 0s cromossomos do genoma D de T.
aestivum (Gill & Raupp, 1987). Apesar disto, a variabilidade encontrada no
genoma D do trigo hexapldide é muito menor do que a encontrada nas cole¢cdes
de germoplasma da espécie doadora (Knaggs et al., 2000), o que possibilita 0 uso
de Ae. tauschii no melhoramento do trigo cultivado.

Segundo Cox et al. (1990), o uso da variabilidade genética de Ae. tauschii
no melhoramento do trigo € justificado por muitas razbes. Primeiramente, uma
alta proporcdo dos acessos analisados é resistente a, pelo menos, uma doenca
elou praga do trigo. Por exemplo, Kerber & Dyck (1969) testaram 85 acessos de
Ae. tauschii em campo e encontraram 10 que apresentavam resisténcia a
ferrugem do colmo e 38 a ferrugem da folha, demonstrando que esta espécie é
potencial fonte de resisténcia a ferrugem. Das 31 linhagens de Ae. tauschii
testadas por Dhaliwal et al. (1993), 22 apresentaram resisténcia a ferrugem da
folha. Neste trabalho foi demonstrada imensa variabilidade de resisténcia devido a
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diversidade de respostas observadas com a inoculacdo de diferentes isolados de
esporos em genotipos diversos. AvaliacGes de diferentes acessos de Ae. tauschii
mantidos na Embrapa Trigo apresentaram bons resultados com referéncia a
ocorréncia de genes de resisténcia a doencas (Moraes-Fernandes et al., 1980;
Prestes et al., 1994). Além de fonte de genes de resisténcia a ferrugem da folha,
Ae. tauschii € um bom doador de genes que controlam algumas proteinas que
conferem propriedades especiais de panificagao (Knott, 1989a). Em segundo
lugar, os genes de resisténcia podem ser transferidos para o trigo rapidamente
por hibridacdo direta, seguida de resgate dos embrides da F1 e retrocruzamentos
(Gill & Raupp, 1987; Cox et al., 1995). E finalmente, a freqtiéncia de embrides
abortivos, esterilidade ou disrupcdo na meiose do hibrido, € muito menor em
cruzamentos entre trigo comum e Ae. tauschii do que com espécies com
genomas A e B (Gill & Raupp, 1987).

Por todas estas razdes, ndo poderiam ser previstos sérios obstaculos a
producdo de cultivares elite de trigo com genes de interesse de Ae. tauschii.
Muitos hibridos envolvendo Triticum e as espécies do género Aegilops foram
obtidos nas décadas de 20 e 30 (Kihara, 1937, apud Mujjeb-Kazi & Kimber, 1985;
Mujeeb-Kazi & Rajaram, 2002), o que permitiu a obtencdo de informacdes sobre
as relacdes gendmicas de tais géneros. No entanto, os resultados em termos de
melhoramento foram pouco satisfatorios. Cox et al. (1990 e 1995) atestaram a
baixa performance agronémica de linhas derivadas de cruzamentos diretos de
Aegilops squarrosa X trigo, comprovando a diminui¢cdo da producédo de gréaos. O
uso aplicado e em larga escala destes hibridos foi possivel somente apés o
emprego da colchicina, que permitiu a producéo de anfipldides férteis.

1.5. Trigos Sintéticos

As dificuldades para o cruzamento direto de T. aestivum (AABBDD) com
Ae. tauschii (DD), tém sido contornadas pelo uso de formas sintéticas do trigo
hexaploide. Estas formas sdo produzidas através do cruzamento entre as
espécies tetraploides (AABB) - T. diccocum ou T. durum - e Ae. tauschii (DD). Os
hibridos trihapléides (ABD) produzidos sdo amplamente estéreis, sendo a
esterilidade causada por falha no pareamento dos cromossomos. A duplicacao
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dos cromossomos para produzir um anfiploide, resultando na sintese artificial do
trigo hexaploide, pode restaurar a fertilidade. O procedimento basico € o cultivo in
vitro do embrido trihapléide imaturo, seguido pela aplicacdo da colchicina nas
plantulas regeneradas.

A ressintese de alopolipldides naturais mostra um bom caminho para a
introgressdo de genes dos parentais silvestres (Cauderén, 1986). As formas
sintéticas representam um produto qualitativamente novo onde o genoma da
espécie afim torna-se disponivel, por ser mais facilmente cruzado com a forma
cultivada. Assim, procedimentos simples de cruzamentos acompanhados de
selecdo para a resisténcia sdo suficientes para a transferéncia de gene(s) de
interesse (Davoyan et al., 1998).

As vantagens da metodologia de obtencdo destas linhagens sintéticas
resultam da rapidez na obtencdo de linhagens homozigotas. Através da
duplicacdo com colchicina dos cromossomos do hibrido estéril (2n=21, ABD), é
obtida em uma geracdo, uma fonte de resisténcia totalmente homozigota (2n=42,
AABBDD). Devido a completa homologia cromossémica, é possivel a partir desta
nova linhagem, a transferéncia de caracteristicas desejadas diretamente para as
cultivares hexapléides. Este método permite, em uma geracéao, a transferéncia de
caracteristicas presentes em espécies ancestrais distintas e impossiveis de serem
combinadas através de metodologias convencionais de melhoramento.

Trabalhos de Mujeeb-Kazi, citados em Mujeeb-Kazi & Rajaram (2002),
salientam que o cruzamento de hexapldides sintéticos resistentes com cultivares
elite suscetiveis tem produzido derivados resistentes e que estes tém sido usados
globalmente em programas de melhoramento de trigo, seja na forma direta do
sintético ou dos derivados F1 ou geracdes subseqientes dos cruzamentos destes
com as cultivares.

O pareamento dos cromossomos nos hibridos é usualmente regular (Knott
& Dvoérak, 1976; Cauderon, 1986). No entanto, Gill & Raupp (1987) salientam que
embora originalmente eupléides, os hexaploides sintéticos podem exibir
instabilidade cromossdmica.

Kerber & Dyck (1969) e Dyck & Kerber (1970) utilizaram formas sintéticas
do trigo para a transferéncia de dois genes de resisténcia a ferrugem da folha. Os
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dois tipos de resisténcia doados pelo genoma D de Ae. tauschii foram devidos a
genes dominantes ou parcialmente dominantes.

O desenvolvimento de anfipléides sintéticos € uma das estratégias
selecionadas pela EMBRAPA — Trigo, visando a transferéncia de genes de
importancia agronémica de espécies selvagens afins para o trigo cultivado. Como
resultado desta abordagem 11 gendtipos sintéticos foram desenvolvidos em
estudos de anos anteriores (Moraes-Fernandes, 1985; Moraes-Fernandes et al.
2000; Ariano Moraes Prestes, comunicagao pessoal) e encontram-se no Banco de
Germoplasma desta Instituicdo. Tais formas sintéticas foram obtidas a partir do
cruzamento de variedades de T. durum com diferentes acessos Ae. tauschii. A
caracterizacdo destes genotipos quanto a atributos de interesse agronémico e a
estabilidade cromossdmica é pré-requisito para sua utilizacdo em programas de

melhoramento.

1.6. A ferrugem da folha

A ferrugem da folha do trigo, algumas vezes chamada de ferrugem
marrom, € causada pelo fungo Puccinia triticina (Anikster et. al., 1997), familia
Pucciniaceae, ordem Uredinales e classe Basidiomycetes.

A ferrugem da folha é a principal doenca fangica do trigo em todas as
regibes do mundo em que o cereal é cultivado, podendo ser responséavel por
perdas entre 10% e 30% ou mais (Singh et al., 2002). As infeccbes ocorrem sob
condicGes favoraveis, alta densidade de ind6culo do patégeno e em cultivares
suscetiveis. O patdgeno sobrevive nas mesmas condicbes de ambiente
favoraveis ao desenvolvimento do trigo, e pode causar infec¢gdes se houver um
periodo de 3 horas ou menos com umidade elevada e temperaturas ao redor de
20°C. A disseminacdo da doenca pode ser muito rapida sob temperaturas entre
10 e 30°C (Roelfs et al., 1992).

Os sintomas tipicos da ferrugem da folha sdo o aparecimento de pustulas
pequenas, redondas e alaranjadas. Em uma epidemia severa, quase toda a
superficie das laminas foliares pode ficar coberta com as pustulas. As folhas
entdo senescem rapidamente e secam, privando a planta de boa parte de sua
area fotossintética (Knott, 1989a).
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O fungo ataca primariamente as laminas foliares e em menor extensao a
bainha e as glumas. Os danos da desfolhacdo prematura resultam em diminui¢cao
da produtividade.

As areas mundiais de cultivo de trigo podem ser divididas em zonas
epidemiolégicas dentro das quais os esporos do fungo séo difundidos livremente.
A extensdo dos danos depende do clima e da taxa de resisténcia das cultivares.
Dentro de uma mesma area as variacbes de ano para ano dependem das
condicdes climaticas (Knott, 1989a).

Na América do Sul, a ferrugem da folha é amplamente distribuida e pode
causar danos significativos. Programas de melhoramento para resisténcia a esta
doenca tém sido conduzidos durante muitos anos em cultivares locais, que sdo
posteriormente utilizadas mundialmente como recurso de resisténcia (Knott,
1989a).

No Brasil, todos os anos ocorrem prejuizos causados pela ferrugem da folha,
sendo que a incidéncia nas diferentes regifes triticolas varia de acordo com as
condi¢des climaticas, com a resisténcia dos gendtipos presentes e utilizacdo de
controle quimico. Além disso, a época de inicio da epidemia e a severidade que
ela alcanca também sao fatores importantes que podem determinar o nivel de
dano econdmico (Barcellos, 1994). Picinini & Fernandes (2001) relataram perdas
de até 80% no rendimento de grdos e até 10 pontos percentuais no peso dos
graos colhidos na cultivar suscetivel BR 34.

A populacao de P. triticina no Cone Sul é extremamente dinamica (Barcellos,
2000; Antonelli, 2003; Barcellos & Turra, 2004; German et al., 2004; Chaves et al.
2005). Um grande numero de racas esta geralmente presente a cada ano.
Entretanto, o numero de racas com freqiéncias maiores de 10% variam de 1 a 4
por ano. As racas mais importantes de P. triticina presentes na regido sul durante

os ultimos 8 anos foi descrita por Chaves et al. (2005).
1.6.1. O controle da ferrugem da folha

As ferrugens sdo controladas primariamente através de resisténcia

genética, associada ao uso de fungicidas quimicos. Alguns métodos de manejo
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da cultura também sé&o utilizados para diminuir o numero de esporos disponiveis
para a infeccdo (Knott, 1989a).

O controle quimico ainda é a forma mais utilizada para evitar as perdas
ocasionadas pela doenca. Este método, no entanto, aumenta os custos de
producdo, pois exige a compra de produtos quimicos, maquinaria adequada e
mao-de-obra para sua aplicacdo. Além disso, envolve riscos a saude humana e
animal e ao ambiente (Moraes-Fernandes, 1987). Nesse contexto, fica evidente a
necessidade da utilizacdo de formas de controle mais eficientes e econémicas,
aumentando as chances de sustentabilidade do sistema produtivo.

Certamente, uma combinacdo de praticas de controle culturais, com
resisténcia genética e aplicacdo de fungicidas em situacbdes especiais seria 0
meio mais efetivo de controle das ferrugens (Singh et al., 2002).

O valor da resisténcia genética no controle de doencas de plantas é
reconhecido ha muito tempo. Os avancos na genética e as vantagens 6bvias de
plantar cultivares resistentes tornaram o melhoramento para resisténcia possivel e
desejavel. Mais recentemente, a preocupacdo com o ambiente e a compreensdo
dos riscos de contaminacdo inerentes ao controle quimico das doencas de
plantas deu um maior impeto e importancia ao melhoramento de cultivares
resistentes (Agrios, 1997).

A resisténcia pode ser definida como a habilidade do hospedeiro impedir o
crescimento e o desenvolvimento do patdégeno (Parlevliet, 1997) através de um
sistema de defesa ativo e direto (Barbieri & Carvalho, 2001). A resisténcia varietal
a ferrugem pode ser obtida através da incorporagdo de um, de poucos ou de
muitos genes de resisténcia em um genoétipo (Agrios, 1997). Todas as cultivares
devem ter niveis de resisténcia adequados para, além de evitar danos a cultura,
reduzir a populacdo do patdgeno e suas alteracdes (Barcellos, 2001).

A busca de solucdo genética para as doencas encontra pelo menos duas
ordens de dificuldades importantes: a primeira se relaciona ao aparecimento de
novos biotipos dentro das espécies de fungos patogénicos e a segunda se refere
a necessidade de incorporar em um sO gendtipo diferentes genes capazes de
desenvolver resisténcia a varias moléstias fangicas (Moraes-Fernandes, 1985). A

resisténcia a ferrugem da folha pode ser a primeira estratégia na busca de
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cultivares resistentes a outras doencas fungicas, pois supde-se que tal doenca
serviria de porta de entrada a patdégenos oportunistas como Stagonospora e
Bipolaris, por exemplo (Ariano Moraes Prestes- comunicacao pessoal).

Tradicionalmente, os programas de melhoramento genético tém utilizado a
resisténcia qualitativa, condicionada por genes maiores, em virtude da relativa
facilidade com que pode ser transferida a cultivares com constituices genéticas
superiores (Martinelli, 1994; Federizzi et al., 1996). Este tipo de resisténcia, com
algumas excec¢des, ndo é duravel por longos periodos quando exposta a grandes
areas. Isto ocorre porque as ferrugens, sendo parasitas obrigatorios, coevoluiram
com seus hospedeiros como componentes de um sistema muito influenciado
pelas condigcbes ecologicas, ou seja, qualquer mudanca na populacdo
predominante do hospedeiro, resulta em mudancas subseqientes na populacao
do patodgeno, para que o equilibrio seja restabelecido (Wahl et al., 1984; Barbieri
& Carvalho, 2001).

A resisténcia do tipo imunidade, em que as folhas ndo apresentam nenhum
sintoma da doenca, nenhuma lesdo, baseada em genes de resisténcia especifica
a racas, em poucos anos torna-se ineficaz devido ao surgimento de racas
mutantes. Muitos sdo os exemplos de cultivares resistentes a todas as racas
conhecidas e que se tornam suscetiveis por este motivo. No Brasil, essas quebras
de resisténcia tém ocorrido com frequéncia (Barcellos, 2001). Estas falhas sao
devidas ao inadequado conhecimento das viruléncias presentes na populacéo de
patdgenos. Em outros casos, mutacdes e recombinacdes de viruléncias ja
existentes podem ocorrer em hospedeiros suscetiveis (Singh et al., 2002). Assim,
em muitos dos paises produtores de trigo, os programas de melhoramento para
introduzir a resisténcia parecem ser tarefa sem fim. Novas fontes de resisténcia
sdo divulgadas e utilizadas e novas cultivares resistentes sao desenvolvidas e
liberadas para cultivo. Com o aumento das areas plantadas com tais cultivares
resistentes, novas ragas virulentas do fungo aparecem, o que faz com que todo o
programa de melhoramento tenha que comecar novamente (Barcellos et al.,
1997). Como resultado, os melhoristas estdo aumentando o interesse em tipos de
resisténcia e métodos de utilizacdo da resisténcia que resultem em controle

estavel das ferrugens (Knott, 1989a).
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A resisténcia é considerada duravel quando permanece efetiva apesar de
seu uso por um longo periodo de tempo em grandes areas, sob condi¢cdes
favoraveis a doenca (Johnson, 1984). Para a interagdo trigo x ferrugem da folha, a
resisténcia quantitativa que se expressa na fase adulta da planta (chamada de
resisténcia de planta adulta — RPA) é a que tem mostrado maior durabilidade.

A resisténcia parcial ou quantitativa é definida como um tipo de resisténcia
incompleta, em que, embora o hospedeiro apresente reacdo de suscetibilidade,
verifica-se uma baixa taxa de desenvolvimento da doenca (Parlevliet, 1979;
1985). Esta é uma alternativa, pois a doenca avanca com mais lentidao, a tal
ponto que a presenca do patdgeno torne-se insignificante, para fins de producao
(Barcellos, 2001).

Um grande nimero de genes de resisténcia a ferrugem da folha tem sido
registrado (Roelfs et al., 1992), estando localizados em diferentes cromossomos
dos trés genomas do trigo (Autrique et al., 1995). Em torno de 50 genes para
resisténcia a ferrugem da folha (designados genes Lr) tém sido catalogados
(McIntosh et al.,, 1998) e a viruléncia ocorre para a maioria deles. Segundo
Schubert et al. (1993), 13 destes genes Lr foram introduzidos no trigo a partir de
espécies afins de Triticineae, sendo cinco de Ae. tauschii. A utilidade e a
durabilidade das resisténcias ndo parece estar associada com a espécie ou
género doador (Singh et al., 2002).

1.7. A citogenética em programas de melhoramento

A citogenética estuda os cromossomos, quanto a sua estrutura e suas
funcBes mecanicas na divisao celular mitética e meibtica (pareamento, permuta,
orientacdo dos centrébmeros, distribuicdo as células-filhas), bem como as
implicacdes derivadas de altera¢cdes no seu comportamento (Moraes-Fernandes,
1985). E uma disciplina que se desenvolveu principalmente a partir do comeco do
século passado e seu progresso acompanhou o desenvolvimento das técnicas e
equipamentos para microscopia. Na area vegetal, apresentou um grande avanco
desde a década de 30 e, no caso do trigo, vem fornecendo uma contribuicdo

valiosa ao melhoramento varietal (Moraes-Fernandes, 1982).
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Gracas aos avancos nesta area do conhecimento, os principios dos
cruzamentos foram entendidos e o0s melhoristas compreenderam as
potencialidades e limites de métodos classicos desenvolvidos antes do uso de
técnicas de citogenética. Podendo entdo melhor controlar os cruzamentos, 0s
melhoristas passaram a alterar o nivel de ploidia, a transferir citoplasmas, a testar
novas combinacdes citoplasma/genoma e a induzir trocas entre cromossomos
gue normalmente ndo pareiam. Assim, foi possivel propor estratégias e métodos
bem mais simples e realizaveis para a transferéncia de caracteristicas desejaveis
(Cauderon, 1986).

Em um programa de melhoramento, ndo sao necessdarias analises
citogenéticas continuas. Outros dados, como a fertilidade e a estabilidade de
caracteristicas morfoldgicas, podem ser indicativos de estabilidade meidtica. No
entanto, muitos problemas praticos, como, por exemplo, diferencas estruturais
devidas a translocacbes ou substituicbes cromossémicas, ndo podem ser
resolvidos sem abordagens citogenéticas (Cauderdn, 1986).

A manipulacdo cromossdmica ou citogenética tem longa historia na tribo
Triticeae, e alcangou sucessos notaveis na area de melhoramento e analise
genética. O numero béasico razoavelmente baixo de cromossomos (n=7), seu
grande tamanho e a facilidade de obter boas preparacdes meioticas ou mitoticas,
tornam as anadlises citogenéticas extremamente informativas (Heslop-Harrison,
1993).

O desenvolvimento de técnicas citogenéticas nos ultimos 60 anos tem
destacado o trigo dos demais cereais em relacdo as possibilidades de introduzir
materiais genéticos de outras espécies (Moraes-Fernandes et al., 2000). Os
métodos de manipulacdo relacionados com a citogenética ja permitiram a
transferéncia de diversas caracteristicas agronomicamente (teis, como a
resisténcia a doencas fungicas e pragas de espécies afins para cultivares
adaptadas (Moraes-Fernandes, 1985).
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1.7.1. Contribui¢cbes da hibridizac&do in situ (HIS) para a citogenética de
plantas

A técnica de hibridizacéo in situ (HIS) consiste basicamente no pareamento
de determinado segmento de DNA ou RNA com uma seqiiéncia de nucleotideos
complementar situada dentro da célula, visando verificar se a célula possui essa
sequéncia e qual sua exata localizacdo (Guerra, 2004). Para visualizar o
segmento de DNA ou RNA hibridizado é necessario que ele esteja marcado com
uma molécula de facil identificacdo, funcionando como uma sonda para detectar a
sequéncia complementar de nucleotideos (sequéncia-alvo). Quando a molécula
sinalizadora é um fluorocromo, a hibridizacao in situ € comumente denominada de
FISH (Fluorescent in situ hybridization). A HIS se transformou em uma das
técnicas mais informativas e elegantes da citologia, sendo aplicada em areas téo
diversas quanto a citotaxonomia, o melhoramento genético, a citogenética clinica
e a biologia do desenvolvimento.

O uso da técnica de FISH nos estudos relativos a organizacéo e evolugédo
dos genomas em plantas, tem sido uma poderosa ferramenta para 0 mapeamento
cromossOmico permitindo a localizacdo de sequéncias de DNA ou de genes
diretamente nos cromossomos. Nos Ultimos anos, a FISH tem ampliado
consideravelmente o nivel de andlise e o campo de atuacdo da citogenética
vegetal. O uso dessa técnica permitiu estabelecer novos tipos de marcadores
cromossOmicos para a analise cariotipica comparada, localizar genes e
sequéncias repetitivas ao longo dos cromossomos e construir mapas fisicos para
diferentes espécies de plantas. Esta técnica tem sido amplamente aplicada na
identificagdo cromossOmica e na citotaxonomia com contribuicbes ao
entendimento da estrutura cromossdmica, ao mapeamento fisico e a
diferenciacdo de genomas em hibridos e poliploides. Na citogenética molecular de
plantas, a FISH tem sido aplicada na deteccdo de genomas parentais em
hibridos, segmentos exdégenos em translocacdes e na determinacdo da
localizac&o de sequéncias especificas.

A técnica de FISH tem revolucionado a citogenética de plantas em geral,
mas em particular a citogenética de trigo, abrindo novas oportunidades para o
melhoramento dessa espécie (para revisdo ver Mukai, 2005). A nova era da
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citogenética molecular nos cromossomos de trigo comecou com a deteccao
autoradiografica de hibridizac&o in situ de sondas marcadas com radioatividade
(Appels et al., 1980; Gerlack & Peacock, 1980). S6 em 1985, Rayburn & Gill
aplicaram pela primeira vez as técnicas de marcacdo ndo isotdpica utilizadas
atualmente.

A partir da adocédo de técnicas de hibridizacéo in situ, 0 mapeamento fisico
de marcadores cromossbmicos tem sido uma rotina que revolucionou a
citogenética em plantas. Em funcéo de dificuldades técnicas no mapeamento de
sequéncias de copia simples, as sequéncias altamente repetitivas tém sido
aplicadas como marcadoras para a identificacdo de cromossomos de plantas.

A hibridizacdo de sequéncias repetidas em tandem revelou grande
heterogeneidade na composicdo da heterocromatina constitutiva em varias
espécies. Diferentes blocos de heterocromatina de um mesmo genoma podem
apresentar diferentes arranjos e composi¢ao de sequéncias.

Diversas familias de DNA repetitivo e diversos microssatélites hibridizam
de forma dispersa no genoma vegetal. Estas sequéncias podem estar distribuidas
uniformemente ao longo de todos o0s cromossomos ou relativamente mais
amplificadas em alguns sitios especificos do genoma.

O trigo possui um genoma de 17000 Mb (Bennet & Smith, 1976), dos quais
mais de 90% é de DNA repetitivo (Smith & Flavell, 1975). Entretanto a maioria das
sequéncias de DNA repetitivo clonado sdo sequéncias do tipo retro-transposons e
estdo dispersas por todo o genoma, 0 que impossibilita que sejam usados como
marcadores cromossomicos (Mufiiz et al., 2001). As sequéncias de DNA repetitivo
em tandem fornecem os melhores padrdes de bandas para a hibridizacao in situ
em cromossomos de trigo, incluindo a sonda pAsl isolada de Ae. squarrosa (Ae.
tauschii) que identifica os cromossomos do genoma D do trigo hexapldide
(Rayburn & Gill, 1986), a pScl19.2, isolada de centeio que especialmente
hibridiza com cromossomos do genoma B (Mcintyre et al., 1990) e a sequéncia
satélite GAA (Dennis et al., 1980) que hibridiza em 16 pares de cromossomos,
revelando o mesmo padrdo de heterocromatina na técnica de bandeamento N
(Pedersen et al., 1996). Apesar de muitos bragos cromossdémicos do trigo

permanecerem sem qualquer marca de hibridizacdo, usando uma combinacao

31



destas trés sondas € possivel identificar todo o complemento cromossémico do
trigo hexaploide (Mukai et al., 1993; Pedersen & Langridge, 1997).
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2. OBJETIVOS

Este estudo faz parte de um projeto mais amplo, coordenado por
pesquisadores da EMBRAPA-Trigo, intitulado: “Desenvolvimento de estoques
citogenéticos de trigo para a identificacdo, caracterizacdo, mapeamento e
transferéncia de genes de resisténcia a ferrugem da folha”.

O objetivo geral do presente trabalho foi verificar a possibilidade de
transferéncia de genes de resisténcia a ferrugem da folha da espécie ancestral
Aegilops tauschii para o Triticum aestivum, através do uso de formas sintéticas de
trigo.

2.1. Objetivos especificos

Avaliar a resisténcia a ferrugem da folha de trigos sintéticos disponiveis no
banco de germoplasma da EMBRAPA-Trigo;

Realizar cruzamentos entre as formas sintéticas que apresentarem
resisténcia a ferrugem da folha com cultivares comerciais de trigo brasileiro;

Analisar a estabilidade meidtica dos trigos sintéticos selecionados, das
cultivares comerciais e de progénies F1, F2 e RC1F1 resultantes dos
cruzamentos;

Verificar a transferéncia da caracteristica de resisténcia ao longo das

geracOes avaliadas.
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Abstract

Aegilops tauschii Coss. has primarily been used as source of genes for leaf
rust resistance. Aiming to improve the resistance of cultivated wheat to this disease,
four synthetic hexaploids, developed from T. durum L. X Ae. tauschii, were crossed
with four Brazilian commercial wheat cultivars. Cytogenetical analyses were
performed aiming to evaluate the meiotic stability of the synthetic hexaploids,
cultivars and their F1, F2 and BC1F1 progenies. Meiotic indices (MI) varying from
85.1 to 94.1 indicated a relatively high cytological stability of the cultivars. Three
synthetic forms presented MI varying from 78.2 to 80.6, indicating quite regular
meiotic behavior. The fourth synthetic form presented statistically lower Ml (40.4).
Meiosis was studied in detail in some plants, showing that univalents and laggards
were the causes of micronuclei formation. The frequency of viable pollen grains
varied from 90.4 to 94.0% for T. aestivum cultivars and from 79.9 to 92.0% for
synthetic forms. As in the case of MI, the comparison between general means
showed that the frequencies of viable pollen grains are statistically higher in cultivars
than in synthetic forms. The effect of cross combinations as well as generations on
the MI and pollen viability was highly significant. However, in pollen viability,
statistical analysis showed that interaction between cross combinations and
generations, as well as their simple effects were significant. A tendency was clear in
pollen viability and MI data, with crosses involving CD104 cultivar showing up
repeatedly with higher means. On the other hand, combinations including BRS120
cultivar appear with the lowest means. The responses to the Puccinia triticina SPJ-
RS race were evaluated over generations. Eight genotype combinations exhibited

leaf rust resistance in all generations. Results confirm that Ae. tauschii can be used
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as a valuable genetic source for improving leaf rust resistance in wheat cultivars,
using synthetic hexaploid lines as a bridge.
Introduction

The 21 pairs of hexaploid wheat (Triticum aestivum L. em Thell, 2n=6X=42)
chromosomes are classified in three genomes, A, B and D. These genomes
represent the sets of chromosomes combined together from three distinct diploid
species during the evolution of wheat (Kimber, 1974; Dvorak, 1988 and Dvorak et al.
1993). Nowadays, although the B genome donor is still uncertain, genomes A and D
are derived from T. urartu Tum. ex. Gandil. (Dvorak, 1988 and Dvorak et al. 1993)
and Aegilops tauschii Coss. (McFadden & Sears, 1946), respectively. Triticum
speltoides Tausch. has been proposed as the donor of the B genome (Riley et al.,
1958; Dvorak & Zhang, 1990; Dvorak, 1998).

Ongoing crop cultivar improvement depends on a continued supply of genetic
variability. This is most easily accessed from the primary gene pools of a particular
crop. However, even though some 25,000 cultivars of wheat are available, variability
from some traits such as resistance to various diseases does not exist in wheat
(Fedak, 1998).

One well recognized means by which to increase the wheat gene pool is to
introduce genes from wild related species. These species possess many identified
agronomically favorable characteristics not readily found in the wheat (Feldman &
Sears, 1981; Sharma & Gill, 1983). Aegilops tauschii may be the most useful of the
many related species for improvement of wheat. The D genome demonstrates an
unparalleled wealth of genetic diversity for several biotic and abiotic stresses

(Mujeeb-Kazi & Rajaram, 2002).
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Desirable genetic variation can be transferred from Ae. tauschii to T. aestivum
via direct crosses (e.g. Gill & Raupp, 1987) or by synthesizing an allohexaploid of Ae.
tauschii and tetraploid T. turgidum (e.g. Dyck & Kerber, 1970; Joppa et al., 1980 and
Eastwood et al, 1991) or T. durum (Moraes-Fernandes et al., 2000). Synthetic
hexaploid wheat, produced by crossing durum wheat (2n=4X=28, AB genomes) with
Ae. tauschii (2n=2X=14, DD genome) has been used as an intermediary for
transferring resistance genes from the wild ancestor to cultivated wheat. The
synthetic bridge is advantageous for wheat improvement, since it allows not only the
T. tauschii resistance to be exploited but also incorporates the genetic diversity of the
A and B genomes of the durum wheat. In addition, gene transfer is facilitated using
an artificial amphiploid as a bridge since the species with the same ploidy level
present a better crossing compatibility.

Leaf rust of wheat, caused by Puccinia triticina, is an important disease that
limits production in many nontraditional hot, humid, wheat producing areas around
the world (Roelfs et al., 1992). Since this is a major disease, chemical control is
applied in order to achieve crop production stability. Emphasis is also being given to
an integrated pest management approach utilizing resistant cultivars. Though
breeding for resistance is a high priority, it is hampered because there is insufficient
resistance in T. aestivum.

The development of synthetic amphiploids is a strategy chosen by the
EMBRAPA Trigo breeding program to transfer disease resistance, particularly to leaf
rust, from Ae. tauschii to bread wheat. Genes conferring seedling rust resistance
have been detected in the synthetic hexaploid derived from resistant Ae. tauschii

accesses (Kerber & Dyck, 1969; Mujeeb-Kazi, 2001).
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Four synthetic allohexaploid wheats developed by EMBRAPA Trigo from
different T. durum cultivars and leaf rust resistant accessions of Ae. tauschii
maintained the resistance expressed in the diploid parent. In the present work, the
synthetic wheats were crossed with four Brazilian commercial wheat cultivars. F1, F2
and BC1F1 progenies were obtained from each cross combination. Cytogenetics
analyses were performed aiming to evaluate the meiotic stability and pollen viability
of the synthetic hexaploid, bread wheat cultivars and their progenies. The potential of
synthetic hexaploid as a source of leaf rust resistance was evaluated by their
maintenance over generations.

Material and methods

The synthetic hexaploids were obtained following the protocol described by
Moraes-Fernandes et al. (2000). Briefly, cultivars of T. durum were used as the
female parent and Ae. tauschii as the male parent. The female plants were
emasculated when pollen grains in the anthers were still immature and pollinated
with Ae. tauschii pollen. Embryo rescue for in vitro culture was done 14 days after
pollination of the flowers to avoid endosperm degeneration. The in vitro-regenerated
green plantlets were pre-treated for chromosome counting. After acclimatization in
growth chamber, the plants were treated with 0.025% colchicine for chromosome
duplication. The fully homozygous duplicated genotypes were identified as new
synthetic lines.

The cytogenetical analysis included: four leaf rust resistant synthetic
hexaploids (PF 844005, PF964001, PF964004 and PF964009), four susceptible
Brazilian wheat cultivars (BRS Angico, BRS 120, BRS 209 and CD 104), and sixteen
lines derived from crosses between Synthetics X Cultivars. The F1 hybrids were

advanced to F2 and BC1F1 generations. The F2 generation was ensured by F1 self
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pollination assured by spike bagging. The BC1F1 generation was produced by
manual emasculation of flowers. Pollination was performed three days later using
freshly dehiscent anthers from pollen donor parent. Since most of the seeds
developed with normal embryo and endosperm, embryo rescue and in vitro culture
were not required, and seeds were harvested at maturity. Plants were grown in
greenhouses at Centro Nacional de Pesquisa de Trigo — EMBRAPA, Passo Fundo,
Rio Grande do Sul, Brazil.

At the appropriate stage, spikes were harvested and fixed in Carnoy’s fluid (3
alcohol : 1 acetic acid - v/v) for 24 h and stored in a freezer. Anthers were squashed
in a drop of 0.6% propionic carmine on glass slides and sealed under cover slip with
bee’s wax. The meiotic index was based on the percentage of normal quartets (Love,
1951). Ten plants of each genotype were used, and around of 200 tetrads were
recorded per plant. Meiosis was studied in some plants in order to determine the
possible reasons for the irregularities found in the quartets. Pollen stainability was
used to indicate pollen viability. The stainability by propionic carmine was determined
using samples consisting of 500 pollen grains per plant. Ten plants were analyzed
per genotype. Slides were examined and documented with a Zeiss-Axioplan
Universal photomicroscope.

Aiming to select resistant synthetic genotypes to be included in the present
work, 11 hexaploid synthetic lines from the EMBRAPA Trigo Germplasm Bank were
evaluated for leaf rust reactions. Four of them presented resistance and were
crossed with susceptible Brazilian wheat cultivars. A subsequent experiment was
carried out to evaluate T. aestivum cultivars, hexaploid synthetics and their F1, F2
and BC1F1 progenies, in order to verify whether leaf rust resistance was transferred

through generations.
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To evaluate the leaf rust resistance over generations, young leaves at 7 days
of parental genotypes and their progenies (F1, F2 and BC1F1) were sprayed with
SPJ-RS race uredospores of Puccinia triticina (Long & Kolmer, 1989), which was first
detected in Brazil in 2002 and had a broader range of virulence at that time (Chaves
& Barcellos, 2006). After one week, disease was evaluated based on type of infection
according to Roelfs et al. (1992).

Statistical analysis was performed using ANOVA techniques for meiotic
indices and pollen viability frequencies. The means were compared by Tukey test.
The correlation between meiotic indices and pollen viability data was analyzed by t-

test.

Results and discussion

Meiotic Index

The microspore tetrad stage has been used, either by itself or combined with
other stages, as evidence of meiotic stability. Thus, observations of this stage can
give an indication of the cytological state in materials which show promise in a
breeding program. If lagging chromosomes or fragments are left in the cytoplasm at
the end of the second meiotic division, they may form micronuclei (Figure 1G and
1H), which are most accurately recorded before the microspores separate from the
tetrads. Love (1951) used the percentage of normal tetrads (those without
micronuclei) which he termed the “meiotic index” as evidence of meiotic regularity.
He considered that a meiotic index of 90 to 100 represented cytological stability,
whereas values below 90 could lead to difficulties in plant breeding programs.

However, the particular meiotic index selected can vary depending on the status of
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the breeding material, as shown for lines derived from hybrids (Morris & Sears,
1967).

The results of the meiotic indices determined for the four Brazilian wheat
cultivars and the four synthetic hexaploids are summarized in Table 1. In the
cultivars, the meiotic index varied from 85.1 to 94.1, indicating relatively high
cytological stability. No statistical differences were detected among cultivars. Overall,
the percentage of plants with a meiotic index of less than 90 was 15%. Previous
studies of Brazilian cultivars described a broad variation in meiotic index among the
cultivars and in some cases within specific cultivars. Eight out of 19 varieties
analyzed by Love (1951) presented all plants with meiotic indices higher than 90. Del
Duca & Moraes-Fernandes (1980) found that just two out of 17 cultivars had all
plants with meiotic indices greater than 90. Considering all cultivars, the percentage
of plants with a meiotic index of less than 90 was 33% and 32% in Love’s and Del
Duca & Moraes-Fernandes’s studies, respectively.

Three out of the four synthetic forms analyzed presented relatively high
meiotic indices, indicating quite regular meiotic behavior. On the other hand, the
meiotic index of PF844005 was statistically lower (P<0.01, Table 1). We do not know
any previous results in synthetic wheats which we could compare to our findings
about the meiotic index. As expected, comparing overall means, the meiotic index

was statistically lower in synthetic forms than in T. aestivum cultivars (P<0.01).

Meiotic Behaviour
Previous studies of Brazilian wheat cultivars showed that micronuclei in
tetrads result from two major types of meiotic abnormalities: 1) failure of pairing which

lead to lagging univalents; and 2) lagging bivalents at anaphase | (Love, 1951).
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Aiming to investigate the causes for micronuclei formation in tetrads, meiosis was
studied in detail in some plants (Table 2; Figure 1). In the cultivars as well as in the
synthetics, the irregularity observed at metaphase | (MI) was the presence of
univalents (from 2 to 6; Figure 1A). The results presented here, for BRS Angico and
BRS209 cultivars, are similar to those of previous studies in other wheat cultivars.
The frequency of MI cells with univalents was usually within a range of 1 to 10%, with
variations among cultivars (Riley & Kimber, 1961; Morris & Sears, 1967; Bodanese-
Zanettini et al., 1983). Considering the synthetic forms the frequency of Ml cells with
univalents was 4.3 and 29.4% for PF964009 and PF844005, respectively. The latter
value is in agreement with results recorded in other studies on synthetics.
Frequencies varying from 20.8 to 48.0% were reported for synthetic hexaploid
wheats by Tabushi (1957, 1969) and Sasakuma & Kihara (1981). In contrast,
PF964009 had a low frequency of MI cells with univalents (4.3%). These data
corroborate those obtained through tetrad analysis since PF844005 and PF964009
presented the lowest and the highest meiotic index, respectively (Table 1).

The abnormalities observed at anaphase | (Al), presented in Table 2 included
unequal segregation (Figure 1B), laggards (bivalents, Figure 1C; univalents, Figure
1D; and chromatids, Figure 1E) and bridges (Figure 1F). In the wheat cultivars and in
the synthetic PF964009, the most frequent abnormalities were unequal segregation
and bivalent laggards. In addition to these two irregularities, the synthetic PF844005
presented a high incidence of other aberrations, especially univalent and chromatid
laggards. The high frequency of laggards was expected owing to the high frequency

of univalents at MI described in this genotype.
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Pollen Viability

Propionic carmine staining is a currently used method for evaluating pollen
quality since it is correlated with pollen germinability (Heslop-Harrison et al, 1984;
Trognitz, 1991). The stainability of pollen grains (viable and inviable) by propionic
carmine is presented in Figure 11.

The frequency of viable pollen grains varied from 90.4 to 94.0% for wheat
cultivars (Table 1). Differences among wheat cultivars were not statistically significant
at =0.01. Scarce data on pollen viability of wheat cultivars are available in literature.
Sereno et al. (1981) reported a viable pollen frequency of 94.5% on the
“Cinquentenario” Brazilian cultivar.

Three synthetic forms exhibited pollen viability of around 80.0%, while
PF964009 presented a corresponding value of 92.0%. However, the differences
among means were not significant at «=0.01. The frequencies of viable pollen
recorded in the present study are within the range (77.3 to 98.7%) reported in
previous studies of synthetic wheats (Kihara et al., 1957; Tabushi, 1969; Sasakuma
& Kihara, 1981.

As in the case of meiotic index, the comparison between general means
showed that the frequencies of viable pollen grains are statistically higher in T.

aestivum cultivars than in synthetic forms (P<0.01).

Cross Combination Analysis

Crosses involving four Brazilian wheat cultivars and four synthetic forms
resulted in 16 genotype combinations. Two of them (PF844005 X BRS 209 and
PF964001 X BRS 209) presented severe hybrid necrosis at F1 generation. The

remaining 14 hybrids were evaluated at F1, F2 and BC1F1 generations. Hybrid
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necrosis is the gradual premature death of leaves or plants in certain F1 wheat
hybrids, and it is caused by the interaction of two dominant complementary genes
Nel and Ne2 (Hermsen, 1963). The same author mentioned that all tetraploid
Triticum species carry the Nel gene. The presence of Ne2 gene was identified in

BRS209 and CD104 T. aestivum wheat cultivars (Sousa, 2002).

Meiotic Index

The simple effect of different cross combinations as well as different
generations on the meiotic index was highly significant (P<0.01, Table 3).

Among the tested combinations, BRSAngico X PF844005 and BRS120 X
PF844005 presented the lowest meiotic indices (Table 4). The higher frequencies of
irregularities observed in these combinations can be accounted by the irregular
meiotic behavior of the synthetic parent (Table 2), that resulted in the lowest meiotic
index among synthetic forms (Table 1). The irregularities present in a parent can lead
to production of irregular progenies. Moraes-Fernandes et al. (1984) reported a
significant correlation between data obtained for mother plants when compared with
means obtained for each progeny on univalent occurrence (r=0.87; P<0.001).

Considering the overall means of analyzed generations, the F1 meiotic index
(72.7) was significantly lower (P<0.01) than those obtained for F2 (80.4) and BC1F1

(82.3).

Pollen Viability

Statistical analysis showed that interaction between cross combinations and

generations, as well as their simple effects were significant (P<0.01, Table 3).
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Comparing means among generations within each cross combination,
significant differences were detected in three (BRSAngico X PF844005; BRSAnNgico
X PF964009 and BRS120 X PF964009) of the 14 cross combinations analyzed. In all
of them, F2 showed significantly higher pollen viability than F1 and BC1F1
generations (data not shown). Similar results were obtained by Tabushi (1956)
analyzing crosses between synthetic hexaploids and wheat cultivars. F1 generation
presented 80% of pollen viability, while in F2 the frequency of viable pollen varied
from 90.4 to 97.2%.

The comparison of cross combination means within each generation is
presented in Table 5. Statistically significant differences among cross combinations
were detected within F1 and BC1F1 generations. Clear trends were evident for the
three sets of generation data, with crosses involving CD104 T. aestivum cultivar
showing up consistently with higher means. On the other hand, combinations
including BRS120 cultivar appeared with the lowest means. The same tendency was
observed for meiotic indices data (Table 4). These results can be corroborated by a
correlation detected between meiotic index and pollen viability data at o=0.05,

although the correlation index (r=0.32) is considered low.

Leaf rust resistance

Results of leaf rust reactions confirmed the resistance and susceptibility of
synthetic and cultivated genotypes, respectively. The progenies data are presented
in Table 6. Eight out of 14 genotype combinations analyzed exhibit resistance to the
Puccinia triticina SPJ-RS race in all generations.

In an attempt to identify the best genotype combinations, the data on meiotic

index, pollen viability and leaf rust resistance were plotted together (Figure 2).
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Although the statistical analysis had not clearly discriminated the genotype
combinations (Tables 4 and 5), the progenies obtained from CD104 X PF964004,
CD104 X PF964009 and BRSAngico X PF964004 crosses showed leaf rust
resistance and presented the highest meiotic stability. Thus, it would be advisable to
give special attention to the genotype combinations that are in the next steps of the
wheat breeding program. Concluding, results reported in the present work indicate
that Ae. tauschii can be used as a valuable genetic source for improving leaf rust
resistance in commercial wheat cultivars, using synthetic hexaploid lines as a bridge.

Similar findings were obtained by Davoyan et al. (1998).
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Table 1: Meiotic indices and pollen viability in Brazilian wheat cultivars and synthetic

forms included in breeding program.

Meiotic Indices Pollen Viability
No. of % normal No. of pollen % viable
Genotype tetrads (range) P>F grains (range) P>F
86.7 a 934 a
T. aestivum BRS Angico | 2000 (74.5-91.5) |0.38451 5000 (89.2-96.8) | 0.0162

85.1a 90.4 a

T. aestivum BRS 120 2000 (41.5-95.5) 5000 (86.8-94.8)
90.0a 94.0a

T. aestivum BRS 209 2000 (70.0-96.0) 5000 (90.0-97.4)
94.1a 93.0a

T. aestivum CD 104 2000 (86.0-95.5) 5000 (90.0-95.8)
Total T. aestivum 89.0 A 92.7 A
404 a 859a

Synthetic PF844005 1669 (15.0-83.0) | 0.00052 5000 (79.8-91.0) |0.00662

78.2b 799 a

Synthetic PF964001 1733 (42.9-95.0) 5000 (55.0-92.2)
78.8b 80.0a

Synthetic PF964004 2000 (66.0-88.5) 5000 (63.4-95.2)
80.6b 92.0a

Synthetic PF964009 1546 (67.5-92.0) 5000 (86.8-96.6)
Total Synthetic 69.5B 84.5B

Small letters to the right of means correspond to the comparison of means within T.

aestivum cultivars and within synthetic forms.

Capital letters to the right of means correspond to the comparison among general

means of T. aestivum X Synthetic forms.

Means accompanied by the same letter are not significantly different (¢=0.01)
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Table 2: Frequency (in percentage) of pollen mother cells showing meiotic

irregularities in bread wheat cultivars and synthetic forms.

Wheat Cultivars Synthetic Forms
BRS Angico | BRS 209 | PF844005 | PF964009
No. plants 8 11 5 16
No. cells in Ml 33 37 34 46
Univalents 9.1% 10.9% 29.4% 4.3%
No. cells in Al 75 45 35 40
Unequal segregation 5.3% 4.4% 5.7% 5.0%
Bivalent Laggards 8.0% 8.9% 11.4% 2.5%
Univalent Laggards 0 0 11.4% 0
Chromatid Laggars 4% 0 17.1% 0
Bridges 0 0 5.7% 0
Total abnormalities at Al 17.3% 13.3% 51.4% 7.5%
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Table 3: Analysis of variance for meiotic index and pollen viability frequencies of

hybrid genotypes (T. aestivum X Synthetic).

Meiotic Index Pollen Viability
Sour.ce.s of of Mean P>E df Mean P>E

Variation Square Square
Combination 13 851.208 0.00001 13 1490.323 | 0.00001
Generation 2 1424.804 0.0026 2 1300.562 | 0.00005
Comb. X Gener. 26 176.766 0.22633 210 377.141 0.00001
Error 126 | 144.074 210 103.142
CV (%) - 15.295 - 12.678
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Table 4: Meiotic index means of all genotype combinations.

Combinations (gzsg:)

CD104 X PF964001 (6? _2'%?_5)
CD104 X PF844005 (5825_9?9%?5)
BRSAngico X PF964004 (7%%7&'_30)
CD104 X PF964009 (5882_5?92?0)
CD104 X PF964004 (6%?b‘fgﬁ?5)
BRSANgico X PF964001 (6%2_5‘f£'_35)
BRSANgico X PF964009 (6%12..51—55%?5)
BRS120 X PF964009 (5%1_ﬁ9A5E_;5)
BRS209 X PF964009 (2‘;'_‘;2\_ E)

BRS209 X PF964004 (57;'799A7E_;0)
BRS120 X PF964001 (3?'3‘@?0)
BRS120 X PF964004 (g'f};‘g_g‘?_‘;)
BRSANgico X PF844005 (6657_'51_885?0)
BRS120 X PF844005 (2545_’(')?50(_:5)

Means accompanied by the same letter are not significantly different (¢=0.01)
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Table 5: Comparison among cross combinations within F1, F2 and BC1F1 generations on pollen viability frequencies.

Pollen Viability at F1 generation

Pollen Viability at F2 generation

Pollen Viability at BC1F1 generation

c . Means oL Means Cross combinations Means
ross combinations Cross combinations
(Range) (Range) (Range)
CD104 X PF964001 89.8 A CD104 X PF964009 92.1A CD104 X PF964001 958 A
(84.8-93.6) (88.8-98.0) (87.6-98.0)
CD104 X PF844005 88.5 AB CD104 X PF844005 90.3 A CD104 X PF844005 949 A
(65.0-97.4) (84.0-95.4) (91.4-98.6)
BRSAnNgico X PF964004 88.0 AB BRSAnNgico X PF964009 89.1 A CD104 X PF964009 946 A
(83.2-92.6) (561.2-97.0) (91.6-98.2)
BRS209 X PF964004 85.0 AB CD104 X PF964001 89.0 A CD104 X PF964004 92.1 AB
(77.0-91.0) (70.6-95.0) (85.0-94.2)
CD104 X PF964009 84.0 AB CD104 X PF964004 88.7 A BRSAnNgico X PF964004 85.8 AB
(57.4-92.6) (74.4-95.6) (79.2-92.6)
BRSAnNgico X PF964001 83.3 ABC | BRSAngico X PF844005 88.0 A BRSAnNgico X PF964001 83.0 AB
(565.2-95.2) (59.8-96.2) (58.6-93.6)
CD104 X PF964004 81.1 ABC | BRSAngico X PF964004 87.5A BRS120 X PF964004 81.3 ABC
(57.0-91.6) (64.6-98.0) (67.8-91.6)
BRS209 X PF964009 76.6 ABC | BRSAnNgico X PF964001 86.1 A BRSAnNgico X PF844005 80.7 ABC
(67.4-94.6) (58.4-96.2) (61.4-92.4)
BRS120 X PF844005 73.6 ABC | BRS120 X PF964009 84.8 A BRS209 X PF964009 79.0 ABC
(70.0-85.4) (57.4-97.4) (63.8-92.6)
BRS120 X PF964004 71.2 ABCD | BRS120 X PF844005 78.3 A BRS209 X PF964004 77.0 ABC
(54.4-85.2) (54.4-93.4) (51.0-97.0)
BRSAnNgico X PF844005 69.8 ABCD | BRS120 X PF964001 78.0 A BRS120 X PF964001 76.8 ABC
(62.2-87.4) (47.4-87.2) (50.0-88.8)
BRSAnNgico X PF964009 66.2 BCD | BRS209 X PF964009 779 A BRS120 X PF844005 70.8 BC
(55.6-87.6) (45.8-97.4) (50.4-78.4)
BRS120 X PF964001 61.3CD BRS209 X PF964004 75.8 A BRSAnNgico X PF964009 60.2 CD
(25.0-78.2) (48.2-90.6) (47.4-71.2)
BRS120 X PF964009 50.3E BRS120 X PF964004 73.0A BRS120 X PF964009 449D
(33.4-67.4) (49.2-84.6) (31.2-63.4)

Means accompanied by the same letter within generations (columns) are not significantly different (¢=0.01).
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Table 6: Leaf rust reactions of F1, F2 and BC1F1 generations.

Cross Combination F1 generation | F2 generation | BC1F1Generation
BRSAnNgico x PF844005 R R R
BRAnNgico x PF964001 R R R
BRSAnNgico x PF964004 R R R
BRSAnNgico x PF964009 R R S
BRS120 x PF844005 R R R
BRS120 x PF964001 R R S
BRS120 x PF964004 R R S
BRS120 x PF964009 R R R
BRS209 x PF844005 S T T
BRS209 x PF964001 S T T
BRS209 x PF964004 R S R
BRS209 x PF964009 R R R
CD104 x PF844005 S S S
CD104 x PF964001 R S S
CD104 x PF964004 R R R
CD104 x PF964009 R R R

S = susceptible; R = resistant; + = Hybrid necrosis




Figure 1: Types of meiotic abnormalities observed in wheat cultivars and synthetic
forms (A) Univalents; (B) Unequal segregation (19/23); (C) Laggard bivalent; (D)
Laggard univalent; (E) Laggard chromatids; (F) Bridge; (G) Tetrad with
micronucleous; (H) Tetrad with microcyte; (I) viable (v) and inviable (i) pollen

grains. Bars=10um
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Figure 2: Graphical representation of meiotic stability in F1, F2 and BC1F1

generations of resistant genotype combinations. More stable combinations in all

generations are encircled. Symbols: = BRSAngico X PF844005;
B = BRSAngico X PF964001; A = BRSAngico X PF964004;
X = BRS120 X PF844005; * = BRS120 X PF964009; ® = BRS209 X PF964009;

+ =CD104 X PF964004; - = CD104 X PF964009.
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ABSTRACT

Many species show a strong positive correlation between pollen size and ploidy level.
However, differences in pollen size among species with different ploidy levels have
not been described in Triticum. In this study, pollen grain size was examined in
diploid (2n=2X=14, Aegilops tauschii = T. tauschii, one accession), tetraploid
(2n=4X=28, T. durum, four commercial varieties), and hexaploid (2n=6X=42, T.
aestivum, four Brazilian cultivars, and synthetic forms, four accessions) levels. The
pollen grains with the smallest diameter (39.14 um) were found in Ae. tauschii, the
diploid species. The largest pollen grains (55.82 to 59.87 um) were found in the
hexaploids T. aestivum and synthetic forms. Intermediate values were observed in
tetraploid accesses of T. durum (46.57 to 47.64 uym). The mean diameter of viable
grains was significantly larger than those of inviable grains for all the studied
genotypes. The significant differences found in pollen diameter could allow the use of
particle counters to obtain a rapid estimate of ploidy level and pollen viability in
Triticum.

KEY-WORDS

Poaceae - synthetic wheat - Triticeae
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INTRODUCTION

Wheat species form a classical polyploid series consisting of a hexaploid,
tetraploid and diploid levels. The hexaploid Triticum aestivum L. em Thell (genome
AABBDD) is one of the most important crops worldwide. It was originated via
hybridization of tetraploid wheat T. turgidum (genome AABB) with the diploid
goatgrass Aegilops tauschii (= T. tauschii, genome DD) — for revision see Gill &
Friebe (2002). T. durum is a tetraploid wheat (genome AABB) used as a commercial
durum wheat.

Pollen biology has been a topic of much interest for many years to a large
extent because of its implications for plant breeding (Johansen & Bothmer, 1994).
However, general information on cereal pollen, the economically most important plant
group, is still somewhat fragmentary, especially in more applied areas.

Several studies about pollen development and formation have been carried
out for many years (for revision see Lersten, in Heyne, 1987). However, as far as we
know, no differences in pollen size between species of different ploidy levels were
described in Triticum.

It has been shown that there is a strong correlation of ploidy levels with
morphometric parameters such as stomata density, branching pattern of trichomes or
size of pollen grain (Speckmann, Post Jr. & Dijkstra, 1965; Borrino & Powell, 1988).

Pollen size is generally influenced by internal and external factors (genetical
and environmental). Many species show a strong positive correlation between pollen
size and the number of chromosomes or the ploidy level. Differences in pollen size
between diploid and polyploid species are well know for the following genera:
Bouteloua (Kapadia & Gould, 1964), Hordeum (Johansen & Bothmer, 1994), Avena

(Katsiotis & Forsberg, 1995), Rosa (Jacob & Pierret, 2000), Brunnera (Bigazzi &
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Selvi, 2001), Arabis (Koch, Dobes & Michell-Olds., 2003), Hylocereus (Tel-Zur et

al., 2003) and Medicago (Haas & Bingham, 2004).

Pollen quality is often equated to pollen viability, i.e., the proportion of viable
pollen grains. Although viability can be measured by several methods (Alexander,
1980 and Heslop-Harrison, Heslop-Harrison & Shivanna, 1984), most of them are
based on the counting of different types of pollen grains according to stainability
reaction. While this approach can yield highly repeatable estimations of pollen
viability, it is labor-intensive. Electronic particle counters provide an alternative to
direct counts (Kelly, Rasch & Kalisz, 2002). However, this tool can be used to
estimate the total number of pollen grains produced by a flower but not to distinguish
stained and unstained grains.

This study presents data on pollen measures in Triticum species. Cytological
analysis was performed in attempt to associate the pollen size to the ploidy level and

pollen viability.

MATERIAL AND METHODS

The following taxa were used in this study: Aegilops tauschii (2n=2X=14, one
accession), T. durum (2n=4X=28, four commercial varieties), T. aestivum (2n=6X=42,
four Brazilian cultivars) and synthetic forms of wheat (2n=6X=42, four accessions).
For details see table 1. The synthetic wheat genotypes were obtained from crosses
between T. durum X Ae. tauschii. Accesses of T. durum were used as female parent
and Ae. tauschii as male parent. The female plants were emasculated when pollen
grains in the anthers were still immature and were pollinated with Ae. tauschii pollen
several times to increase probability of successful fertilization. Embryo rescue for in

vitro culture was done 14 days after pollination of the flowers to avoid endosperm
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degeneration. The in vitro- regenerated green plantlets were pre-treated for

chromosome counting and after acclimatizing in growth chamber, were then treated
with 0.025% colchicine for chromosome duplication. The seeds of the fully
homozygous duplicated genotypes were increased for identified as new lines
(Moraes-Fernandes et al., 2000). Plants were grown in greenhouses or in growth
chambers (21/18°C, 14/7 L/D) at Centro Nacional de Pesquisa de Trigo —
EMBRAPA, Passo Fundo, Rio Grande do Sul, Brazil.

Spikes with mature pollen grains were collected and fixed in Carnoy (alcohol
3:1 acetic acid). For microscopic analysis, the pollen grains released from the anthers
were stained with propionic-carmine (figure 1a). Ten plants from each genotype were
analyzed. The diameter of 10 stained and 10 unstained pollen grains was measured
(figure 1b) for each plant. The pollen diameter was determined with measurement
eyepieces. Photomicrographs were taken with a Zeiss-Axioplan Universal
microscope.

Statistical analysis was performed using analysis of variance on the diameter
of pollen and means were compared by Tukey test. Taxa were not included as a

source of variation.

RESULTS AND DISCUSSION
Association between pollen size and ploidy level

The data on pollen grains diameter of different genotypes are presented in
Table 1. The frequency distributions of pollen diameter for Ae. tauschii, T.durum, T.
aestivum and synthetic forms are presented in figure 2a.

The Triticum genotypes analyzed showed a wide intrageneric variation in

pollen size, as shown in figure 1c-f. On the other hand the pollen grain size was
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quite uniform for each species. The smallest pollen grains (39.14 ym) were found in

Ae. tauschii, the diploid species. The largest pollen grains (565.82 to 59.87 ym) were
found in the hexaploids T. aestivum and synthetic forms. Intermediate values were
observed in tetraploid accesses of T. durum (46.57 to 47.64 pm). Significant
differences in pollen size were detected among species (P<0.001). These results
confirmed the association between pollen size and ploidy level in Triticum as
demonstrated for other genera (Kapadia & Gould, 1964; Johansen & Bothmer, 1994;
Katsiotis & Forsberg, 1995; Jacob & Pierret, 2000; Bigazzi & Selvi, 2001; Koch et al.,
2003; Tel-Zur et al., 2003; Haas & Bingham, 2004). The association between pollen
size and ploidy level would allow pollen grains to be used to diagnose the ploidy level
by flow citometry much faster and easier than chromosomal analysis (Kelly et al.,
2002).

Polyploid populations show considerable ecological, morphological and
genetic differences compared to their corresponding diploids. Although a higher
ploidy number has been associate with larger pollen (Muller, 1979), according to
Stebbins (1971) this correlation is only consistent for autopolyploids. However,
Johansen & Bothmer (1994) and Katsiotis & Forsberg (1995) found such a
correlation for Hordeum and Avena allopolyploid series, respectively. Our results
indicate that the association is also consistent for allopolyploid wheat species.

Based on algebra and geometry methods, Haas & Bingham (2004) proposed
a scale to predict pollen diameters for different ploidy levels of alfalfa species.
According to the authors, a normal pollen grain (n) corresponds to one unit of
diameter; 2n and 3n grains would present diameters corresponding to 1.26 and 1.44
units, respectively. Using the proposed scale and considering that a pollen grain (n)

of Ae. tauschii presented 39,14um diameter, the expected size for 2n and 3n grains
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would be 49.31uym and 56.36um , respectively. The predicted values are very

similar to those obtained for the pollen of tetraploid (47.01um) and hexaploid
(567.63um) wheat species analyzed in the present work.

Johansen & Bothmer (1994) observed that the increase in pollen grain
diameter in Hordeum species is partially due to the increased volume of the nucleus
in polyploid individuals. However, they explain that ploidy level alone does not
determine the absolute size of the individual pollen grain. According to the authors,
pollen grain size is also determined by at least one other factor, the breeding system.
As all Tritcum taxa included in the present study are inbreeding, the variation
observed is probably due only to ploidy level.

Association between pollen size and pollen viability

In the course of the cytological analysis, an apparent relationship was
observed between pollen size and viability (figure 1a). Aiming to investigate that
possible association, samples of unstained (inviable) pollen grains were also
analyzed. The mean diameter of viable grains was significantly larger than those of
inviable grains for all the studied genotypes. Data are presented in Table 2 and
Figure 2b — 2e.

Despite the slight overlapping of viable and inviable size distributions, it was
possible to identify a clear distinction between the two groups. Viable grains were
mostly larger than 36, 44 and 50um for Ae. tauschii, T. durum and T.
aestivum/synthetic forms, respectively.

Our results indicated that pollen diameter is a useful tool for a rapid pre-
screening of pollen viability with particle counters by flow cytometry. This purpose is
based on the assumption that viable pollen grains would be included in the upper

count while inviable grains would be included primarily in the lower count. Similar
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results were reported for Mimulus guttatus and Collinsia verna pollen (Kelly et al.,

2002).
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Figure 1: Pollen grains in Triticum species. a) viable (v) and inviable (i) grains; b)
measurement of pollen diameter; c) Aegilops tauschii (=T. tauschii); d) T. durum; e)
T. aestivum; f) Synthetic form. Bars=10 ym
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Figure 2: (a) Distribution of pollen size in Triticum species; (b), (c), (d) and
(e) distribution of pollen grain diameters for viable and inviable grains for Ae. tauschii
(b), T. durum (c); T. aestivum (d); and Synthetic forms (e).
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Table 1: Triticum species investigated. The accessions or cultivar names and
genome type are given for each species.
Taxa Genotypes |Genome Viable pollen size CV (%)
(Mm, mean valueszt sd)
Aegilops tauschii |NE 20195 |DD=2X= 14 39.14 "+ 1.85 4.73
Duilio AABB=4X=28 |46.58 °+2.68 5.74
Triticum durum Hércules AABB=4X=28 |46.73 Ei 3.23 6.92
Latinio AABB=4X=28 |47.08"+ 2.80 5.94
Peléo AABB=4X=28 [47.64°+3.93 8.25
BRS 120 AABBDD=6X=42 |55.82 “+ 1.84 3.30
Triticum aestivum CD 104 AABBDD=6X=42 | 56.67 gi 2.52 4.45
BRS Angico | AABBDD=6X=42 | 56.82 "+ 2.48 4.37
BRS 209 AABBDD=6X=42 |59.87 “+ 3.28 5.48
PF 964009 |AABBDD=6X=42[57.03 “+ 2.22 3.90
Synthetic PF844005 |AABBDD=6X=42[57.91°+ 3.28 5.67
PF 964004 |AABBDD=6X=42|58.73 “+ 4.77 8.17
PF 964001 |AABBDD=6X=42[58.51 %+ 2.77 4.73

Notes: Means followed by the same character are not significantly different (P<0.001)
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Table 2: Pollen grain diameter means for viable and inviable grains.

Mean values (um)

Mean values (um)

Taxa Viable pollen Inviable pollen
NE 20195 39.14° 30.43°
Duilio 46.58° 37.87°
Hércules 46.73° 40.88°
Latinio 47.08° 40.09°
Peléo 47.64° 37.55°
BRS 120 55.82° 43.62°
CD104 56.67 ° 44.59°
BRS Angico  |56.82° 43.60°
BRS 209 59.87 ° 44.85°
PF964009 57.03° 47.38°
PF844005 57.91° 47.07°
PF964004 58.73° 46.50°
PF964001 58.51° 46.98"°
General Mean |52.96 42 .42

Note: Comparison within taxa, between viable and inviable pollen. P<0.001
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Figure 1: Pollen grains in Triticum species. a) viable (v) and inviable (i) grains; b)
measurement of pollen diameter; c) Aegilops tauschii (=T. tauschii); d) T. durum; e) T.

aestivum; f) Synthetic form. Bars=10 pm K
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5. CONSIDERACOES FINAIS

Em paises como a Franca, Inglaterra, Canada, Alemanha, Austrdlia,
Estados Unidos, entre outros, a citogenética tem servido de base aos programas
de melhoramento, tanto através do mapeamento genético de caracteres, como da
transferéncia de genes desejaveis de espécies selvagens para o trigo comum.

Desde a primeira iniciativa da Secretaria de Agricultura do Estado do Rio
Grande do Sul ao convidar o Dr. Merton Love, pesquisador canadense, a realizar
estudos citogenéticos em trigos brasileiros (Love, 1951), a intencdo era a da
integracdo e utilizacdo de técnicas de citogenética em programas de
melhoramento nacionais. No entanto, apdés a sua partida, os estudos do
comportamento cromossémico com este objetivo nos materiais nacionais tiveram
pouca continuidade. Somente 22 anos mais tarde, a partir de 1973, a Dra. Maria
Irene Baggio criou no Departamento de Genética da UFRGS uma linha de
pesquisa em citogenética de trigo, tendo sido executadas quatro dissertacdes de
mestrado. Em 1975, com a transferéncia da Dra. Maria Irene para a EMBRAPA,
foi instalado o laboratério de citogenética no Centro Nacional de Pesquisa de
Trigo (CNPT) em Passo Fundo. Durante todo este periodo foi sendo acumulado
um volume de informacdes aprecidvel sobre a instabilidade cromossdémica e
adaptacéo de trigo cultivado no RS. Foram realizados sobretudo estudos visando
avaliar o papel do ambiente (com a determinacéo da influéncia de fatores bibticos
e abidticos) sobre esta elevada instabilidade cromoss6mica (revisdo em Moraes-
Fernandes et al., 1984). Numa cultura cujo produto econémico é a semente, é
fundamental a identificacdo dos fatores que acarretam altas taxas de
anormalidades. Para o trigo, uma meiose regular € de suma importancia para sua
adaptacdo e manutencdo da produtividade. Falhas no sistema reprodutivo, se
recorrentes, tenderiam a aumentar de tal modo as frequéncias de tipos aberrantes
gue descaracterizariam uma cultivar, sendo responsaveis por sua deterioracao.

Neste sentido, dentro de um amplo projeto proposto pela EMBRAPA Trigo,
0 presente estudo resultou da integragdo entre equipes de duas instituicbes
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publicas de pesquisa (EMBRAPA/UFRGS). As andlises citogenéticas realizadas
constituem subsidios para o programa de melhoramento genético do trigo.

Cruzamentos foram realizados visando a introgressdo de genes de
resisténcia a ferrugem da folha, sabidamente presentes em Ae. tauschii (Kerber &
Dyck, 1969; Moraes-Fernandes et al., 1980; Cox et. al.,1990; Dhaliwal et al.,
1993; Prestes et al., 1994) para o trigo comum. Para facilitar o pareamento dos
cromossomos e aumentar a eficiéncia da transferéncia dos genes de interesse,
foram usados como ponte os trigos sintéticos jA disponiveis no banco de
germoplasma da EMBRAPA. Dentre os 11 genotipos de trigo hexaploide sintético
ja disponiveis, desenvolvidos em estudos de anos anteriores (Moraes-Fernandes,
1985; Moraes-Fernandes et al. 2000; Ariano Moraes Prestes, comunicacao
pessoal) foram selecionados quatro que apresentavam resisténcia a ferrugem da
folha. Os sintéticos selecionados foram entdo cruzados com quatro cultivares elite
atuais e extremamente suscetiveis a esta enfermidade do trigo. Os estudos
citologicos das 16 combinagBes de gendtipos ao longo de trés geracdes (F1, F2 e
RC1F1) permitiram a indicagado de combina¢gdes mais promissoras.

A andlise da fertilidade das plantas oriundas de cruzamentos mediante a
determinacdo do indice meidtico e da viabilidade do pélen permite avaliar a
estabilidade meidtica das mesmas. Em funcdo do pareamento e permutas
cromossbmicas serem pré-requisitos a passagem de genes desejaveis de um
genoma a outro (Knott, 1989a), a analise de anormalidades do tipo microndcleos,
que decorrem de falhas de pareamento e segregacdo, permite avaliar as
probabilidades de transferéncia destes caracteres.

Estudos de reacdo ao patdégeno nas diferentes combinacdes de
cruzamentos, e nas geracOes subseqiientes foram realizados a fim de avaliar a
relacdo entre a transferéncia da caracteristica e a estabilidade meibtica. Tais
andlises permitiram a confirmacdo de que as combina¢cdes mais estaveis
citologicamente tinham maior probabilidade de transferéncia e manutencédo da
resisténcia ao longo das geracdes (artigo no capitulo 3).

Além dos obijetivos originais, que incluiam analises referentes a fertilidade
(estudo de pareamento e segregacao cromossémica, indice meidtico e viabilidade
do pélen) do material estudado, ao longo do desenvolvimento do projeto foram
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feitas algumas observacdes que levaram a coleta de dados ndo prevista no inicio
da investigacdo. Desde o principio da andlise da viabilidade do pdlen dos pais
utiizados nos cruzamentos que geraram 0s sintéticos, foi observada uma
substancial diferenca no tamanho dos graos de poélen, que aparentemente estaria
relacionada ao nivel de ploidia, isto considerando-se o nivel dipléide (Ae.
tauschii), tetraploide (T. durum) e hexapldide (T. aestivum e sintéticos). A revisao
bibliografica permitiu a verificacdo de que este era um padrdo comum para outras
séries polipléides dentro dos géneros Bouteloua (Kapadia & Gould, 1964),
Hordeum (Johansen & Bothmer, 1994), Avena (Katsiotis & Forsberg, 1995), Rosa
(Jacob & Pierret, 2000), Brunnera (Bigazzi & Selvi, 2001), Arabis (Koch et. al.,
2003), Hylocereus (Tel-Zur et al., 2003) e Medicago (Haas & Bingham, 2004).
Contudo, ndo foram encontradas na literatura referéncias descrevendo tal
associacao para as espécies do género Triticum. Os dados obtidos possibilitaram
a redacao de um artigo adicional (capitulo 4). Além da correlacdo entre tamanho
dos graos de pdlen e os niveis de ploidia, é relatado neste artigo que as
diferencas de tamanho detectadas entre grédos de poélen vidveis e inviaveis foram
significativas em todas as espécies estudadas. Estes dados permitiram a
sugestdo de técnica mais rapida e facil de determinacédo da viabilidade do pdlen
em espécies de Triticum, baseada no tamanho do grdo de pdlen, como ja
recomendado para Mimulus guttatus e Collinsia verna (Kelly et al., 2002).

Os dados coletados por meio de técnicas de citogenética convencional
constituiam o objetivo original do presente estudo, visando fornecer subsidios
para o programa de melhoramento da EMBRAPA Trigo envolvendo espécies
afins. No entanto, sabendo-se das vantagens de utilizar as técnicas mais recentes
de hibridizacdo in situ com fluorescéncia (FISH), foi proposta para a CAPES a
realizacdo de doutorado sanduiche, através do Programa de Doutorado com
Estagio no Exterior (PDEE). A identificagdo de genomas de trigo empregando
sondas tais como a pAsl, isolada de Aegilops squarrosa (=Ae. tauschii), que
identifica os cromossomos do genoma D do trigo hexaploide (Rayburn & Gill,
1986) e a pScl19.2, isolada de centeio, que hibridiza especialmente com
cromossomos do genoma B (Mclintyre et al., 1990) seria uma ferramenta adicional

nos estudos em desenvolvimento.
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A bolsa do PDEE da CAPES ofereceu a oportunidade de estagiar no
laboratorio de citogenética da Universidad de Alcala (UAH), Alcala de Henares,
Madrid, Espanha. O objetivo do estagio seria a andlise detalhada do pareamento
dos cromossomos da F1, F2 e RC1F1 dos cruzamentos incluidos no presente
estudo. A avaliacdo seria dirigida especialmente para as relacbes entre
cromossomos do genoma D do T. aestivum com aqueles do genoma D,
proveniente de Ae. tauschii, doador dos genes de interesse do estudo.

Além da aplicagdo prética no projeto em andamento, se ambicionava a
aprendizagem da técnica de FISH para posterior aplicacdo em demais projetos
em desenvolvimento no Departamento de Genética da UFRGS. No entanto,
devido a problemas relacionados a entraves burocraticos no envio do material
para a Espanha, todas as espigas jovens coletadas até aquele momento foram
perdidas. Possivelmente, condi¢des inadequadas de armazenagem e transporte
resultaram na degradacao dos cromossomos, impossibilitando qualquer analise.

A alternativa para que, pelo menos, fosse cumprido o objetivo de
aprendizagem da técnica de FISH, foi a minha integracdo a equipe executora de
um projeto ja em andamento da UAH, sob a coordenacdo da Dra. Angeles
Cuadrado. Tal projeto previa a saturacdo do mapeamento fisico do genoma do
trigo, com o estudo dos sitios de hibridacdo de sequéncias microssatélites
(SSRs). Durante o periodo de estagio foi estudada grande parte de todas as
combinacdes de sequéncias de di- e tri-nucleotideos possiveis e seus padrdes de
hibridacdo nos cromossomos, 0 que possibilitou a distincdo entre cromossomos
individuais dos diferentes genomas presentes no trigo hexapléide (T. aestivum cv.
Chinese Spring). Os resultados deste trabalho estdo incluidos em um artigo,
elaborado em conjunto com a equipe da UAH, que se encontra em anexo a esta
tese.

A aprendizagem da técnica da FISH possibilitard o auxilio na futura
implantacdo da mesma nos laboratérios, ja parcialmente equipados para tal fim,
no Departamento de Genética da UFRGS e na EMBRAPA Trigo. O emprego de
tal técnica como rotina em ambos laboratorios, certamente, trard beneficios tanto

ao estudo da genética basica bem como para fornecer subsidios ao programa de
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melhoramento de trigo, com possibilidade de perfeita integracdo em projetos ja
em andamento.

Os dados de citogenética basica ou mesmo de citogenética molecular
apresentados por este estudo demonstram mais uma vez que a citogenética pode
e deve ser usada como ferramenta de apoio em programas de melhoramento. As
técnicas mais recentes e acuradas de hibridizacao in situ, que permitem a perfeita
distingdo entre genomas e até mesmo de cromossomos individuais -
especialmente ap6s o trabalho com os microssatélites apresentados no anexo
desta tese - propiciardo a realizacdo de estudos mais detalhados da meiose em
cruzamentos interespecificos em trigo. Neste contexto, é desejavel a continuidade
de estudos com esta abordagem pela contribuicdo que podem oferecer ao

melhoramento genético de trigo.
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Abstract

In a previous work, we have reported the physical distribution of four simple
sequence repeats (SSRs) to Triticum aestivum chromosomes. The distinctive
distribution pattern found with (AG)12, (CAT)s, (AAC)s and (AAG)s suggests that
SSR in situ hybridization is useful as a diagnostic tool in wheat cytogenetics. To
check whether this finding is generally applicable, we analysed the
chromosome distribution of the rest of the fourteen possible classes of di- and
trinucleotide repeat by fluorescent in situ hybridisation (FISH). Based on the
hybridization signals detailed knowledge of the sequence content of hexaploid
wheat chromatin was acquired but also useful landmarks for chromosome
identification: (1) except for (AT)io and (GC)io that their chromosomal
distribution could not be accurately determined, the studied probes give a
characteristic and motif-dependent pattern of distribution in terms of their in situ
FISH signals; (2) with the exception of (AC)s and (GCC)s that was found
dispersed over the length of all wheat chromosomes the remaining repeats are
observed as clusters on specific chromosome sites; (3) as previously reported
for (AAG)s and (AAC)s, (AGG)s, (CAC)s, (ACG)s, (ATT)s, and (CAG)s, were
preferentially distributed in the pericentromeric regions of the B-genome
chromosomes. Several intercalary sites on some A, B and D genome
chromosomes make similar but not identical their patterns. (4) (ACT)s produces
a rich pattern of clear intercalary signals, as demonstrated for (AG);2 and
(CAT)s on some B genome chromosomes, but also in several A genome
chromosomes. The importance of SSRs in plant breeding and their possible

role in chromosome structure, function and evolution is discussed.

Key words: Triticum aestivum L. SSRs, FISH, dinucleotide repeats,

trinucleotide repeats, chromosome markers.
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Introduction

Hexaploid wheat (Triticum aestivum L., 2n=42) is made up of three genomes A,
B and D with seven pairs of homologous chromosomes per genome with a
similar morphology (Sears, 1952). A preliminary requirement and first step for
gene localization and understand genome structure, function and evolution of
an organism is the unambiguous discrimination of each of its chromosome
pairs. Moreover an important goal in crop improvement is to link genetic maps,
constructed with molecular markers, to the corresponding physical map. Since
the widespread adoption of fluorescent in situ hybridization (FISH) in plants, the
physical mapping of chromosomal markers has become a routine that
undoubtedly has revolutionised plant cytogenetic and genome research in
general. However, because technical difficulties still remain for physical
mapping of low and single copy sequences the marker sequences that can be
applied to identify plant chromosomes are mainly high-copy.

Wheat has a genome size of 177000 Mb (Bennett and Smith, 1976) that is
composed of up to 80% repetitive DNA (Smith and Flavell, 1975). However
most of the highly repeated DNA sequences cloned so far are (retro)
transposon-like sequences dispersed throughout the genome and hence not
suitable as chromosome markers (Muhiz et al., 2001). The tandemly repetitive
DNA sequences providing the best banding patterns by in situ hybridization to
wheat chromosomes include pAs1 isolated from Aegilops tauschii that identify
the D genome chromosomes of hexaploid wheat (Rayburn and Gill, 1986),
pSc119.2 isolated from rye (Mclntye et al. 1990) which hybridizes in particular
to B genome chromosomes, and the GAA-satellite sequence (Dennis et al.,
1980) that hybridize to 16 chromosome pairs revealing the heterochromatin that
is stained with the N-banding technique (Pedersen et al., 1996). Although many
wheat chromosome arms do not display any in situ mark, using a combination
of these three probes it is possible identify all the somatic chromosomes of
hexaploid wheat (Mukai et al., 1993; Pedersen and Langridge, 1997). However
since several morphologically similar chromosomes show quite similar
hybridization patterns, and the minor sites observed in many chromosomes are

only observed on high quality slides, its precise identification is difficult and their
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diagnostic value, based on the hybridization pattern, often depends on having
high quality metaphases with all chromosomes of a complement available for
comparison. Moreover since the available probes hybridize preferentially on the
B and D genome chromosomes, the remaining A chromosomes are poorly
characterized cytogenetically.

Meanwhile significant progress has been made in the last few years in
the sequence analysis of the whole wheat genome by combining different
strategies, (International Wheat Genome Sequencing Consortium, IWGSC,

http://www.wheatgenome.org), fewer advances have been made in the

saturation of the cytogenetic maps with chromosomes marked along all the
chromosome arms. These, are very useful for a precise characterization of
cytogenetic stocks (i.e., deletion, translocation, nullisomic-tetrasomic) that is of
great value in the physical mapping of wheat. It is now clear that simple
sequence repeats (SSRs) are major components of many plant genomes
including Triticeaes. In previous research we have examined the long-range
chromosomal organization and distribution of different SSRs in hexaploid wheat
and observed that each SSR motif has a characteristic chromosomal
distribution, apart from the dispersed overall signal (Cuadrado and
Schwarzacher, 1998). More recently, under optimum FISH conditions, we have
demonstrated that, beside the utility of the synthetic (AAG)s oligonucleotide to
detect the GAA-rich satellite sequences, the use of (AG)12, (AAC)s and (CAT)s
has proved useful as cytological markers for chromosome identification and to
understand chromatin organization in wheat (Cuadrado et al., 2000). Moreover,
recently we reported the utility of trinucleotide repeats SSRs as cytogenetic
landmarks to saturate the physical map of barley (Cuadrado and Jouve, 2007a).

In this paper we aim to increase the molecular chromosome markers of
wheat (Triticum aestivum L.) exploring the cytogenetic utility of all possible
classes of simple di- and trinucleotide oligonucleotide as synthetic probes in
FISH experiments. These are used to perform a detailed karyotype based on
the distribution of the motifs that provide the most informative chromosome
landmarks in cv. '‘Chinese Spring'.

Page 4 of 22
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Materials and methods

Chromosome preparation

Seeds of Triticum aestivum L cv. Chinese Spring (2n=42 AABBDD) were
germinated on moist filter paper for 24 h at 25°C. They were then maintained at
4°C for 72 h before being returned to a temperature of 25°C for 24 h in order to
synchronize cell divisions. Roots were excised and pre-treated in ice cold water
for 24 h before fixation in ethanol/acetic acid (3:1). Chromosome preparations
were made as described by Schwarzacher et al. (1989), using enzymatically
digested root tips prior to squashing the meristematic cells in a drop of 45%
acetic acid on clean microscope slides. After removal of the cover slips by

freezing, the slides were air dried.

Probes and labelling

All dinucleotide repeat sequences, except for homomeric dinucleotides, can be
grouped into four motifs representing the twelve overlapping and
complementary unit patterns. Likewise, just ten motifs represent the sixty
different trinucleotide combinations in different reading frames and in the
complementary strand (Jurka and Pethiyagoda 1995). Thus, to detect all
possible classes of di- and trinucleotide repeats four and ten synthetic
oligonucleotides were employed respectively: (AC)s; (AT)10, (GC)1o, (AG)12,
(AAC)s, (AAG)s, (AAT)s (AGG)s, (CAC)s, (CAT)s, (CAG)s, (ACT)s, (ACG)s, and
(GCC)s. All synthetic probes were labelled with digoxigenin-11-dUTP, (Roche)
biotin-16-dUTP (Sigma) and/or biotin-16-dGTP (Perking Elmer) using the
random primer technique, as described by Cuadrado et al. (2000). The plasmid
clones used to confirm chromosome identification (see below) were amplified
and labelled with digoxigenin-11-dUTP (Roche) or biotin-16-dUTP (Sigma)
using PCR with universal forward and reverse sequencing primers, 30 sec

annealing at 55 °C and 90 sec extension at 72 °C.

Fluorescence in situ hybridization
In situ hybridisation was performed as described by Cuadrado et al. (2000).



O o0 9 N N R WD =

W W W N NN NN NN NN DR e e e e e
N = O 0 0NN N R WD = O 0 0NN NN R WD = O

Theoretical and Applied Genetics

Cuadrado et al. SSRs in wheat

Briefly, air-dried, pre-treated slides were denatured at 75 °C for 10 min in 30 pl
of previously denatured hybridisation solution containing 50% formamide using
a programmable thermocycler. After hybridisation overnight at 37°C, the slides
were washed, essentially following the post-hybridisation washing process
described by Heslop-Harrison et al. (1991). 10 min in 20% formamide/0.1xSSC
at 42 °C was the highest stringency wash before the detection of biotin and
digoxigenin  with streptavidin-Cy3 and fluoresceinated anti-digoxigenin
respectively. Before chromosome observation, slides were stained with DAPI

(4", 6-diamidino-2-phenylindole).

Chromosome analyse
Slides were examined with a Zeiss Axiophot epifluorescence microscope. The
separate images from each filter set were captured using a cooled CCD camera
or photographed with Fuji Super G 400 ASA colour. The images were optimized
for best contrast and brightness with the Adobe Photoshop 6.0 program,
employing only the functions that are applied equally to all pixels in the image.
To identify or confirm signal-bearing chromosomes, two-colour FISH was
performed in successive FISH experiments, reprobing the same slide,
combining different synthetic oligonucleotides between them or with the cloned
probe pAs1 (Raybun and Gill., 1986). These allowed the identification of the

entire chromosome complement and permitted their orientation to be discerned.

Results

We used 14 synthetic oligonucleotides to analyse the physical localisation of
long clusters of all possible di- and trinucleotide repeats in metaphases of
hexaploid wheat (Fig. 1 and 2a). Chromosomes of the three genomes (A, B and
D) were identified individually after re-probing preparations with different marker
probes: pAs1, (AAG)s and (AAC)s, based on the previously described patterns
with these repetitive sequences (Mukai et al., 1993; Cuadrado et al., 2000) (Fig.
2b). Karyotype analysis was used to compare and characterize the physical
distribution of the synthetic probes that provide the most informative wheat

chromosome landmarks (Fig. 2c). The main results are shown in Table 1
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Two of 4 possible combinations of the dinucleotide repeats, (AT)1o and
(GC)10, did not show positive in situ signals. The AC probe produced a scattered
hybridization signal of different intensity over the length of all wheat
chromosomes interspersed between areas of low density that were detectable
as gaps (Fig.1a). On the other hand, the AG probe was found distributed in
several discrete sites on four B genome chromosomes, the previously reported
clusters on chromosomes arms: 3BS, 4BL, 5BS, and 5BL (Cuadrado et al.,
2000), but also on chromosome 6BS (Fig. 1b and 2c).

Ten synthetic oligonucleotides are enough to detect all the different
combination of non-homomeric trinucleotide repeats. All probes were detected
by in situ hybridization. The pattern of signal distribution and intensity were
different for all of them. The (GCC)s probe showed a dispersed hybridization
pattern. The scattered signals were of different strength and were interspersed
between areas of low perceptible density (gaps), resembling (although less
intense) the distribution pattern of (AC)s. On the other hand, as expected for the
previously described (AAC)s, (AAG)s, and (CAT)s, the rest of trinucleotide
probes: (CAC)s, (AGG)s, (CAG)s, (AAT)s, (ACT)s, and (ACG)s showed
characteristic motif-dependent SSRs in situ patterns.

The most intense and rich pattern of in situ hybridization signals was
produced by (AAG)s, (AAC)s, (AGG)s and (CAC)s (Fig 1c and 2). The (AAC)s
and (AAG)s probes have been used to analyse the molecular composition of
wheat heterochromatin, and their physical distribution has been previously
described in detail (Cuadrado et al., 2000). In the present study, these probes
have been used as markers. Only a signal observed with (AAG)s close to the
centromere on chromosome 7A has not been previously described in Chinese
Spring either with the (AAG)s or with the GAA-satellite sequence used as
probes (Pedersen and Langridge, 1997; Cuadrado et al., 2000). Here for the
first time we present the karyotype of wheat with these two probes (Fig 2c¢). Like
(AAC)s and (AAG)s, the (AGG)s and (CAC)s probes produced a high density
display of signals in the pericentromeric region of B genome chromosomes
beside motif-specific intercalary sites of different intensities on different A, B and

D genome chromosomes (Fig. 1c, 2a and 2c). The differences in abundance
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and distribution of these repeats within the B genome chromosome, and the
presence of (AAG)s and (AGG)s intercalary sites on different D genome
chromosomes made the in situ hybridization pattern obtained with these four
probes similar, although not identical. Likewise, clear differences can be noted
comparing the hybridization pattern of these four motifs on the A genome
chromosomes (Fig. 2c, four top lines). For example (CAC)s strongly hybridize
near the telomere on 2AS, while the most intense A chromosome bands with
the AGG probe were observed on chromosomes 1A, 4A and 7A (Compare Fig.
1c and 2a).

Three probes, (AAT)s, (ACG)s and (CAG)s, were poorly detected by in
situ hybridization. These motifs are mainly found at the pericentromeric regions
of the B genome chromosomes and were not detected on chromosomes
belonging to D genome. Although interstitial signals were frequently found, in
high quality metaphases, on some A and B chromosomes, most of them were
only observed after long exposure times of image capture and higher contrast.
This made that some of the close stronger signals observed on other
chromosomes tended to coalesce and were often seen as one wide band (Fig
1d, and e). Since these three probes had a similar distribution pattern than
(AAC)s, (AAG)s, (AGG)s and (CAC)s, particular enriched in the B genome
chromosomes, but poorer in the intercalary band, no attempt has been made to
construct a karyotype with these motifs.

The other two trinucleotide probes, (CAT)s and (ACT)s produce the
clearest and most distinctive distribution patterns of intercalary bands (Fig 2c,
two bottom lines). As we have reported previously, (CAT)s was restricted to
chromosome arm 3BS. On the other hand, the (ACT)s probe produced a rich
pattern of bands, the most intense and reproducible on chromosome arms 1AL,
7AL, 2BS, 3BS and 7BL that allow the easy and quick identification of these
chromosomes. Other minor signals were also observed on chromosomes arms
4BS, 3AS, 2AS, 5AS, 6BS and 3AL in descending order of intensity (Fig. 1f).

Discussion

Page 8 of 22
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Molecular PCR-SSRs markers versus FISH- SSRs markers

The usefulness of PCR-amplified SSRs (microsatellites) in studies of genetic
variation and as genetic markers has been well established. Linkage maps are
available for a number of species, in particular the majority of agronomically
important crops, including wheat. Since the first reported SSRs genetic map of
bread wheat (Roder et al., 1993), several research groups have concentrated
their efforts on screening DNA libraries and sequences deposited in public
databases for the development of new wheat SSRs markers. In the last few
years the density of these molecular markers on published wheat linkage maps
has steadily increased (e.g., Gupta et al. , 2002; Somers et al., 2004; Song et
al., 2005 and Hayden et al., 2006). This has improved the efficiency of marker-
assisted selection and germplasm assessment but also knowledge on the level
of allelic variation of SSRs. Despite the interest of the plant genetics research
community in SSRs, relatively little is known about the physical localization of
SSRs motifs even in plant model genomes and the well researched group of
Triticeae.

Genetic mapping studies have revealed that SSRs are randomly
distributed in the wheat linkage map, with non-significant clustering in specific
regions, particular chromosomes and genomes. In contrast, our results showed
that with the exception of AC and GCC repeats, the other SSRs analysed are
non-randomly spread along the wheat chromosomes, showing characteristic
patterns of distribution depending on the motifs, chromosome and genome
analysed. Although these results appear to be contradictory, no direct
comparison of our in situ hybridization results with deletion and physical maps
can be made as the target sequences are different. Molecular SSRs markers
are usually generated using PCR with locus-specific flanking primers. These
short stretches of SSRs, normally 20-250 bp, are undetectable by in situ
hybridization since several kilobases of target sequence are required to produce
consistent signals in plant chromosomes (Jiang and Gill, 1994). On the other
hand, our FISH technique detects regions in the genomes that are highly
enriched in very long stretches of SSRs (pure or probably degenerate) or SSRs

that are incorporated in repeats forming higher order structures and thus cannot
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be amplified by PCR.

The abundance of di- and trinucleotide repeats in wheat chromosomes

No clusters of AT and GC were detected by in situ hybridization. This result
suggests that these sequences are either shorter or less clustered than the rest
of the SSRs analysed in this study. The lower frequencies of AT and GC motifs
found in wheat DNA sequence databases in comparison with the AG and AC
repeats support the idea that the wheat chromosome does not contain long
clusters of these motifs (Kantety et al., 2002; La Rota et al., 2005). However we
cannot rule out the idea that the use of oligonucleotides like (AT)10 and (GC)+o
that have the ability to form intra-molecular hairpins and can self-complement
cannot be accurately labelled and used in hybridization experiments, hence the
absence of these sequences may be due to the poor hybridization efficiency.

(AC)s, used to detect (AC), and (CA), in different reading frames or
(GT), and (TG), on a complementary strand, was found dispersed over the
length of all wheat chromosomes, resembling the distribution pattern of
retrotransposons and other families of dispersed (Muhiz et al., 2001). This result
agrees with the sequencing data available which has revealed that a
considerable proportion of SSRs, particularly AC, is associated with
retrotransposons-like sequences in cereals (Motohashe et al., 1997; Ramsay et
al., 1999). On the other hand, as we showed previously (Cuadrado et al., 2000),
the (AG)1> probe, was detected on chromosomes arms 3BS, 4BL, 5BS and
5BL. Now, using the same experimental condition and wheat variety, a novel
and stronger in situ signal was observed on 6BS. These results suggest that the
high level of length variation that characterizes SSRs sequences is also
observed cytogenetically as a polymorphism affecting the presence/absence of
in situ signals.

All trinucleotide SSRs were found in wheat chromosomes, however clear
differences were observed in both the abundance and intensity of the signals,
characterizing the hybridization patterns of each trinucleotide probe (as for the
dinucleotide repeats). Although no attempt has been made to quantify the

chromosome content of different repeat motifs, clearly AAG, AGG, AAC and
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CAC were the most common in wheat chromosomes, in which they are
preferentially associated with condensed chromatin or heterochromatin (Gill et
al. 1991; Fig.2c). These results do not agree with the frequency of SSR motifs
obtained by exploring the wheat sequence databases, in which the trinucleotide
CCG appears as the most recurrent motif (Kantery et al., 2002; Thiel et al.,
2003). The complete sequence of the genome of wheat is not yet available (nor
is those of any large-genome plants) — their DNA databases mainly containing
sequences rich in protein-coding genes. The contrast between the results for
the physical presence of SSR in chromosomes with those procured by
screening database sequences suggests that current estimates of SSRs
frequencies in many organisms may differ substantially from reality- at least in
species such as bread wheat with a genome composed of more than 80% of
repetitive DNA (Smith and Flavell, 1975) and whose heterochromatin has a high
SSRs content (Cuadrado et al., 2000)

SSRs as wheat chromosome landmarks

On the basis of in situ hybridization distribution patterns obtained with the entire
set of probes we are able to classify the motifs of repetition present in the SSRs
into three groups: (1) motifs which were preferentially located in the
pericentromeric region of the B genome chromosomes, resembling the
constitutive heterochromatin distribution of wheat: AAC, AAG, AGG, CAC, AAT,
ACG, CAG; (2) motifs which hybridised in only one or few single sites per
chromosome: AG, CAT and ACT; and (3), motifs dispersed over the length of all
wheat chromosomes: AC and GCC. Although the last class of SSRs, is not
suitable as a diagnostic tool for wheat chromosome identification it is interesting
to note that most of the probes analysed are included in the others two groups,
thus making SSRs in situ hybridization a suitable and versatile tool in wheat
cytogenetics in general. The first class provides an advantage in the specific
identification of the B genome. Their seven chromosomes are easily localized in
a wheat metaphase spread with these motifs (Fig. 1c-d and 2a). Those that
have the richest patterns, such as AAC, AAG, AGG and CAC provide the

means to distinguish these chromosomes individually but also some A and D
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genome chromosomes (Fig. 2c); however their diagnostic value often depends
on having high quality and complete metaphase spread. In plant breeding
where it is often necessary to screen large populations of plants for the
presence of particular chromosomes, the use of these cytogenetic markers will
not be reliable. On the other hand, the second class of probes, such as (AG)+2
and (ACT)s provides the advantages to distinguish some individual
chromosomes easily, even if the quality of the metaphase spread is not ideal.
The advantage of SSRs versus cloned probes in plant cytogenetics has been
previously discussed (Cuadrado et al., 2000). With the exception of the (AAG)s
that, as expected, resemble the same in situ pattern observed with a cloned
GAA-rich satellite sequence (Pedersen and Langridge, 1997), the chromosomal
distribution of the rest of di- and trinucleotide repeats does not correspond to
sites of any of the currently cloned tandem repeat sequences proved useful as
wheat chromosome markers (e.g., pTa794 (5S rDNA), pTa71 (45S rDNA),
pSc119,2 and pAs1). Thus, combining the SSRs motifs described here with
cloned probes, we are now able to cover the physical map of bread wheat with
many landmarks distributed on the 21 chromosomes. These are very useful to
improve the integration and localization of BAC contigs to a chromosome
segment: an initial step to further development of wheat genomics. Moreover
the possibility that others SSRs motifs, also abundant in the wheat genome (i.e.,
tetra-, penta- and hexanucleotide), would be useful as chromosome landmarks,
depends only on a small effort focussed towards the finding the most
informative. Undoubtedly, this will expand our ability to cytogenetically
characterize the long-range organization and molecular composition of wheat
chromatin, describe chromosome rearrangements, but also to follow and

manipulate individual chromosomes in breeding programmes.

Are SSRs involved in some aspect of Triticeae chromosome function and
evolution?

Although SSRs are major components of many, if not all, eukaryotic genomes,
only a few species have been examined at chromosome level for the presence

and distribution of this class of tandemly repetitive DNA, characterized by the
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shortest repeat unit (Lowenhaupt et al., 1987; Nanda et al., 1990; Schmidt and
Heslop-Harrison, 1996, Gotner et al., 1998, Cuadrado and Schwarzacher,
1998). However, knowledge of the physical distribution of these repeats in
related species may throw more light on the never ending debate about its
possible functional role. Recently, we have investigated the genomic distribution
of AG and AC repeats in the metaphase chromosomes of barley and man, and
in the metaphase and polytene chromosomes of Drosophila melanogaster. The
conserved chromosome distribution of AC within and between these three
phylogenetically distant species, and the association of AG repeats in specific
chromosome regions with structural or functional properties, suggests that long
clusters of these repeats may have some as yet unknown role (Cuadrado and
Jouve 2007b).

Hexaploid wheat offers the opportunity of analysing three related
genomes as a whole, and hence compares the distribution of SSRs between
genomes and homeologous chromosomes. A similar pattern of SSRs
distribution in different genomes might suggest that the long stretches of a
particular SSR are of structural or functional importance. On the other hand,
variation in the abundance and distribution of these motifs between genomes
might offer the opportunity to elucidate the evolutionary trends of these
repetitive sequences during speciation. With the exception of AC and GCC that
render the same dispersed in situ pattern in all chromosomes of wheat and also
found in a similar localization in barley and rye chromosomes (Cuadrado and
Jouve 2007b and own unpublished data), AG repeats and the other
trinucleotide motifs are non-randomly spread along wheat chromosomes,
showing characteristic chromosome and genome dependent distribution
patterns.

The B genome chromosomes presented the richest patterns of in situ
signals with the entire set of probes analysed. In contrast, only clusters of AAG
and AGG were detected on some D genome chromosomes; suggesting that
their chromosomal localization is dispensable or they had been deleted during
the evolution of polyploidy wheat. Most of the motifs were found associated with

wheat heterochromatin, as has been also reported for barley (Cuadrado and
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Jouve, 2007a), and their possible function, if any, could be related to a higher
order structure, constituting sequences that facilitated the special binding of
proteins with some functional relationship with the heterochromatin (Bennetzen,
2000; Redi et al., 2001) as has been demonstrated for the GAGA transcription
factor and Drosophila heterocromatin (Raff et al., 1994). In the same way, AC
and GCC motifs, which were found lying almost entirely within the euchromatic
portion of the wheat, barley and rye chromosomes, might suggest that these
SSRs are of functional importance as an ancient genomic component of the
tribe Triticeae. In conclusion, the similar chromosome distribution found for the
same SSRs between different genomes suggests that the abundance of motifs
does not reflect random selection from all possible simple combination of bases,
generated by polymerase slippage during replication (Schlotterer and Tautz,
1992). The motif-dependent distribution of SSRs may play a structural,

functional and evolutionary role, as least in the genomes of the tribe Triticeae.
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Table 1:

Occurrence and chromosome

chromosomes of wheat

location of some SSRs on the

Probes Genome A Genome B Genome D
( AC)s Dispersed signals scattered Dispersed signals scattered Dispersed signals scattered
along the chromosomes, along the chromosomes, along the chromosomes,
interspersed between gaps interspersed between gaps interspersed between gaps
(AG)12 No signals Distinctive signals in 3BS, 4BL, No signals
5BS, 5BL and 6BS
(AAC)s Distinctive Strong pericentromeric and No signals
signals in 2A, 4A and 7A intercalary signals of different
intensity
(AAG)s Distinctive signals in all Strong pericentromeric and Distinctive signals in 1D, 2D and
chromosomes except 1A intercalary signals of different 7D
intensity
(AGG) Distinctive signals of different Strong pericentromeric and Weak single in 2D, 5A and 7A
5 | . - ; ) .
intensity in all chromosomes intercalary signals of different
intensity
(CAC)s Single signals in 2A and weaker Peric_:entromeric _ No signals
in 4A and intercalary signals of
different intensity
(ACG)s Weaker signals in 4A and 7A Weak pericentromeric but No signals
weaker in 1B,2B, 3B and 5B
(CAG)s Single signals in 1A and weaker | Pericentromeric signals of No signals
in 4A and 7A different intensity
(CAT)5 No signals Distinctive signal in 3BS No signals
(ACT)5 Single signals of different Distinctive signals of different No signals
intensity in 1A, 2A, 3A and 7A intensity in 2B, 3B, 4B, 5B, 6B
and 7B
(ATT)5 Very weak single signals in 1A Weak pericentromeric signals No signals
and 7A
(GCC)5 Weak dispersed signals Weak dispersed signals Weak dispersed signals
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Theoretical and Applied Genetics

Cuadrado et al. SSRs in wheat

Figure 1:

Photomicrographs showing the distribution of several SSRs on metaphase
chromosomes of T. aestivum after DAPI staining (blue) and in situ hybridization
with the biotin-labelled probes (detected by red Cy3): a) (AC)g; b) (AG)s2. €)
(CAC)s. d) (CAG)s. Two images were needed to capture the complete
metaphase. e) (ACG) s and f) (ACT) s. To identify signal-bearing chromosomes,
FISH was performed combining the SSRs with markers probes. Scale bar

=10 um.

Figure 2: Photomicrographs showing the distribution of several SSRs on
metaphase chromosomes of wheat Chinese Spring after DAPI staining and in
situ hybridization with biotin-labelled probes (detected by red Cy3) or
digoxigenin-labelled probes (detected by green FITC). a-b) A metaphase
chromosomes after in situ hybridization with (a) (AGG)s . All chromosomes were
identified using the (b) pAs1 (All D genome chromosomes and 1A can be
identified) and (AAC)s (All B genome chromosomes and chromosomes 2A, 4A
and 7A can be identified) distribution pattern. The three pairs of A
chromosomes without in situ signals (3A, 4A and 6A) can be morphologically
identified; ¢) Karyotype. From top to bottom each panel shows only
chromosomes with in situ signals. Chromosomes after two-colour FISH with
(AAG)s and (AAC)s were chosen from the same metaphase. Chromosomes
after FISH with the (AGG)s, (CAC) 5 and (ACT)s probes were chosen from
metaphases showing in Fig. 2a, 1c, and 1f, respectively. AG and CAT signal-
bearing chromosomes were chosen from the same metaphase (Fig. 1b) after
two-colour FISH with (AG)12 and (CAT)s .Scale bar = 10 um.
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Photomicrographs showing the distribution of several SSRs on metaphase chromosomes
of T. aestivum after DAPI staining (blue) and in situ hybridization with the biotin-labelled
probes (detected by red Cy3): a) (AC)8; b) (AG)12. c) (CAC)5. d) (CAG)5. Two images
were needed to capture the complete metaphase. e) (ACG) 5 and f) (ACT) 5. To identify
signal-bearing chromosomes, FISH was performed combining the SSRs with markers
probes. Scale bar = 10|um.
153x245mm (300 x 300 DPI)
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(AAC)s + pAs1

(AAG)s

(AGG)s

(ACT)s

(AG)12

(CAT)s

Photomicrographs showing the distribution of several SSRs on metaphase chromosomes
of wheat Chinese Spring after DAPI staining and in situ hybridization with biotin-labelled
probes (detected by red Cy3) or digoxigenin-labelled probes (detected by green FITC). a-
b) A metaphase chromosomes after in situ hybridization with (a) (AGG)5 . All
chromosomes were identified using the (b) pAs1 (All D genome chromosomes and 1A can
be identified) and (AAC)5 (All B genome chromosomes and chromosomes 2A, 4A and 7A
can be identified) distribution pattern. The three pairs of A chromosomes without in situ
signals (3A, 4A and 6A) can be morphologically identified; c) Karyotype. From top to
bottom each panel shows only chromosomes with in situ signals. Chromosomes after
two-colour FISH with (AAG)5 and (AAC)5 were chosen from the same metaphase.
Chromosomes after FISH with the (AGG)5, (CAC) 5 and (ACT)5 probes were chosen from
metaphases showing in Fig. 2a, 1c, and 1f, respectively. AG and CAT signal-bearing
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chromosomes were chosen from the same metaphase (Fig. 1b) after two-colour FISH
with (AG)12 and (CAT)5 .Scale bar = 10 um.
160x206mm (300 x 300 DPI)
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