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RESUMO

O milho é um dos cereais de maior importancia econémica no mundo, sendo
amplamente utilizado na alimentacdo humana e animal e, recentemente, na produgao
de biocombustivel. Apesar do Brasil ocupar a terceira posi¢do no cenario mundial de
producdo de milho, essa cultura esta sujeita a ocorréncia de varias doencas, como a
mancha branca que tem causado perdas significativas na produgédo e na qualidade
dos graos. Apesar da importancia dessa doenca, existe uma caréncia de informacdes
sobre o patégeno, que tem sido reportado como a bactéria Pantoea ananatis, e sobre
regides gendmicas associadas com a resisténcia a mancha branca em milho. Assim,
0s principais objetivos do presente trabalho foram: (i) desenvolver um teste diagndstico
para identificacdo do patdgeno; (ii) avaliar a diversidade genética da bactéria P.
ananatis; (iii) mapear QTLs de resisténcia a mancha branca em milho tropical e (iv)
identificar analogos de genes de resisténcia (RGAs) co-localizados com QTLs de
resisténcia a doenga. Uma metodologia rapida, de baixo custo e seletiva baseada em
PCR foi implementada para deteccdo de P. ananatis. Foi verificada uma elevada
variabilidade genética entre 18 isolados do género Panfoea presentes nas folhas de
milho, sorgo e capim-colchdo com sintomas da doenga que deve ser considerada em
programas de melhoramento genético de milho visando a geragcdo de cultivares
resistentes. Entretanto, isolados de P. ananatis de milho, sorgo e capim-colchdo foram
reunidos em um mesmo grupo, reforcando a existéncia de possiveis hospedeiros
alternativos do patdégeno. Adicionalmente, foram mapeados em milho oito QTLs nos
cromossomos 1, 2, 3, 4 e 8, explicando, aproximadamente, 90% da varidncia
genotipica da resisténcia @ mancha branca em dois ambientes, Sete Lagoas e
Uberlandia. Uma busca por meio de ferramentas de bioinformética utilizando 93 genes
de resisténcia de plantas permitiu a identificagdo de 939 RGAs no genoma do milho,
dos quais 123 foram co-localizados in silico com os QTLs de resisténcia a mancha
branca. Dentre estes, os genes candidatos Pto20, Pto99 e Xa26.151.4 foram
geneticamente co-localizados com QTLs nos cromossomos 4 e 8, apresentando um
padrédo de super-expressdo na linhagem resistente. Assim, os resultados gerados
neste trabalho terdo uma contribuicdo fundamental para o delineamento de estratégias

de controle epidemioldgico e genético da mancha branca em milho.
Palavras-chave: Zea mays L., doenga mancha branca, Pantoea ananatis, detecgao

molecular, diversidade genética, mapeamento de QTLs, andlogos de genes de

resisténcia.
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ABSTRACT

Maize is one of the most economically important cereals in the world,
extensively used for food and feed, and recently, for biofuel production. Although Brazil
occupies the third position on world maize production, this crop is subject to various
diseases, such as white spot that has caused significant losses in production and grain
quality. Despite the importance of this disease, there is a lack of information about the
pathogen, which has been reported as the bacterium Pantoea ananatis, and genomic
regions associated with maize white spot resistance. Thus, the main objectives of this
study were: (i) to develop a diagnostic test for pathogen identification, (ii) to evaluate
the genetic diversity of P. ananatis isolates, (iii) to map resistance QTL associated with
white spot disease in tropical maize and (iv) to identify resistance gene analogs (RGAs)
colocalized with maize white spot resistance QTL. A rapid, inexpensive and selective
diagnostic test PCR-based was implemented to detect P. ananatis. It was verified a
high genetic variability among 18 isolates of the genus Pantoea from maize, sorghum,
and crabgrass leaves with symptoms of the disease that should be considered in
breeding programs aiming at generating resistant maize cultivars. Besides, P. ananatis
from maize, sorghum and crabgrass were clustered in a single group, reinforcing the
existence of possible alternative hosts of the pathogen. Additionally, eight QTL were
mapped on chromosomes 1, 2, 3, 4 and 8, accounting for approximately 90% of the
genetic variance of maize white spot resistance in two environments, Sete Lagoas and
Uberlandia. Data mining with 93 plant resistance genes allowed the identification of
939 RGAs in the maize genome, of which 123 were colocalized in silico with white spot
resistance QTL. Among these candidate genes, Pto20, Pto99 and Xa26.151.4 were
genetically colocalized with QTL on chromosomes 4 and 8, showing an over
expression pattern in the resistant line. Thus, the results generated in this study will
have a fundamental contribution to design epidemiologic and genetic control strategies

for maize white spot management.

Keywords: Zea mays L., white spot disease, Panfoea ananatis, molecular detection,

genetic diversity, QTL mapping, resistance gene analogs.
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DELINEAMENTO DA TESE

Esta tese é constituida por dois capitulos e esta subdividida da seguinte maneira:

Resumo e abstract.

Introducdo e reviséo de literatura, onde é feita uma abordagem objetiva sobre
0s principais temas propostos nos dois capitulos da tese.

Objetivos, geral e especificos.

Capitulo 1 corresponde a um artigo cientifico publicado na revista Journal of
Phytopatology: “Detection and Molecular Diversity of Pantoea ananatis
Associated with White Spot Disease in Maize, Sorghum and Crabgrass in
Brazil”.

Capitulo 2 é o segundo artigo que sera submetido em breve para revistas de
impacto em torno de 4, intitulado “Resistance gene analogs colocalized with
white spot disease resistance QTL in maize”.

Conclusao geral.
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1. INTRODUGAO E REVISAO DE LITERATURA

1.1 A mancha branca do milho

O milho é o cereal mais cultivado no mundo, com uma producdo de 840
milhdes de toneladas na safra 2010/2011 (FAO, 2012). No Brasil, a produgao de milho
na safra 2010/2011 foi de 57,4 milhdes de toneladas cultivadas em 13,8 milhdes de
hectares (CONAB, 2012). Além disso, a estimativa de produg¢édo na safra 2011/2012
sera 27% maior que na safra anterior, consolidando o pais como o terceiro produtor
mundial, depois dos Estados Unidos e da China. Entretanto, a cultura do milho esta
sujeita a ocorréncia de varias doencas que podem afetar a produgéo, a qualidade e o
valor nutritivo dos gréos.

No Brasil, a mancha branca é considerada, atualmente, como uma das
principais doencas foliares da cultura do milho, tanto pelos prejuizos que tem causado
as cultivares suscetiveis, quanto pela sua ampla distribuicdo (Costa et al., 2010). Sua
ocorréncia tem sido relatada em praticamente todas as regiées produtoras de milho do
Brasil, além de varias outras regides tropicais (Moreira, 2004; Pérez-y-Terron et al.,
2009; Alippi e Lopez, 2010; Sibiya et al., 2011) e subtropicais do mundo (Carson,
2001; Krawczyk et al., 2010). Os sintomas da doencga apresentam-se na forma de
lesbes foliares irregulares a elipticas, inicialmente aquosas verde-claro que vao
evoluindo para lesdes necréticas. Geralmente sdo encontradas dispersas no limbo
foliar, mas iniciam-se na ponta da folha, progredindo para a base, podendo haver
coalescéncia entre varias lesbes. Em geral, os sintomas surgem inicialmente nas
folhas inferiores, progredindo rapidamente para a parte superior das plantas (Costa et
al., 2010).

A mancha branca comegou a gerar grandes perdas de produg¢do quando
passou a antecipar seu ciclo de desenvolvimento para as fases de florescimento ou
anteriores da cultura do milho, comprometendo a producdo de grédos pela diminuicdo
da area fotossintética, com relatos de perdas de até 60% (Fernandes e Oliveira, 1997).
Os sintomas s&o mais evidentes e severos ap6s o pendoamento (Costa et al., 2010).
A variavel severidade tem sido descrita como a mais apropriada para quantificar
doencas foliares como a mancha branca, referindo-se a porcentagem da area ou do
volume de tecido da planta cobertos por sintomas (Silva, 2002; Malagi et al., 2011).
Uma alta severidade confere a planta um aspecto de queima, podendo causar a seca
prematura das folhas e redugéo do ciclo da planta, em fungéo da suscetibilidade do
cultivar e do ambiente favoravel.

Sao consideradas condi¢gdes ambientais favoraveis para a doenga a ocorréncia

de umidade relativa acima de 60% e temperaturas noturnas em torno de 14°C
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(Fernandes et al., 1995). Assim, os plantios tardios de milho realizados a partir de
novembro, em geral, permitem que a cultura se desenvolva sob altas precipitagcdes
pluviométricas, propiciando as condigbes adequadas para o desenvolvimento da
doencga no Brasil (Fernandes e Oliveira, 1997). Além das condigdes climaticas e do
gendtipo, o manejo da adubacéo pode ser responsavel pela predisposi¢cdo das plantas
ao ataque de patégenos (Bedendo, 1995). Alguns trabalhos tém demostrado que a
severidade da mancha branca pode ser também afetada pela época de adubacéo e
doses de nitrogénio (Parentoni et al., 1996; Costa, 2001; Fidelis et al., 2003).

1.2 Agente etiologico e medidas de controle da doenga

A etiologia dessa doenca é ainda controversa junto a comunidade cientifica e a
sua epidemiologia pouco conhecida. Os primeiros relatos sobre a doenca no Brasil
datam do inicio dos anos 1980 no oeste do Parana (Reis e Casa, 1996). Inicialmente,
a doenca foi denominada mancha de Phaeosphaeria, sendo atribuida ao fungo
Phaeosphaeria maydis, causador de estruturas filamentosas encontradas em lesdes
em estagio avancgado da doenca (Fantin, 1994; Carson, 1999).

Posteriormente, Paccola-Meirelles et al. (2001) isolaram uma bactéria Gram-
negativa, formadora de colénia amarelada, em lesdes em estagio inicial, conhecidas
como anasarcas. Esses autores relataram a presencga do fungo P. maydis apenas nos
estagios finais de desenvolvimento da doenca e demonstraram que plantas de milho
inoculadas com a bactéria apresentavam os mesmos sintomas tipicos da doenca.
Assim, a bactéria identificada como Pantoea ananatis foi reportada como agente
causal dessa doenca, denominada entdo como mancha branca (Paccola-Meirelles et
al., 2001).

Ja Amaral et al. (2004) isolaram o fungo Phoma sorghina de lesdes necréticas
da doenca. No entanto, posteriormente, 0 mesmo grupo relatou a existéncia de
diferentes agentes etiolégicos da doencga, como Phyllosticta sp., Phoma sorghina e
Sporormiella sp., dependendo do local do plantio (Amaral et al., 2005). Assim, as
condigbes ambientais poderiam influenciar a predominéncia de um ou outro agente
causal (Amaral et al., 2005; Carli, 2008). Por outro lado, varios trabalhos realizados no
Brasil (Bomfeti et al., 2008; Lanza, 2009; Gongalves, 2012), México (Pérez-y-Terron et
al., 2009), Argentina (Alippi e Lopez, 2010) e Poldnia (Krawczyk et al., 2010)
reforcaram o papel da bactéria P. ananatis como agente causal da mancha branca em
milho.

P. ananatis € uma bactéria nao formadora de esporos, sendo uma das poucas
espécies conhecidas que apresentam genes de nucleacdo por gelo (ina), que

permitem a produgédo de gelo em temperaturas que normalmente ndo poderiam ser
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formados (Abe et al., 1989). A bactéria P. ananatis também tem sido relatada como
agente causal de doencas em outras espécies vegetais, incluindo arroz (Cother et al.,
2004), cebola (Gitaitis e Gay, 1997), eucalipto (Coutinho et al., 2002), meldo (Kido et
al., 2008) e sorgo (Cota et al.,, 2010). No entanto, a epidemiologia de doengas em
plantas causadas por P. ananatis em diferentes hospedeiros é relativamente
desconhecida, apesar de relatos da influéncia de fatores ambientais na severidade da
doenca (Coutinho e Venter, 2009).

Algumas medidas de controle podem auxiliar na diminuicdo do in6culo e nos
danos causados pelo patégeno, como a eliminagdo de restos culturais, adubagéo
balanceada, plantios mais precoces e rotagdo de culturas (Casela et al., 2006).
Recentemente, grande énfase tem sido dada ao uso de fungicidas como estratégia de
controle das doencas foliares na cultura do milho, incluindo a mancha branca. No
Brasil, existem apenas alguns produtos registrados para controle da mancha branca,
principalmente a base de estrobilurinas. Dentre esses, trés fungicidas foram avaliados
quanto a eficiéncia para 0 manejo da mancha branca, sendo dois deles eficientes no
controle da doenga em condigbes de campo e na inibicdo do crescimento in vitro da
bactéria P. ananatis (Costa, 2008). Entretanto, a aplicagdo de fungicidas pode ndo
resultar em beneficio econdmico, ou seja, o aumento de produtividade pode ser menor
que o custo requerido para a realizagdo da aplicagdo do produto (Costa et al., 2012).
Assim, o desenvolvimento de cultivares resistentes é considerado como a estratégia
mais eficiente na redugao dos custos de produgéo e do impacto ambiental (Schuelter
et al., 2003).

1.3 Resisténcia do milho a mancha branca

Embora a mancha branca seja de reconhecida importancia, é recente a busca
por informacdes genéticas quanto a resisténcia a esta doenca em milho.
Normalmente, a caracteristica apresenta heranga quantitativa e apesar da maioria dos
trabalhos reportar a agdo génica aditiva como mais importante na heranca do carater
(Carson, 2001; Silva, 2002; Schuelter et al., 2003; Silva e Moro, 2004; Guimaraes et
al., 2009), alguns trabalhos relataram a maior importdncia da acgdo génica de
dominancia (Das et al., 1989a; 1989b). Apesar da sua heranga quantitativa, a
resisténcia @ mancha branca tem sido descrita como um caréater de alta herdabilidade
(Lopes et al., 2007; Moreira, et al., 2009; Pegoraro et al., 2002).

Apenas trés trabalhos com mapeamento de QTLs para a reagcdo a mancha
branca foram reportados em milho, sendo um com germoplasma de clima temperado e
dois de origem tropical. Carson et al. (2005) mapearam cinco QTLs nos cromossomos

1, 4, 7 e 8. Em condigdes tropicais, Lopes (2003) reportou o mapeamento de cinco
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QTLs, localizados nos cromossomos 1, 2, e 5, além de dois no cromossomo 4. Em
outro estudo, Moreira et al. (2009) mapeou seis QTLs, nos cromossomos 1, 3, 4, 6 e
dois no cromossomo 8, explicando em conjunto 41,6% da variancia fenotipica.
Segundo Moreira (2004), o predominio de poucos QTLs de agdo génica aditiva e a
elevada herdabilidade da resisténcia @ mancha branca indicam que a selecao
fenotipica pode culminar na obtengcdo de gendtipos com alto nivel de resisténcia a
doenca. Entretanto, a avaliagcao da resisténcia é realizada na fase do florescimento ou
enchimento dos gréos, periodos de maior incidéncia da doenca, e depende da
inoculagéo natural em campo. Assim, a selegdo fica limitada aos locais onde existe
alta incidéncia da doenca.

Com o aperfeicoamento dos marcadores e das estratégias de mapeamento,
houve um acréscimo significativo de informacdes genéticas e de QTLs associados
com a resisténcia a doengas. O mapeamento de QTLs tem como sua principal
aplicacdo a identificacdo de regides genémicas associadas com uma caracteristica de
importancia, que podem ser utilizadas em programas de melhoramento. No entanto,
para que as estratégias de selegdo assistida por marcadores (SAM) sejam efetivas no
desenvolvimento de cultivares, & necessario que os QTLs sejam validados e que
sejam gerados marcadores polimoérficos flanqueando os QTLs de resisténcia.

O uso de marcadores ligados aos locos de resisténcia reduz a necessidade de
fenotipagem, permitindo a identificagdo precoce de plantas resistentes na auséncia do
patébgeno e a piramidacdo de genes de resisténcia a diferentes patdgenos,

aumentando a eficiéncia dos programas de melhoramento (Bouchez et al., 2002).

1.4 Mecanismos de resisténcia em plantas

Recentemente, diversas pesquisas tém enfatizado a identificacdo de genes que
codificam proteinas de defesa, aumentando o conhecimento sobre os mecanismos
desenvolvidos pelas plantas para prevenirem a progresséo de doengas. A resisténcia
de um hospedeiro pode ser definida como a capacidade da planta em atrasar ou evitar
a entrada e/ou a subsequente atividade de um patégeno em seus tecidos. Embora as
plantas estejam normalmente expostas a um numero incalculavel de patdgenos, o
processo de resisténcia mostra-se como regra, enquanto que a suscetibilidade &€ uma
excecdo (Pascholati e Leite, 1995). O patdogeno falha em se estabelecer em uma
planta devido a trés possiveis razdes. Na primeira delas a planta mostra-se incapaz de
suportar os requerimentos fisiologicos de um patégeno potencial e, portanto, ndo pode
ser considerada como hospedeiro. Outra razdo deve-se a existéncia de barreiras
estruturais pré-formadas tais como paredes celulares, tricomas e cuticulas mais

espessas, cera ou compostos toxicos sintetizados pelas plantas como peptideos,
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proteinas e metabdlitos secundarios, que restringem a infecgcdo dos patégenos
(Freeman e Beattie, 2008). Por ultimo, a planta reconhece o ataque do patégeno
quando sdo ativados mecanismos de defesa que impedem sua proliferacdo. Tais
interacbes sdo consideradas incompativeis, mas somente a ultima depende da
inducao da resposta na planta (Hammond-Kosack e Jones, 1996).

Frequentemente, a resposta de defesa induzida por genes de resisténcia pode
ser explicada pela teoria gene-a-gene. O reconhecimento de um patégeno resulta da
interagdo do produto de um gene de resisténcia (gene R) com o produto do gene de
aviruléncia (Avr) correspondente do patégeno (Flor, 1971). O reconhecimento
especifico da proteina Avr do patdégeno pela planta hospedeira ocorre por meio de
receptores proteicos codificados por genes R, resultando em uma rapida resposta de
defesa (De Wit, 1995; Taiz e Zeiger, 2004). Entre as diferentes respostas de defesa
desencadeadas estdo a resposta de hipersensibilidade (HR), a liberagdo de radicais
livres, o reforco da parede celular por lignificacdo e/ou producdo de calose, a sintese
de compostos antimicrobianos e a indugédo de proteinas relacionadas a patogénese
(Staskawicz et al., 1995; Knogge, 1996). Entretanto, o principal componente da
resposta de defesa ativada pelo produto de genes R consiste na HR, que é uma
resposta de defesa local, ativada somente nos pontos de contato entre a planta e o
patégeno (Hammond-Kosack e Jones, 1996).

A maioria dos genes R em mono e dicotiledbneas possui dominios
filogeneticamente conservados, indicando que o modo de reconhecimento de
diferentes patdgenos e a sinalizacdo de defesa da planta foram conservados durante
sua evolugéo e diversificacdo (Hammond-Kosack e Jones, 1997). Entre as principais
regides conservadas encontradas entre as proteinas de resisténcia (proteinas R)
incluem-se dominios C-terminais com repeti¢cdes ricas no aminoacido leucina (leucine-
rich repeats, LRR), dominio central com sitios de ligagdo a nucleotideos trifosfatados
(nucleotide binding site, NBS) e dominios N-terminais varidveis (Hammond-Kosack e
Parker, 2003).

O dominio LRR esta presente em muitas proteinas com diferentes fungdes,
envolvido na mediagdo de interagdes entre proteinas. O dominio LRR pode estar
envolvido no reconhecimento direto ou indireto dos produtos do gene de aviruléncia do
patégeno (Kobe e Kajava, 2001), sendo encontrado, por exemplo, em genes R como
Pi-ta de arroz (Jia et al., 2000) e Mi de tomate (Hwang et al., 2000).

O dominio NBS, também conhecido como NB-ARC, esta presente em varias
familias de proteinas, promovendo a hidrélise de nucleotideos em proteinas que

atuam como sinalizadores celulares, possivelmente envolvido no inicio da ativacéo da
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resposta de resisténcia em plantas (Hammond-Kosack e Parker, 2003; van der Biezen
e Jones, 1998).

O dominio TIR apresenta similaridade com dominios de proteinas presentes
em animais (Toll e lI-1R) e parece ter a fungdo de transdugéo de sinal (Dinesh-Kumar
et al., 2000), além de reconhecimento do patéogeno (Martin et al., 2003).

Além de proteinas com dominios NBS-LRR, existem outras proteinas R da
familia serina treonina quinase (STK) (Brueggeman et al., 2002), como a codificada
pelo gene Pto de tomate (Martin et al., 2003); proteinas com dominio LRR
extracitoplasmatico (eLRR) ancorado a dominio transmembrana (TM) (Jones et al.,
1994); e proteinas da familia eLRR-TM-quinase, como o produto do gene Xa21 de
arroz (Song et al, 1995). Dominios quinases estdo envolvidos com a via de
transducéo de sinal, sendo extremamente importantes na ativagdo dos mecanismos
de defesa da planta (Hammond-Kosack e Jones, 1997).

Outras proteinas R que ndo pertencem as classes anteriores também tém sido
relatadas, como a HC-toxina redutase, codificada pelo gene Hm1 e capaz de inativar a
toxina produzida pelo patéogeno. O gene Hm1 foi o primeiro gene de resisténcia de
plantas clonado e caracterizado que confere resisténcia ao fungo Conchliobolus
carbonum de milho (Johal e Briggs, 1992). Glicoproteinas de superficie celular que
contém receptor sinal de endocitose também ndo apresentam os dominios tipicos
descritos anteriormente (Kawchuk et al., 2001).

A andlise de expressdo génica consiste numa importante ferramenta que
contribui para a caracterizacdo de genes envolvidos no mecanismo de resisténcia,
pois possibilita a identificacdo de genes chaves de redes pela comparagéo do perfil de
expressdo. Os transcritos de inimeros genes relacionados a patogénese acumulam
dentro de minutos a horas do ataque pelo patégeno (Hammondkosack e Jones, 1996).
Poucos minutos apés o reconhecimento R-Avr, rotas complexas de sinalizagdo séo
ativadas. Um elemento inicial comum dessas cascatas € a mudancga transitéria da
permeabilidade ibnica da membrana plasmatica vegetal. A ativagdo dos genes R
estimula a entrada dos ions Ca®* e H" na célula e a saida de K* e CI" (Numberger e
Scheel, 2001). Diferentes autores tém demostrado que genes de resisténcia
apresentam expressdo constitutiva (Milligan et al., 1998; Yoshimura et al., 1998;
Thurau et al., 2003), embora genes diferencialmente expressos também tém sido
caracterizados (Orsi, 2003; Meyer et al., 2009).

A maioria dos genes R apresenta-se em multiplas cépias agrupadas no
genoma formando locos complexos (Martin et al., 2003). Acredita-se que esta
estrutura auxilia na geragdo e manutencao da diversidade dos genes R (Meyers et al.,

2005). Dessa forma, a recombinacdo pode gerar novos alelos capazes de ativar a
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resposta de defesa de novas racas do patdgenos ou sequéncias analogas a genes de

resisténcia.

1.5 Analogos de genes de resisténcia (RGAs)

Os andlogos de genes de resisténcia (RGAs) sdo sequéncias similares a
sequéncias de genes R, mas que ainda ndo possuem sua funcionalidade confirmada.
Esta conservacao estrutural apresenta grande interesse do ponto de vista genético,
uma vez que claramente sugere que essas regides conservadas poderiam representar
sitios de relevancia biolégica na expressao fenotipica de genes R (Bent, 1996). Os
dominios conservados entre genes R tém sido utilizados para a sintese de primers
degenerados capazes de promover a amplificagdo dessas regides em varias espécies
de plantas utilizando técnicas simplificadas de PCR (Kanazin et al., 1996; Leiter et al.,
1996; Yu et al., 1996).

Em diversos trabalhos foi observado que marcadores moleculares baseados
em RGAs estdo fortemente ligados a genes de resisténcia ou podem mesmo
representar segmentos de genes de resisténcia funcionais em diferentes espécies
vegetais (Hammond-Kosack e Jones, 1997; Collins et al., 2001; Mas et al., 2001;
Lopez et al., 2003; Hinchliffe et al., 2005). Neste sentido, marcadores associados aos
RGAs podem constituir uma ferramenta muito util para a constru¢do de mapas
genéticos e na selegcédo assistida dentro de programas de melhoramento genético
vegetal. Considerando que fenétipos de resisténcia sdo, muitas vezes, tardios e/ou de
dificil identificagcdo, os marcadores RGA podem representar uma importante
ferramenta para a selegdo de gendtipos de interesse e para a identificacdo de genes
de resisténcia em plantas (Tullu et al., 2006; Geffroy et al., 1999).

Em milho, Wang et al. (2007) e Xiao et al. (2007) identificaram e mapearam
dezenas de RGAs em populagbes RILs utilizando andlises in silico e/ou mapeamento
genético convencional. Esses autores ancoraram varios RGAs em mapas genéticos
saturados com marcadores microssatélites (SSRs). Com a disponibilizagdo da
sequéncia completa do genoma do milho (Schnable et al., 2009), novas estratégias
tornaram-se possiveis visando a busca e caracterizacdo de genes de resisténcia
utiizando ferramentas de bioinformatica. Recentemente, Liu et al. (2012)
desenvolveram centenas de marcadores moleculares baseados em polimorfismos de
introns de RGAs de milho.

Apesar da mancha branca ser de grande incidéncia e causar grandes perdas a
producao de milho no Brasil, informagdes como variabilidade do patégeno e genes de
resisténcia no hospedeiro ainda sao completamente desconhecidas. Assim, tais

informagdes sdo de fundamental importancia para delinear estratégias de controle
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epidemiolégico do patégeno e para o desenvolvimento de gendtipos de milho

resistentes a doenga.
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2. OBJETIVOS

2.1 Objetivo Geral

O objetivo principal deste trabalho consiste na deteccdo e estudo da
diversidade genética da bactéria P. ananatis, além da identificagdo e caracterizacdo de

regides gendmicas associadas com a resisténcia a mancha branca em milho.

2.2 Objetivos Especificos

o Desenvolver um teste diagnéstico para identificagdo do patégeno P. ananatis de
forma rapida e com custo reduzido.

o Avaliar a diversidade genética da bactéria P. ananatis isolada de lesdes tipicas da
mancha branca em milho, sorgo e capim-colchao.

e Mapear QTLs de resisténcia e RGAs associados com a mancha branca em milho
tropical.

e Caracterizar e quantificar a expressdo de RGAs co-localizados com regides

gendmicas associadas com a resisténcia a mancha branca do milho.
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Abstract

Bacteria of the genus Pantoea have become important
plant pathogens worldwide in recent vears. Pantoea
ananatis was reported as the cause of maize white spot.
a serious maize disease in Brazil, causing significant
vield losses. However. very little information is avail-
able about how to detect this pathogen, its genetic
variability and the putative alternative hosts in maize-
growing areas. To address these issues, we implemented
a rapid and efficient PCR-based method to identify
P. ananatis 1solated from leaves showing white spot
symptoms and evaluated its genetic diversity in maize,
sorghum and crabgrass. Of the 29 bacteria isolated
from typical walter-soaked lesions of white spot disease
that produced yellow colomies, 15 isolates were identi-
fied as P. ananatis by 168 rDNA sequencing and cor-
rectly detected by the PCR reaction. amphiving a
specific fragment of the ice nucleation gene (ina). These
P. ananatis isolates included 13 from maize, one from
sorghum and one from crabgrass, while the other 14
vellow colony isolates were from other bactenial species,
including two Pantoen species (Pantoea dispersa and
Pantoea agglomerans) that were not amplified by the
ina primers. These resulls indicate that the optimized
PCR assay can be used to detect P. ananatis isolated
from white spot lesions and could be used as a large-
scale and cost-effective method of detecting this patho-
gen in leal lesions on maize and other grasses. All
isolates were evaluated for hypersensitive response (HR)
on tobacco, revealing that some P. ananatis were able to
induce HR. The high genetic variability revealed by
rep-PCR did not differentiated the P. ananatis 1solates
based on their hosts or HR reaction. The detection,
characterization and diversity of P. ananatis from
maize, sorghum and crabgrass in our study can be
applied in understanding epidemiology and desigming
control strategies for maize white spot disease in Brazl.

Introduction

The high incidence and severity of maize white spot
disease has contributed to a significant reduction in
maize vield in Brazil since the 1990s (Fernandes and
Oliveira 1997). Under favourable environmental condi-
tions, this disease causes leal senescence and a reduc-
tion in grain size and weight, resulting in yield losses
up to 63% in susceptible genotypes (Pinto 1995; Pinto
et al. 1997). Disease symptoms begin with slight chlo-
rosis and the development of water-soaked spots on
the leal surface, which become necrotic and straw-
coloured (Paccola-Meirelles et al. 2001). Currently, the
most sustainable and effective method for white spot
disease control is the development of maize resistant
vaneties (Schuelter et al. 2003).

The cause of this disease was mitially attributed to
Phaeosphaeria mavdis, a filamentous [ungus. which
was detected in late lesions of maize white spot (Fantin
1994). However. in later studies, the bacterium Pan-
toea ananatis was 1solated from lesions at mitial stages
of development, the so-called water-soaked lesions
(Paccola-Meirelles et al. 2001; Bomfeti et al. 2008).
Pantoea ananatis was also 1solated [rom maize white
spot lesions in Mexico (Pérez-y-Terron et al. 2009),
Argentina (Alippt and Lopez 2010) and Poland (Kra-
wezyk et al. 2010). and this bacterium is now consid-
ered the causal agent of white spot disease.

Pantoea ananatis infects a wide range of economi-
cally important crops worldwide and is emerging as a
pathogen of increasing importance due to its high viru-
lence in new monocotyledonous and dicotyledonous
hosts (Coutinho and Venter 2009). Pantoea ananatis
was reporied in asymptomatic crabgrass leaves (Gita-
itis et al. 2002) and in sorghum leafl lesions showing
white spot svmptoms (Cota et al. 2010). This species
was also isolated from maize kemels (Rijavec et al.
2007) and from the rhizosphere of P-efficient maize
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genotypes (Oliveira et al. 2009). Pantoea ananatis is a
gram-negative, non-spore forming bacterium that pro-
duces bright vellow colonies in culture media. It is one
of the few bacteria species isolated from plants that
carry the ice nucleation gene (ina) (Abe et al. 1989;
MecCorkle 2009). The complete genome sequence of
P. ananatis strain LMG20103. a highly virulent euca-
lyptus pathogen, is currently available (De Maayer
etal. 2010); however, the epidemiology of diseases
caused by this species on different hosts remains
unknown (Coutinho and Venter 2009), This knowledge
gap and the wide spectrum of potential hosts for this
pathogen make maize white spot a difficult plant dis-
ease lo control.

To evaluate the dynamics of the maize white spot
pathogen in Brazil, we implemented and validated a
rapid and cost-effective method to detect P. ananatis
solated from typical water-soaked lesions [rom maize
and from other putative hosts and tested their hyper-
sensitive response (HR) on tobacco leaves. In addition,
the genetic vanability of 1solates from maize, sorghum
and crabgrass associated with white spot disease was
accessed by rep-PCR analysis.

Material and Methods

Bacterial Bolites and culture conditions

Typical water-soaked lesions of white spot disease
were collected from maize, sorghum and crabgrass
(Digitaria spp.) leaves In maize-producing areas at
Embrapa Maize and Sorghum. Sete Lagoas, Minas
Gerais State, Brazil. Leal samples were washed with
neutral soap, and all lesions were then cut and treated
with 70% (v/v) ethanol for I mun, 2% (w/v) chlor-
amime T for 4 mm, 70% (v/v) ethanol for 30 s, and
finally washed three times for 30 s in sterilized water.
Lesion segments were [ragmented with a sterile scalpel
and transferred to trypticase soy agar (TSA) medium
with 50 pg/ml cyclohexamine. Bright vellow-coloured
bacterial colonies were most frequently observed after
24 h of culture at 28°C. After sequential subcultures,
27 single colonies independently 1solated from maize
leaves and two colonies isolated from sorghum and
crabgrass showing different yellow tonalities were
selected for molecular analysis. For long-lerm storage,
bacterial cells were collected, preserved in 30% (v/v)
glycerol and maintained at ~80°C. The P. ananatis iso-
late from sorghum was the same as that reported by
Cota et al. (2010), which was demonstrated to cause
white spot disease in this crop. This pathogenic isolate
is maintained in the Collection of Plant Pathogens of
Embrapa Maize and Sorghum (PA 033.10); its 168
rDNA was partially sequenced and deposited in
GenBank (HQ333482). being considered as reference

isolate.

DNA extraction

Genomic DNA was extracted from exponential-phase
bacterial cells grown in trypticase soy broth (TSB)
medium incubated at 28°C for 12 h. Cells were har-
vested by centrifugation at 6000 g for 10 min and

resuspended in 567 pl of Tns-HCl EDTA (TE) buffer
(10 mm Trs-HCL, LOmm EDTA, pH 8.0). Alkaline
lysis was performed with 30 ul of 10% (w/v) sodium
dodecyl sulphate and 3 gl of 20 mg/ml proteinase K
(Sigma, St Louis, MO, USA) using a procedure
adapted from Ausubel et al. {1987). After 1 h mmcuba-
tion at 37°C, 100 ul of 5 M NaCl was added along
with 80 yl of CTAB/NaCl solution [10% (w/v) CTAB
in 0.7M NaCl] to complex polysaccharides. Aflter
10-min incubation at 65°C. the samples were purified
using an equal volume of phenol/chloroform/isoamyl
alecohol {25:24:1), followed by centrifugation at
10 000 g for 5 min. The supernatant was transferred to
a new tube and purified by adding an equal volume of
chloroform-isoamyl alcohol (24 : 1) followed by centri-
fugation at 10 000 g for 5 min. Then, 0.6 volumes of
isopropanol were used to precipitate the DNA after
incubation at =20°C overnight. Samples were centri-
fuged at 10000 g for 5 min; the DNA pellet was
washed with 100 gl cold 70% (v/v) ethanol and dried
under vacuum. The purified DNA was resuspended in
100 pl of TE buffer containing 0.2 mg/mL RNase A

PCR assay o detect Pantoca ananatis

Multiplex PCR reactions were carried out using a final
volume of 20 ul containing the primers lor the ina gene
and 168 rDNA, as an internal control. The primers
for the ina gene were inaF (GGG ATC GCA AGC
AAG CTIC TGG) and imaR (GCG ATT ATT CIT
CGG GTT T), which were developed for P. ananatis
detection in melon (Kido etal 2008). Primer
sequences for 168 rDNA were 968F (GAA CGC GAA
GAA CCT TAC) and 1492R (TGA CTG ACT GAG
GYT ACC TTG TTA CGA CTT) (Lane 1991; Nubel
et al. 1996). The reaction mix contained 30ng of
DNA or 1 pl of bacterial cell culture in TSB medium
(the same as that used for DNA extraction), 10 mm
Tris-HCl pH 8.3, 50 mm KCl, 0.001% (w/v) gelatin,
0.5 um of each primer, 0.125mmM dANTP, 1.5 mm
MgCl, 5% (v/v) dimethyl sulfoxide (DMSO) and
0.5 units of Tag DNA polymerase (Invitrogen, Carls-
bad. CA, USA). The PCR amplification profile was
95°C for 2 min followed by 35 cycles of 94°C for 30 s,
55°C for 30 s and 72°C for 30 s, then a final elonga-
tion step of 72°C for 5 min. Amplified fragments were
resolved by electrophoresis on 1.5% (w/v) agarose gel.

DNA sequencing

The PCR reaction was performed in a total volume of
50 ul, containing 30 ng of bacterial DNA, 1.5 units of
Tag DNA polymerase (Invitrogen), 10 mm Tris-HCl
pH 8.3, 50 mm KCL, 0.001% (w/v) gelatin, 0.125 mm
dANTP, 1% (v/v) formamide and 0.4 um of the primers
968F and 1401R (GCG TGT GTA CAA GAC CC)
(Lane 1991; Nubel et al. 1996). Amplification condi-
tions were 94°C for 2 min followed by 30 cycles of
94°C for 1 min, 55°C for | min and 72°C for 2 min,
then a final elongation step of 72°C for 10 mmn. PCR
products were purified using the QlAquick Gel Extrac-
tion Kit (Qiagen, Hilden, Germany) and seguenced
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using the ABI Prism™ BigDye™ Terminator Cycle
Sequencing Ready Reaction Kit (Apphed Biosystems,
Foster City, CA, USA) in an ABI PRISM 3100
Genetic Analyzer (Applied Biosysiems). BLASTN pro-
gram (Altschul et al. 1997) was used to search NCBI
sequence databases (http://www.nchi.nlm.nih.gov) to
confirm bacterial species identity. For confirmation,
the fa gene [ragment of one sample was removed
from the agarose gel and sequenced as descnbed
above.

Hypersensitive response (HR) on tobacco

All 1solates were noculated mto tobacco (Nicotiana
tabacum L. cv. Petit Havana SR1) leaves to evaluate
their ability to induce HR. The isolates were incubated
individually at 37°C for 24 h in yeast peptone medium
(YP) broth [0.5% (w/v) veast extract, 1% (w/v) pep-
tone; pH 6.8] by shaking at 120 rpm. The concentra-
tion of bacterial cells was adjusted to approximately
10’ CFU/m! before inoculation into fully expanded
tobacco leaves using a hypodermics synnge. The nee-
dle was mserted into interveinal regions, and the leal
panels were flooded with the bacterial suspension.
A negative control containing only YP broth was
included in each leal. Tobacco plants were mamtained
in greenhouse at approximately 30°C with natural day
and night light cycles. A positive HR reaction was
recorded when the wnoculated leal tissue collapsed or
light brown necrosis occurred within 48 h after mocu-
lation. The 1solate 09 that demonstrated HR-like reac-
tion was included in all inoculated leaves as a positive
control. Each inoculation was repeated at least three
times to confirm the results.

rep-PCR

rep-PCR reactions were camied oul i a final volume
of 20 gl containing 30 ng of DNA, 10 mMm Tris-HCI,
pH 8.3, 50 mm KCl, 0.001% (w/v) gelatin, 0.5 um of
each primer, 0.125 mm dNTP, 1.5 mm MgCl, and
0.5 units of Tag DNA polymerase (Invitrogen). The
primers BOX, ERIC and REP used were as lollows:
BOXIR (CTA CGG CAA GGC GAC GCT GAC G),
ERICIR (ATG TAA GCT CCT GGG GAT TCA C),
ERIC2R (AAG TAA GIG ACT GGG GTG AGC
G), REPIR-1 (Il ICG ICG ICA TCl GGC) and
REP2-1 (1CG ICT TAT CIG GCC TAC) (Versalovic
et al. 1991, 1994). The amplification profile involved
one cycle of 3 min at 95°C. 40 cycles of 1 min at 94°C.
1 min at 45°C and 3 min at 72°C, and finally 10 min
at 72°C. PCR products were loaded on a 1.5% (w/v)
agarose gel and electrophoresed for 2 h at 100 V.
Amplification fragments were visualized after staining
the gel with ethidium bromide (I gg/ml), and the fin-
gerprints were analysed using BIONUMERICS version
6.0 software (Applied Maths, St. Martens-Latem, Bel-
mum). Digitalized gel images were converted and nor-
malized usmg the 1 Kb Plus DNA Ladder
(Invitrogen). rep-PCR patlerns were integrated, and
the similarity in fingerprint patterns was calculated
using the pairwise Pearson’s product-moment correla-

tion coefficient (r-value, represented mn % similarity),
using whole densitometric curves of the fingerprints
and an r-value of 1 is equivalent to 100% similarity
{(Hane et al. 1993). Cluster analysis of the pairwise
similarity values was performed using the UPGMA
algorithm.

Results
Phenotypic selection of Pantoea ananatis
Lesions on maize, sorghum and crabgrass leaves with
an ellipsoidal to irregular shape. a reddish brown bor-
der and chlorotic centre were considered as symptom-
atic of white spot disease in the field. The frequency of
lesions on maize leaves was higher than m sorghum
and crabgrass, although symptomatic crabgrass was
largely observed in maize production areas (Fig. la—c).
After microorganisms isolation from leal lesions,
colonies with different colour patterns were observed
growing on solid medium (TSA). ranging [rom white
to dark yellow. As P. ananatis produces a vellow pig-
ment in culture, and there have been no reports of
bacteria that form white colomes causing white spot
disease, 29 isolates showing different yellow tonalities
were selected for further molecular analysis (Fig. 1d).
Of these, 27 colonies were isolated from maize, one
from sorghum and one {rom crabgrass.

Molecular detection of Pantoea ananatis from sympiomatic
leaves of maize, sorghum and crabgrass

A multiplex PCR reaction was mmplemented using a
primer pair previously developed to amplify a frag-
ment of the ina gene by Kido et al. (2008) combined
with primers for 168 rDNA, as an internal control. Of
the 29 vellow-coloured bacterial isolates from symp-
tomatic white leafl spot lesions, 15 (52%), mcluding 13
from maize. one from sorghum and one [rom crab-
grass, showed the presence of the 343 bp ina gene frag-
ment. All 29 reactions amplified the 165 rDNA
fragment at 524 bp, confirming the effectiveness of the
internal control m the multiplex PCR assay (Fig. 2).
The amplification products were identical when
employing both isolated DNA and bacterial cell cul-
ture, the latter being far simpler and quicker to use
(Fig. Zab).

The amplified 343 bp ina gene fragment from isolate
01 was sequenced, showing 99% sequence identity with
the published ma gene from P. ananatis (GenBank
accession D14992.1). All 29 isolates were identified by
168 rDNA partial sequence in comparison with Gen-
Bank, showing 95-99% sequence identity with bacte-
rial species (Table 1). Fifteen 1solates were identified as
FP. ananatis, and these were coincident with the bacte-
rial colonies that showed positive PCR results for the
ina gene (Fig. 2). The other 14 isolates (48%) were
identified as different endophytic bacterial species,
ncluding Acinetobacter baylvi, Enterobacter sp., Pseu-
domonas putida, Pseudomonas stuizeri and two differ-
ent Pantoea species: Pamtoea dispersa and Pantoea
agglomerans. None of the species, other than P. anana-
tis, was amplified by the ing gene prnmers, confirming
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Fig. 2 Multiplex PCR reaction profils showing the amplification
products of img (ice nucleation) gene fragment at 343 bp and 168
rDNA internal control (524 bp) for the bacterial isolates from white
leaf spot lesions of maize (1-26 and 28), crabgrass (27) and sorghum
(29). {a) Amplification pattern using bacterial cell culture and (b)
extracted DNA. Amowheads indicate the target fragments and MM
is the 1 kb DNA ladder

the specificity of this PCR assay for the detection of
P. ananatis isolated from white spot lesions.

Hypersemsitive response on tobaceo leaves

Plant tissue at the infiltrated area with bacterial sus-
pension started to collapse after 24 h, followed by
necrosis within 48 h. In contrast, the leaves treated
with YB medium always showed no symptoms, which
was considered as a negative control (Fig. 3). Among

Fig. 1 Grasses with similar symp-
toms of the maize white spot dis-
ease and bacterial colonies
isolated from the leaf lesions. (a)
Maize and crabgeass. (b) Ceab-
grass. (c) Sorghum. (d) Bacterial
isolates from white spot lesions of
maize (1-26 and 28), crabgrass
{27) and sorghum (29) on TSA
medium

all 29 isolates, 26 generated consistent responses on
tobacco leaves, including 11 isolates showing HR-like
reaction (Table 1). Of the 15 P. ananaris positively
detected by the PCR reaction using ina {ragment, six
were able to induce an HR., whereas seven showed no
symptoms after moculation, including the pathogenic
isolate from sorghum. On the other hand, five isolates
that were considered as endophytic bacteria such as
P. agglomerans, P. putida and Enterobacter ssp. also
induced HR on tobacco leaves.

Assessing the genetic diversity of Pantoea species by rep-PCR
Genetic diversity of 18 Panioea isolates, including 15
of P. ananatis, two of P. agglomerans and one of P. di-
spersa, was assessed by rep-PCR fingerprinting. ERIC,
REP and BOX primers generaled DNA [ragments
ranging from 0.3 to 3.5 kb in size, which varied from 8
to 12 fragments for ERIC, 7-14 for REP and 5-13
fragments for BOX per isolate (Fig. 4). Complex fin-
gerprinting patterns with multiple bands of various
intensities were obtaned, and each 1solate presented a
unique fingerprint profile. Integrated analysis of rep
fingerprinting revealed considerable genetic diversity
among P. ananatis isolates and within Panioea species
(Fig. 4).

A major group was composed of 14 P. ananatis 1so-
gengtic  similarity (Cluster 1), whereas only the
P. ananatis isolate 04 was grouped with P. dispersa in
Cluster Il P. agelomerans isolates were the most
diverse, forming the third cluster with approximately
30% genetic similarity (Fig. 4).

Discussion

A specific PCR assay to identify Pantoea ananatis in grasses
The increased importance ol maize white spot disease
has stimulated studies to identify its cause in maze
and other grasses, which has been assigned to
P. ananatis (Paccola-Meirelles et al. 2001; Pérez-y-
Terron et al. 2009; Alippi and Lopez 2010). Pantoea
ananatis 18 one ol the several Pamtoea species that
forms yellow colonies in culture medium due to carot-
enoild production (Grimont and Gnmont 2005).
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Table 1

Species identification based on 168 rDNA sequence identity of bacterial isolates from white leal spot lesions in maize, sorghum and crabgrass
Izolate Host Species GenBank access  £-valme  ldentity (%) References™ g PCR HR®
[1]] Maize Pantoea ananaiis ABIUTYRY.1 0.0 96 Kido et al. {2008) + ND
0n Maize Pseudomonas putida AY456706.1 0.0 97 Rezzonico et al. (2(44) - +
03 Muize FP_ ananatis CPOOIRTA 0.0 o8 De Maayer et al. (2010) i -
04 Maize F_ ananatis GU324760.1 0.0 04 Yan et al. (2010)) + ND
05 Muize Pamtoea dispersa Fla11863.1 0.0 o4 Rezzonico et al. (2009) - -
06 Maize P, ananais AB29T969.1 0.0 97 Kido et al, (2008) + +
07 Maize P. ananaris AB297969.1 0.0 98 Kido et al. (2008) 1 -
08 Maize Pantoea agglomerans FI611809.1 0.0 99 Rezzonico et al. (2009) = +
[ Maize P. ananaiis Flal1814.11 0.0 ERl Rezzonico et al. {2009) + +
10 Muize FP_ ananatis CPOO1RTAL 0.0 g De Maayer et al. (2010) i +
11 Maize Unewlrured bacterium EUS42007.1 0.0 o4 Eilmus and Heil 2009 - +
12 Maize Acinetobacrer baylyi EF178433.1 0.0 99 Yang et al. (2008) - -
13 Maize A baylyvi EUB04244.1 0.0 o8 Chen et al. (2008) - -
14 Maize Paeudomonas sturzeri AMBOSRS22 0.0 95 Mulet et al. (2008) - —
15 Maize P, ananatis ABIYTIR9.1 0.0 99 Kido et al. (2008) + —
16 Maize A baylyi EUBMI44.1 0.0 99 Chen et al. (2008) - -
17 Maize Uneulrured bacierium AB460252.1 0.0 99 lkeda et al. (2009) - -
18 Maize Uncultured bacterium AB460252:1 0.0 G4 lieda et al. (2009) - -
19 Maize P ananatis CPO018T5.1 0.0 '] De Maaver et al. (2010} + +
20 Maize P. putida HM 192789.1 0.0 99 - - ND
21 Maize P. ananaiis CPODIRTS.I 0.0 i De Maayer et al. (2010) + +
22 Maize P. agglomerany Flal1807.1 (1] 449 Rezzonico et al. (2009) - +
23 Maize P ananatis AB297969.1 0.0 99 Kido et al. 2008 + -
2 Maize Enterobacter spp. GO4TE2T5.1 0.0 99 Collavino et al. (2010) - +
35 Maize P ananatis ABT7960.1 0.0 G4 Kido et al. (2008) + +
26 Maize Unewltured bacterium DO332262 1 0.0 a4 Moissl et al. (2007) - -
27 Crabgrass P, ananaifs AB29T969.1 0.0 99 Kido et al, (2008) + -
a8 Maize P. ananaiis CPO018T75.1 0.0 o4 De Maayer et al. (2010) 4+ —
4 Sorghum P, ananaiis H(333482.1 0.0 104 Cota et al. {2010) + —

ND, not determined; HR, hypersensitive response. *Public citations of the hits found in the GenBank, which were used to identify each
species by sequence comparison; "Hypersensitive response on tohacco leaves.

Fig. 3 Reaction of tobacco plant (Nicerana rabacum L. cv. Petit
Havana SR1) 48 h after infiltration with Y B medium (0) and some
bacterial isolates (07, 08, 09, 10)

Despite the fact that white mutants of P. ananatis
occur i collections, our first selection criterion was
the vellow colony phenotype because white colony
endophytes were also isolated from maize white spot
lesions by Paccola-Meirelles et al. (2001), and our goal
was to detect the pathogen of these lesions. The colour
phenotype of colonies was important but not enough
to identify this species in white spol lesions, and we

showed that only 48% of the bacteria isolated from
vellow colonies were P. ananaris.

To specifically identify P. ananatis in white spot
lesions, we validated a multiplex PCR reaction based
on the amplification of a fragment of the ima gene,
which was developed to detect this pathogen in melon
internal fruit rot (Kido et al. 2008). The optimized
PCR assay specifically detected P. ananatis isolated
from white spot lesions of maize, sorghum and crab-
grass, which were confirmed by 168 rDNA sequence
comparison.

Ice nucleation activity is shared by some bacterial
species; however, six different genes encoding ice nucle-
ation proteins have been sequenced from Pseudomonas
fluorescens (imaW; Warren et al. 1986), Pseudomonas
syringae (ing; Green and Warren 1985), Xanthomonas
campestris (inaX,; Zhao and Orser 1990). P. agglomer-
ans (ice; Warren and Corotto 1989) and Pantoea
ananatis (inad; Abe et al. 1989 and inal’; Michiganu
etal. 1994). Other bactenia carrying ice nucleation
genes, such as Pseudomonas spp. and P. agglomerans,
were also isolated in our experiment without the
amplification of the ina gene fragment, which is strong
evidence of the specificity of this PCR rmeaction to
P. ananatis. All P. ananatis 1solates tested for ing PCR
to date, including 96 from different crops deseribed by
Kido etal. (2008, 2010) and the 15 isolates from
maize, sorghum and crabgrass white spot lesions
reported in our study. showed positive results. These
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Fig. 4 Dendrogram showing the Panroea isolates from leaf lesions on maize, sorghum and crabgrass after cluster analysis of rep-PCR primers

using the UPGMA method

results are a robust indication that this PCR assay is a
powerful tool to detect P. ananartis in different crops.
Additionally. the multiplex PCR reaction validated
here was optimized for cell culture media, which is an
easier and more cost-effective way to detect P. ananatis
m white spotl disease lesions from maize and other
putative hosts. than the sequencing of housekeeping
genes proposed by Brady et al. (2008) to differentiate
all current Pantoea spp.

Pantoea ananatis in white spot lesions from maize, sorghum
and crabgrass

In addition to the bright vellow colony-forming bacte-
ria, some white colonies and other bactenia were iso-
lated from the water-soaked lesions in maize, sorghum
and crabgrass. Moreover, white colonies were isolated
from maize white spot lesions by Paccola-Meirelles
et al. (2001}, indicating that other bacteria can be pres-
ent in these lesions. 1t would be expected once the
entry points for pathogenic bacteria can also be used
by the endophytic ones, which could be able to colo-
nize Lthe internal leafl tissues (Kelemu et al. 2011). Pan-
toea ananatis was also isolated i typical sorghum and
crabgrass white spot lesions, confirming the existence
of putative alternative hosts for this pathogen. Crab-
grass, one of the most frequent weeds found in maize
fields throughout the overseasoning and cropping sea-
son in Brazil (Pasqualetto etal. 2001; Duarte et al
2007), has been reported to be a host for P. ananatis
in onion fields in the USA (Gitaitis et al. 2002).
Recently, it was found that P. ananatis isolated from
crabgrass was able to induce white spot disease in
maze (Silva et al. 2010). Additionally, P. ananatis was
reported to be pathogenic in sorghum by artificial
moculation (Azad et al. 2000) and was shown to cause
white spot disease in sorghum under field conditions in
Brazl (Cota et al. 2010). Avoidance and eradication of

the initial inoculum are probably the most appropriate
disease management strategies recommended for con-
trol of P. ananatis and other phytopathogenic bacteria
(Coutinho and Venter 2009). Thus, the presence of this
bacterium in sorghum and crabgrass may have consid-
erable epidemiological significance and function as an
important inoculum source, complicating the disease
control strategies in maize-producing areas.

All bacteria isolated Irom white spot lesions were
evaluated for the ability to induce HR on tobacco
leaves. Six P. gnanatis isolates produced a necrotic
reaction until 48 h of inoculation. It is known that
P. ananatis 1solated from maize white spot lesions can
induce HR-like reaction (Paccola-Meirelles et al. 2001;
Alippi and Lopez 2010; Krawezyk et al. 2010). On the
other hand, some P. ananatis including the sorghum
pathogenic isolate (Cota et al. 2010) did not induced
HR on tobacco. A similar response was demonstrated
by pathogenic isolates from melon fruit (Kido et al
2010), suggesting that tobacco mnfiltration tests are
insufficient to determine the pathogenicity of P. ananatis.
Moreover, four endophytic bacterial species also
showed HR-hke reaction on tobacco leaves. The pres-
enl findings seem to be consistent with other research
which demonstrated that three of these bacterial spe-
cies are plant pathogen, such as P. agglomerans (Cook-
sey 1986; Morales-Valenzuela et al. 2007; Yang et al.
2011), P. putida (Gongalves et al. 2008) and Enterob-
acter ssp. (Nishijima et al. 2007; Masyahit et al. 2009;
Schroeder et al. 2010).

Genetie diversity of Pantoea species

rep-PCR is a DNA fingerprinting technique based on
the amplification of genomic sequences between the
repetitive elements conserved in prokaryotes, including
repetitive extragenic palindromic (REP), enterobacte-
rial repetitive intergenic consensus (ERIC) and BOX
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elements (Versalovic et al. 1991, 1994). Each of the
Pantoea isolates amplified by rep-PCR primers showed
a unique DNA fingerprint and high genetic variability.
Of the 15 P. gnanatis isolates, 14 isolates [rom maize
and crabgrass, as well as the sorghum pathogenic iso-
late reported by Cota et al. (2010) clustered 1n a single
group (Cluster I) and showed between 65 and 90%
genetic similarity (Fig. 4). The one exception was
P. ananatis isolate 04, which was grouped with P. di-
spersa showing a genetic similanty of close to 60%.
This demonstrated that genetic variability among the
P. ananatis isolates from maize, sorghum and crab-
grass white spot lesions was not related to host type or
to differential reaction on tobacco leaves.

By sampling just one maize-growing area in Brazil.
we found that the genetic variability of P. ananatis
was particularly high, when compared with the ones
isolated from melon fruit rot (Kido et al. 2008). These
authors found that eight P. angnatis isolates were
nearly identical when analysed by rep-PCR. Further
studies on the P. ananatis varniability from other hosts
and other geographical regions, however, could be use-
ful in designing strategies for maize white spot disease
control. In accordance with these findings, we propose
that it 1s very important that the genetic vanability of
this pathogen be taken inilo consideration in the devel-
opment of maize cultivars with durable resistance.
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5. CONCLUSAO GERAL

Em relagdo ao patégeno, foi implementada uma metodologia com custo reduzido
para rapida detecgcdo da bactéria P. ananatis a partir de leses foliares da mancha branca.
Uma elevada variabilidade genética foi verificada entre os isolados de P. ananatis, sendo
possivel agrupar conjuntamente os isolados de milho, sorgo e capim colchdo. Tais
resultados evidenciam possiveis hospedeiros alternativos, com implicagdes importantes nos
estudos epidemiolégicos visando estratégias de manejo da doenga.

Quanto ao hospedeiro, foram mapeados QTLs associados com a resisténcia a
mancha branca em milho, constitutivos e especificamente expressos em dois ambientes.
Foram identificados QTLs com predominancia de efeitos de dominancia, além de interacdes
epistaticas entre QTLs, que em conjunto, explicaram em torno de 92% da variancia
genotipica da resisténcia em cada um dos ambientes avaliados. Posteriormente, foram
identificados RGAs co-localizados in silico com os QTLs de resisténcia a mancha branca,
dos quais os candidatos Pto20, Pto99 e Xa26.151.4 foram geneticamente mapeados na
regido dos QTLs nos cromossomos 4 e 8, e foram super-expressos na linhagem resistente
em condi¢gbes de campo. Assim, tais informacdes contribuirdo tanto com potenciais alvos
para a selegcdo assistida, quanto para o delineamento de um programa de melhoramento

visando o desenvolvimento de gendtipos de milho mais resistentes a mancha branca.
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