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RESUMO

A forma mais agressiva de cancro citrico, cancrose A, ¢ causada pela bactéria
Xanthomonas axonopodis pv citri (Xac), que ataca qualquer variedade ou espécie de citros.
Além de Xac, Xanthomonas axonopodis pv aurantifolii (Xaa) causa um tipo mais leve da
doenga, cancrose C, restrita ao limdo Galego (Citrus aurantifolii). Na laranja Péra (Citrus
sinensis), Xaa provoca uma resposta de defesa que impede o desenvolvimento dos sintomas
do cancro incluindo a ruptura da epiderme que ¢ fundamental a dissemina¢do da bactéria.
Neste trabalho, abordamos a patogenicidade diferencial entre Xac e Xaa na laranja Péra
para estudar a expressdo gé€nica na planta associada ao desenvolvimento dos sintomas
(hipertrofia e hiperplasia celular) e a resposta de defesa.

O projeto apresenta a identificacdo e caracterizagdo de genes expressos
diferencialmente em resposta a infec¢do por Xac e Xaa responsaveis pelo cancro citrico. A
partir de trés estratégias independentes (Display diferencial de PCR, Hibridagdo subtrativa
suprimida e micro arranjos de DNA) detalhou-se o perfil transcricional de folhas de laranja
infiltradas com Xaa, Xac ou agua como controle. Mais de 120 genes candidatos foram
validados através de PCR quantitativo em tempo real ou hibridagdo Northern. Os genes
diferencialmente expressos a 6 ou 48 hs apos da infec¢do (hai) aparecem agrupados em
categorias funcionais como: remodelamento de parede celular, divisdo e expansdo celular,
trafego de vesiculas, resposta de defesa, metabolismo de nitrogénio e carbono e sinalizagdo
de hormdnios como auxina, giberelina e etileno.

Inicialmente, tanto Xaa quanto Xac induzem respostas de defesa associadas com ataque
de patogenos incluindo a produgdo de espécies reativas de oxigénio e lignificacdo da parede
celular. Notavelmente, a mudanga no perfil transcricional mostra que Xac suprime as
defesas da planta entre 6 e 48 hai, a0 mesmo tempo em que induz genes relacionados com o
metabolismo da parede celular, divisdo celular e trafego de vesiculas, entre outros. A
consequéncia dessa manipulacdo transcricional no hospedeiro por parte de Xac d4 origem a
um estado fisiologico tipico de expansdo celular (hipertrofia). O inibidor de trafego de
vesiculas, Brefeldina A, atrasou o desenvolvimento dos sintomas do cancro, indicando que
essa atividade esta mais relacionada com hipertrofia celular do que com respostas de

defesa.
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No perfil transcricional de folhas infectadas com Xaa destaca-se a ativagdo de uma
via de sinalizagdo por proteina quinase ativada por patogeno, envolvendo também fatores
de transcrig¢do do tipo WRKY, assim como elementos de resposta a etileno.

Tanto Xac quanto Xaa parecem modular a transcri¢do de genes relacionados com
sinalizacdo e transporte de auxinas e biosintese de giberelina. O tratamento de folhas de
laranja com, acido naftalenoacético (NAA) e acido giberélico (GA3) demonstrou que esses
hormdnios induzem a expressdo de genes de remodelamento de parede celular, biosintese
de giberelina e sinalizacdo de auxina. Além disso, o inibidor de biosintese de giberelina
(Chlorocoline Chloride) diminuiu significativamente a expressdo de genes induzidos por
NAA sugerindo que exista uma regulacdo cruzada entre auxina e giberelina que controla a
expressdo de genes relacionados com divisdo e expansdo celular em citros.

Finalmente, duas regides promotoras de genes que codificam proteinas relacionadas
com patogenicidade (PR-I e PR-5) foram isoladas e caracterizadas. Esses genes sdo
fortemente induzidos por Xaa e Xac em 6 e 48 hai. Substancialmente, existem elementos
similares com o “upa box” nas regides promotoras de PR-/ e PR-5. Mediante experimentos
de Electrophoretic Mobility Shift Assays (EMSA) demonstrou-se que a proteina PthA4 de
Xanthomonas ¢ capaz de ligar-se no “upa box” presente nos promotores de PR-/ e PR-5.
Tanto o promotor de PR-I quanto o de PR-5 dirigem a expressdo transitoria do gene

reporter uid4 em N. benthamiana mediante Agro infiltragdo.



ABSTRACT

The most aggressive form of the citrus canker disease is caused by the bacteria
Xanthomonas axonopodis pv. citri (Xac), which can infect all commercial varieties or
species of citrus. In addition to Xac, Xanthomonas axonopodis pv. aurantifolii (Xaa) causes
a weaker form of the disease, known as cancrose C, which is restricted to Mexican Lime
(Citrus aurantifolii). In sweet orange (Citrus sinensis), Xaa triggers a defense response that
halts the canker-symptoms development including the epidermal rupture, which is essential
for bacterial dissemination. In this work, we approached the differential pathogenicity
existing between Xac and Xaa in order to survey the host gene expression associated with
symptoms development (cellular hypertrophy and hyperplasia) and defense response in
sweet orange.

The project presents the identification and initial characterization of differentially
expressed genes in response to the infection with the citrus canker pathogens, Xac and Xaa.
Three independent strategies were conducted in order to have a detailed transcriptional
profiling of orange leaves infected with Xaa, Xac or water as mock control (Differential
Display PCR, Suppression Subtractive Hybridization and GeneChip Microarrays). More
than 120 candidate genes were validated through quantitative real time PCR or Northern
blot. The differentially expressed genes at 6 or 48 hours after infection (hai) were grouped
into functional categories: cell-wall remodeling, cell division and expansion, vesicle
trafficking, carbon and nitrogen metabolism or hormone signaling, auxin, gibberellin and
ethylene.

Initially, both Xaa and Xac elicit a defense response associated with pathogen attack
that includes the production of reactive oxygen species (ROS) and cell-wall lignification.
Notably, the changes in the transcriptional profiles show that Xac suppresses the plant
defenses between 6 and 48 hai and at the same time it induces genes related to the cell-wall
metabolism, cell division and vesicle trafficking among others. The consequence of this
host manipulation by Xac originates a physiological state very similar to that of cell
expansion (hypertrophy). The vesicle trafficking inhibitor, Brefeldin A, delayed the
development of canker symptoms indicating that this activity is more related to the cellular
enlargement than to the defense responses.

The transcriptional profile of Xaa-infiltrated leaves highlights the activation of a

mitogen-activated protein kinase (MAPK) signaling pathway related to pathogen attack
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with the involvement of other components of defense responses like WRKY -transcriptional
factors and ethylene-response elements.

Both Xac and Xaa appear to modulate the transcription of genes related to auxin
signaling and transport and gibberellin biosynthesis. Treatments of orange leaves with /-
naphthylphthalamic acid (NAA) e Gibberellic Acid (GA;) demonstrated that these
hormones induce the expression of genes related to cell-wall remodeling, gibberellin
biosynthesis and auxin signaling. Moreover, the gibberellin-biosynthesis inhibitor
(Chlorocoline Chloride) decreased significantly the expression of auxin-induced genes
suggesting a cross-talk regulation between auxin and gibberellin controlling the expression
of citrus genes associated with cell division and expansion.

Finally, two promoter regions of the pathogenesis related (PR) genes, PR-1 and PR-
5.2, were 1solated and characterized. These genes are strongly up-regulated by Xaa and Xac
at 6 or 48 hai. Substantially, there are “upa’” box-like motifs in the promoter regions of both
PR-1 and PR-5.2. By means of Electrophoretic Mobility Shift Assays (EMSA) we have
demonstrated that PthA4 from Xac is capable of binding the “upa” box-like regions found
in PR-1 e PR-5 promoters. Furthermore, both of the isolated promoters (PR-1 and PR-5)
address the transient expression of the reporter gene uidA in N. bethamiana leaves through

agroinfiltration.
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1- INTRODUCAO

1.1- O cancro citrico

O cancro citrico ¢ uma doenga que afeta significativamente a citricultura em varias
partes do mundo. Esta doenca € causada pela bactéria Xanthomonas axonopodis pv. citri
(Xac) e se caracteriza por lesdes que aparecem em folhas, frutos e ramos. As lesdes surgem
como pequenos cancros ou pustulas de aspeto esponjoso e corticoso, de coloragdo marrom-

escura que podem estar circundadas por halos cloréticos (Figura 1).

Figura 1. A) Lesoes caracteristicas do cancro citrico em ambos os lados da folha de Citrus paradisi (Pomelo).
B) Detalhe das pustulas formadas na parte inferior de folhas de Pomelo. C) Lesdes de cancro mais antigas que
aparecem em ramos de Limdo galego (C. aurantifolii). Fotografias de Jeffrey W. Lotz e Timothy Schubert.
Florida Department of Agriculture and Consumer Services.

O Brasil conta com o maior parque citricola do mundo e ¢ o principal exportador
mundial de suco de laranja concentrado (Estanislau et al., 2001; Rodrigues Neto e Baldini
Ribeiro, 2002). No Estado de Sdo Paulo, a citricultura ¢ a segunda atividade rural em
importancia, menor apenas que a da cana-de-agicar. Sdo aproximadamente 600 mil
hectares de area cultivada, 77% das quais aparece na regido Sudeste. A laranja representa
49% de toda a produgdo brasileira de frutas e, cabe também destacar que o suco de laranja
produzido no Brasil atende 50% da demanda internacional. O setor citricola emprega
diretamente cerca de 400 mil pessoas, gerando divisas superiores a 1,5 bilhdes de ddlares
(US$) anuais (Neves et al., 2004; Associa¢do Brasileira dos Exportadores de Citricos).

Além do cancro citrico, algumas doengas que causam danos resultando na queda da
produtividade e da qualidade dos frutos s@o: a clorose variegada dos Citrus (CVC), o

greening (Huanglongbing), a tristeza e a morte subita dos citros. Em particular, o cancro



citrico se destaca como uma das mais prejudiciais, principalmente pela sua facil
disseminagdo e por atacar todas as variedades e espécies de citros.

No pais, o cancro foi descrito pela primeira vez em 1957 e desde entdo foi
diagnosticado em todo o Estado de Sdo Paulo, Mato Grosso, Mato Grosso do Sul, Rio
Grande do Sul, Santa Catarina, Minas Gerais e, mais recentemente, em 2002, no Estado de
Roraima (Rodriguez Neto e Baldini Ribeiro, 2002; Nascimento et al., 2003).

As lesdes nos frutos podem ser intensas, o que deprecia consideravelmente a
qualidade do produto, e quando a infec¢do € severa, ocorre desfolhacdo na planta junto com
a queda prematura dos frutos, os quais se tornam improprios para o comércio (Gottwald et
al., 2002; Rodrigues Neto e Baldini Rivero, 2002). Além disso, existem barreiras
fitossanitarias internacionais que impedem o comércio de produtos provenientes de areas
afetadas pela doenca.

As plantas de citros apresentam maior suscetibilidade ao cancro durante a fase juvenil
e o maior indice de infeccdo ocorre nos periodos de maiores chuvas, ventos e temperaturas
elevadas, fatores preponderantes para a disseminagdo do patogeno (Koizumi et al., 1996;
Stall e Seymour, 1983). O uso de variedades de citros resistentes ao cancro como forma de
controle da doenga tem enfrentado dificuldades, principalmente porque nio existem plantas
de citros resistentes a bactéria e também porque a variabilidade genética entre os cultivares
comerciais ¢ baixa. Mesmo as espécies ndo comerciais como calamondin (Citrus mitus) e
kumquat (Fortunella spp), consideradas altamente resistentes a Xac em condi¢des de
campo, sdo susceptiveis quando infiltrados com uma suspensado da bactéria (Gottwald et al.,
1993). Além disso, fatores biologicos como longo periodo reprodutivo, incompatibilidade
entre espécies, alta heterozigose, esterilidade, apomixia, entre outras, t€ém sido as principais
limitagdes para a obteng¢do de novas variedades comerciais de citros com maior resisténcia
a patogenos (Oliveira et al., 2002).

Estratégias para obteng@o de plantas de citros transgénicas através de transformacdo
de protoplastos, bombardeamento de embrides ou transformacdo por Agrobacterium
tumefasciens ja foram reportadas (Moore et al., 1992; Pefia et al., 1997; Cervera et al.,
1998; Mendes-da-Gloria et al., 2000; Moura et al., 2001; Mendes et al., 2002). Da mesma
forma, outras técnicas como regeneracdo somatica, fusdo de protoplastos e organogénese in
vitro tem sido abordadas com o objetivo de se obter hibridos com caracteristicas

agronomicas de interesse (Moura et al.,2001; Mendes-da-Gloria et al., 2000).



1.2- Ciclo da doenca e medidas de controle

A bactéria causadora do cancro citrico penetra no tecido vegetal através dos
estomatos ou por ferimentos na epiderme de folhas, frutos ou ramos. Uma vez no espaco
apoplastico do hospedeiro, Xac cresce rapidamente produzindo abundante polissacarideo
extracelular (EPS), principalmente goma xantana. Em paralelo com o crescimento da
bactéria, também ocorre aumento do tamanho (hipertrofia) e divisdes mitoticas
(hiperplasia) das células hospedeiras provocando uma dramatica diminui¢do dos espagos
intercelulares no mesodfilo. O acumulo da goma xantana da o aspecto de encharcamento
(“water-soaking”) no tecido infectado devido ao alto potencial higroscopico da goma, que
prende a agua proveniente do xilema. A medida que as lesdes envelhecem, tornam-se
escuras, adquirindo uma tonalidade marrom produto da necrose na area infectada (Figura
1). Durante esta fase, a epiderme do tecido se rompe e a bactéria ¢ liberada para o exterior

proporcionando o indculo para transmissdo da bactéria em outros tecidos e plantas (Figura
2).
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Figura 2. Ciclo da doenga. A bactéria penetra pelos estdmatos na folha ou por ferimentos presentes na planta.
Uma vez dentro da planta, Xac se multiplica e paralelamente promove hipertrofia e hiperplasia das células do
hospedeiro. As erupgdes formadas no tecido infectado colapsam, sofrem ruptura da epiderme e, a bactéria ¢
consequente liberada ao exterior. A seguir fatores ambientais como pingos de chuva geram aerossois da
bateria que s@o por sua vez espalhados pelo vento dentro do pomar. Gottwald, 2000.



Uma vez instalada a doenga, a bactéria se dissemina facilmente dentro do pomar
sendo o préprio homem o principal responsavel dessa disseminagdo por meio de materiais
de colheita, poda com ferramentas contaminadas e transito indiscriminado de pessoas pelos
pomares. A disseminag¢do de um pomar para outro ocorre principalmente mediante mudas
contaminadas, porém fatores ambientais como chuvas e ventos fortes sdo também
determinantes para o espargimento da bactéria (Fundo de Defesa da Citricultura.
FUNDECITRUS). Além disso, insetos herbivoros como a larva minadora dos citros
(Phillocnictis citrella) geram galerias nas folhas tornando-as mais susceptiveis a infec¢do
por aerossdis contendo a bactéria (Belasque Jr et al., 2001).

Nao existe método curativo para a doenga € o combate ao cancro citrico é feito
através da erradicacdo do material contaminado. Até setembro de 2008, mais de 200.000
plantas foram erradicadas na regido de Sdo Paulo e triangulo mineiro (FUNDECITRUS).
Por essa razdo, varias medidas de preven¢do visando eliminar o cancro citrico foram
estabelecidas na Campanha Nacional de Erradicagdo do Cancro Citrico (CANECC) criada
em 1974 pelo Ministério de Agricultura do Brasil. Entre as medidas de controle e
prevengdo mais importantes cabe destacar o uso de mudas sadias certificadas como livre de
doengas, a desinfestacdo de todo material de colheita ou poda, o uso de quebra ventos nas
fronteiras do pomar para diminuir a agdo do vento dentro da lavoura e essencialmente, a
inspecdo rotineira dos pomares para detectar rapidamente possiveis focos da doenca
(FUNDECITRUS; Rodriguez Neto e Baldini Ribero, 2002).

Gragas ao esforco do FUNDECITRUS e da Secretaria de Agricultura e
Abastecimento na fiscalizagdo e erradica¢do de plantas doentes, o controle da doenca foi
garantido no Estado de Sdo Paulo. Um aspecto positivo € que a doenca nio foi detectada
em viveiros durante 2008, ao passo que em 2007 cerca de 150.000 plantas infectadas foram

eliminadas de viveiros da regido (Incidéncia do cancro citrico 2007. FUNDECITRUS).

1.3- A bactéria causadora do cancro citrico: Xanthomonas axonopodis

O género Xanthomonas compreende bactérias Gram-negativas que estdo fortemente
associadas com plantas embora nem sempre sejam patogenicas. Comumente apresentam
uma cor verde-amarelo resultado da producdo do pigmento xantomonadina (Jenkins and
Starr, 1985). Existem dois grupos filogeneticamente distintivos da bactéria que podem
causar cancro citrico. O grupo asiatico € o principal e esta composto por Xac, que causa

cancrose A, também conhecida como Asidtica, e consiste na forma mais agressiva da



doenga, de ampla ocorréncia e que afeta todas as variedades de citros comerciais (Gottwald
et al., 2002; Rodriguez Neto e Baldini Ribero, 2002). O segundo grupo € o sul americano,
composto por Xanthomonas axonopodis pv aurantifolii (Xaa) cujos patotipos B e C
infectam preferencialmente o limdo verdadeiro (Citrus limon) e o limdo Galego (Citrus
aurantifolii). A “cancrose B” ataca as duas variedades de limdo e ocorre na Argentina,
Paraguai e Uruguai. Entretanto, o patotipo C foi detectado apenas no Brasil (Namekata,
1971) e esta restrito a determinadas regides de Sdo Paulo afetando unicamente ao limdo
Galego. Significativamente, tanto Xac quanto Xaa causam sintomas idénticos da doenga o
que indica que estas bactérias empregam mecanismos comuns de patogenicidade (Brunings
e Gabriel, 2003).

Além disso, dois novos patotipos associados com o grupo Asiatico foram
caracterizados, o patotipo A* no sul-oeste da Asia e o patotipo A" na Florida (Estados
Unidos), sendo que ambas formas de cancro afetam apenas ao limédo galego (Verniere et al .,
1998 ; Sun et al., 2000). Os motivos da especificidade de hospedeiros de Xaa assim como
dos patotipos A* ¢ A" sdo ainda desconhecidos.

Os genes de aviruléncia (avr) de Xanthomonas sdao diversos e codificam proteinas
com baixa similaridade com exce¢do da familia génica avrBs3/pthA. A maioria dos genes
avr foi identificada em bactérias fitopatogénicas por induzir resposta de hipersensibilidade
(HR) em plantas que possuem o gene de resisténcia (R) correspondente (Lam et al., 2001).
Apesar disso, esses genes desempenham um papel central na viruléncia da bactéria durante
as interacdes compativeis (Lahaye e Bonas, 2001). Genes avr codificam proteinas efetoras
que sdo translocadas da bactéria para o interior da célula vegetal pelo Sistema Secretorio
Tipo III (SST3), codificado pelo “regulon” hrp (resposta de hipersensibilidade e
patogenicidade) (Lahaye e Bonas 2001; Buttner e Bonas, 2002). O SST3 € essencial tanto
para patogenicidade quanto para aviruléncia, pois ele permite a bactéria injetar
indiscriminadamente proteinas Avr no interior da célula hospedeira, as quais determinam,
pelo menos em parte, a especificidade de hospedeiros (Fouts et al., 2003).

As proteinas AvrBs3 de Xanthomonas campestris pv vesicatoria ¢ PthA de Xac
pertencem a familia génica avrBs3/pthA que compreende um grande numero de proteinas
conservadas no género Xanthomonas (Tabela 1). Tanto o avrBs3 quanto o pthA codificam
para proteinas que possuem 17.5 dominios repetitivos, ricos em leucina, compostos por 34

aminoacidos (17.5 x 34), duas regides de localizagdo nuclear (NLS) e um dominio



carboxila terminal 4acido (AAD) caracteristico de fatores de transcri¢do eucarioticos (Figura

3) (Bonas et al, 1989; Swarup et al, 1991).

Tabela 1. Membros da familia génica avrBs3/pthA

Nome

GeneBank

Dominios repetitivos

Xanthomonas campestris pv. vesicatoria

AvrBs3 X16130, CAA34257 17.5x 34
AvrBs4 X68781, CAA48680 17.5x 34
Xanthomonas oryzae pv. oryzae

AvrXa3 AY129298, NC 006834, AANO1357, YP 199878.1 85x34
AvrXa$s AY377126, AAQ79773 55x34
AvrXa7 AF262933, AAF98332, AAF98343 25.5x 34
AvrXalO U50552, AAA92974 15.5x 34
AvrXa27 AY986494, AAY54168 16.5x 34
Xanthomonas oryzae pv. oryzicola

Avr/pth3 AY875712, AAW59492 155x 34
Avr/pth13 AY875711, AAW59491 55x34
Avr/pth14 AY875713, AAW59493 19.5x 34
Xanthomonas campestris pv. armoraciae

Hax2 AY993937 21.5x 35
Hax3 AY993938 11.5x 34
Hax4 AY993939 14.5x 34
Xanthomonas campestris pv. malvacearum

Avrb6 L06634, AAB00675 13.5x 34
PthN AF016221, AAB69865 13.5x 34
Xanthomonas axonopodis pv. citri

Apll AB021363, BAA37119 17.5x 34
Apl2 AB021364, BAA37120 15.5x 34
Apl3 ABO021365, BAA37121 23.5x34
PthA U28802, AAC43587 17.5x 34
PthA1 XACa0022, AAM39226 16.5x 34
PthA2 XACa0039, AAM39243 155x 34
Xanthomonas campestris pv. manihotis

pTHB AF012325, AAD01494 12.5x 34
Ralstonia solanacearum

Brgll NC 003295, NP 519936 16.5x 35

PthA foi um dos primeiros genes de viruléncia para o qual se demonstrou uma fungéo
no desenvolvimento dos sintomas no hospedeiro; ele ¢ necessario a bactéria para ocasionar
os sintomas do cancro citrico (Swarup et al, 1991) e quando expresso transitoriamente em
folhas de laranja causa hipertrofia e hiperplasia celular (Duan et al, 1999). Tal resposta
parece ser especifica de citros porque, 1) quando pthA € inserido nas cepas X. phaseoli e X.
campestris pv malvacearum, os transformantes induzem HR nas hospedeiras feijdo e
algoddo, respectivamente (Swarup et al., 1992) e, 1) a expressdo transitoria de pth4 em
plantas ndo hospedeiras de Xac como tabaco, feijdo ou algoddo levam a uma reagdo do tipo
HR (Duan et al, 1999). Esses fatos sugerem a existéncia de genes R em plantas ndo
hospedeiras que sdo capazes de reconhecer a proteina PthA e desencadear uma resposta de
defesa (Bruning e Gabriel, 2003). A descoberta desses genes R pode ser util para o

desenvolvimento de plantas transgénicas resistentes a Xac.
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Figura 3. Estrutura modular de avrBs3 e seu analogo pthA4. Estes genes contem 17.5 repeti¢des do dominio
central rico em leucina, duas regides de localizacdo nuclear (NLS) e um dominio acido de ativagdo de
transcricdo (AAD). A por¢do N-terminal ndo € necessaria para desenvolvimento dos sintomas. (Lahaje e
Bonas, 2001)

1.4- Mecanismos moleculares da familia de proteinas avrBs3/pthA

Cerca de 20 proteinas efetoras sdo injetadas no hospedeiro através do SST3 de
Xanthomonas campestris pv vesicatoria (Xcv) (Thieme et al., 2005). Um desses efetores
que pertence a familia de proteinas avrBs3/pthA é o AvrBs3, o qual dispara uma resposta de
HR em plantas de pimenta (Capsicum annuum) que expressam o gene de resisténcia Bs3,
sendo este um caso atipico de reconhecimento gene-a-gene (Romer et al., 2007).
Inicialmente mostrou-se que mutagdes locais nas regides NLS ou AAD de avrBs3,
suprimem a resposta de HR na planta mediada por Bs3, indicando a possivel funcdo de
AvrBs3 no nucleo da célula hospedeira como um fator de transcri¢do (Szurek et al., 2001;
Szurek et al., 2002). A seguir, Romer e colaboradores descobriram o alvo especifico de
AvrBs3 em plantas de pimenta resistentes (ECW-30R). O efetor AvrBs3 se liga
diretamente na regido promotora do gene Bs3 e ativa sua transcricdo, o que leva a resposta
de HR (Romer et al., 2007). Notavelmente, a proteina AvrBs4 de Xcv que € 97% idéntica a
AvrBs3, € incapaz de transativar Bs3 e promover a resposta de HR. Da mesma forma que
AvrBs4, AvrBs3Arepl6 (13.5 x 34) que contem quatro dominios repetitivos a menos que
AvrBs3, liga fortemente a regido promotora de Bs3, mas ndo é capaz de ativar transcricao
sugerindo um posicionamento incorreto ou inadequado do AAD sob essa regido promotora
(Romer et al., 2007). No entanto, em plantas de pimenta susceptiveis (ECW) que possuem
o alelo Bs3-E do gene Bs3, AvrBs3Arepl6 causa HR através da ativa¢do direta do gene
Bs3-E. Em plantas ECW, Bs3-E ¢ o alelo funcional de Bs3 e as regides codantes destes
alelos diferem em apenas uma unica base que gera a troca de um aminoacido sem afetar a
fun¢do da proteina. A principal diferenca entre Bs3-E e Bs3 resulta ser uma insercdo de 13
pares de bases (pb) na regido promotora do gene Bs3. Esta inser¢do altera a especificidade
do promotor impedindo a ligagdo de AvrBs3, mas ndo a de AvrBs3Arepl6, que transativa o

gene R provocando HR (Romer et al., 2007).



Por outro lado, AvrBs3 também pode causar hipertrofia das células do mesofilo de
plantas susceptiveis como pimenta ou tomate (Marois et al., 2002). O efetor forma homo
dimeros no citoplasma do hospedeiro, que logo sdo importados ao nucleo celular através de
interacdo com o-importinas (Gturlebeck et al., 2005). A seguir, AvrBs3 promove ativagdo
transcricional de genes envolvidos no controle da expansdo celular como expansinas e
genes induzidos por auxinas (Marois et al., 2002). Significativamente, um dos genes
induzidos por AvrBs3, codifica um fator de transcricio do tipo hélice-giro-hélice
denominado upa2(), cuja expressdo transiente causa hipertrofia em N. benthamiana assim
como em outras solanaceas (Kay et al., 2007). Upa20 ¢ um controlador “master” do
tamanho celular e que também promove expansdo celular, em parte, ativando a transcri¢cdo
da expansina upa7 (Kay et al., 2007). Da mesma forma que ocorre em plantas de pimenta
resistentes (ECW-30R) com a expressdo do gene Bs3, nenhuma das proteinas AvrBs4 ou
AvrBs3Arepl6 conseguem transativar upa2(, sendo incapazes de causar hipertrofia em
plantas susceptiveis (ECW). A partir dessas evidéncias, foi caracterizada uma regido no
promotor do gene upa2() que se nomeou upa box e que também estd presente no promotor
de Bs3. A inducdo de upa2() ou Bs3 ocorre através da ligagdo direta de AvrBs3 no upa box
desses genes durante a interagdo compativel ou incompativel, respectivamente (Kay et al.,
2007).

Embora o caso do AvrBs3 seja o mais bem caracterizado na atualidade, outras
proteinas da familia génica avrBs3/pthA também foram reportadas por induzirem ativacéo
geénica especifica nos hospedeiros. Em arroz, por exemplo, a proteina de aviruléncia
AvrXa27 de Xanthomonas oryzae pv oryzae (Xoo) induz a transcricio do gene de
resisténcia Xa27 que gera uma resposta de defesa. Os alelos génicos do Xa27 presentes em
plantas resistentes ou susceptiveis diferem unicamente na regido promotora, indicando que
o alvo de AvrXa27 estaria, mais uma vez, no promotor do alelo resistente. Entretanto, ainda
ndo foi demonstrado se AvrXa27 age diretamente no promotor de Xa27 ou, se talvez
necessite de outros fatores de transcricdo endogenos para funcionar (Gu et al., 2005). Da
mesma forma, o gene pthXol de Xoo (PX099%) promove a indu¢do do gene OsSN3 em
plantas susceptiveis a bactéria. Os8N3 codifica uma provavel proteina integral de
membrana de fung¢do desconhecida. O silenciamento do Os8N3 através de RNA de
interferéncia impede o crescimento normal de Xoo e diminui o tamanho das lesdes
causadas em folhas de arroz pela bactéria (Yang et al., 2006). Isso indica que Xoo promove

susceptibilidade em arroz através de pthXol, que ativa a transcricdo do “gene de



susceptibilidade” Os8N3. Nesse caso, também resta saber se ocorre interacdo direta entre o
produto do gene pthXol e o promotor de Os8N3. Mais recentemente, foi reportado que os
genes pthXo6 e pthXo7 da familia avrBs3/pthA de Xoo controlam a indugdo do fator de
transcri¢do tipo bZIP, OsTFXI, e da subunidade peugena do factor de transcri¢do IIA,
OsTFI1IAyl, em folhas de arroz, respectivamente. Os autores demonstraram que a perda de
viruléncia devida a falta de pthXo6 na bactéria pode ser revertida pela expressdo ectopica
de seu alvo no hospedeiro, OsTFXI. Esses dados destacam como a expressdo génica no
hospedeiro, manipulada pela familia gé€nica avrBs3/pthA, contribui com a viruléncia do

patogeno através do aumento na susceptibilidade do hospedeiro (Sugio et al., 2007).

1.5- Analises transcricionais durante interacdes planta — patégeno

Antes do advento dos micro arranjos de DNA para andlises transcricional em larga
escala, outras técnicas como hibridizacdo diferencial de bibliotecas de cDNA (Jung e
Hwang, 2000), “display diferencial” de PCR (Yoda et al., 2002; Liang and Pardee, 1992) e
amplificacdo de fragmentos com tamanhos poli morficos (AFLP) (Marois et al., 2002)
levaram a 1dentificacdo de varios genes de plantas com expressdo precoce e associados as
respostas de hipersensibilidade ou patogenicidade durante as interagdes planta - patdogeno.
Igualmente, a técnica chamada de “gene-calling” permitiu identificar cerca de 400 genes
diferencialmente expressos em plantas de tomate apds infeccdo por Pseudomonas syringae
pv tomato (Mysore et al., 2002).

Nos ultimos anos, andlises transcricionais em larga escala revelaram varios
mecanismos de resposta de plantas durante interagdes compativeis ou incompativeis (Tao et
al., 2003; Thilmony et al., 2006; Cernadas et al., 2008a). Em trabalhos utilizando
Pseudomonas syringae DC3000 e Arabidopsis como modelo experimental, foram descritos
mecanismos de supressdo de defesa na planta associados com, 1) efetores de viruléncia
dependentes do SST3 e, 11) com a produgdo da toxina Coronatina (Thilmony et al., 2006).
Além disso, a similaridade de perfis transcricionais durante interacdes incompativeis em
Arabidopsis, mediadas por diferentes genes de resisténcia (RPS2 ou RPM]I), sugere que
mais de um gene R pode ativar vias de transdugdo de sinal comuns (Tao et al., 2003).

Recentemente, foram reportados dois trabalhos avaliando a expressdo génica
diferencial em plantas de citros em resposta a infec¢do com os patogenos Xanthomonas
axonopodis e, Candidatus liberibacter, agente causal do Huanglongbing (Cernadas et al.,

2008a; Albrecht and Bowman, 2008). Em conjunto, essas pesquisas apresentam os



primeiros resultados de expressdo diferencial em larga escala desenvolvida para plantas de
citros em resposta a infeccdo com bactérias. Embora o Candidatus esteja confinado no
espaco do floema na planta, a infec¢do com essa bacteria induz reacdes em folhas de laranja
que, em parte se assemelham com aquelas induzidas por Xac. Cabe destacar neste sentido a
indugdo de genes envolvidos no metabolismo da parede celular e outros que participam na
mobilizacdo de carboidratos. Notavelmente, esses trabalhos destacam o grande nimero de
genes de citros desconhecidos ou sem funcdo bioldgica descrita que respondem durante a

infeccdo das bactérias, fato que deve concentrar a atengdo das futuras pesquisas com citros.
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2- OBJETIVOS

Capitulo I

Os experimentos descritos neste capitulo tiveram como objetivo principal a analise da
expressdo génica em laranja doce apos infec¢do por Xac e Xaa visando a identificacdo de,
1) genes que participam no desenvolvimento dos sintomas do cancro citrico, hipertrofia e
hiperplasia celular, que desempenham um papel importante para a dispersdo da bactéria e,
11) genes induzidos por Xaa relacionados com a resposta de defesa que contém o avango do
patogeno em folhas de laranja. Para tanto, trés estratégias independentes foram abordadas:
a) Hibridagdo subtrativa suprimida a partir de amostras 48 hai.
b) Display diferencial de PCR a partir de amostras 48 hai.
¢) Microarranjos de DNA usando lamina comercial de citros com amostras preparadas a 6 e
48 hai. Dita lamina de citros contém 30.171 probe sets (oligo nucleotideos ) que
representam cerca de 24.400 unigenes (Martinez-Godoy et al., 2008) obtidos a partir de
varias espécies e hibridos de citros.

A seguir, confirmou-se a expressdo diferencial dos genes isolados durante a primeira

parte do projeto através de hibridagdo Northern e PCR quantitativo em tempo real.

Capitulo 1T
Examinar o efeito da aplicagdo exogena de auxina ou giberelina sobre a expressdo de
genes, 1) envolvidos no metabolismo da parede celular, ii) transporte e sinalizacdo de

auxina e, 111) biosintese de giberelina.

Capitulo 11
Isolar e caracterizar regides promotoras de genes que sdo induzidos precocemente

durante a infec¢do com Xanthomonas.
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CAPITULO 1

Analise da expressao génica diferencial de folhas de laranja doce em resposta a
Xanthomonas axonopodis pv. citri e Xanthomonas axonopodis pv. aurantifolii

O capitulo I desta Tese contém uma investigacdo detalhada da expressdo génica em
folhas de laranja doce (Citrus sinensis (L.) Osb.) em resposta as bactérias causadoras do
cancro citrico. Este trabalho apresenta-se em formato de artigo cientifico tal como foi
publicado na revista Molecular Plant Pathology (Cernadas et al., 2008a). Varias tabelas
adjuntas como “‘supporting material” agrupam os genes que foram especificamente
modulados por Xac ou Xaa, assim como aqueles que sdo regulados pelas duas bactérias
(Tabelas S2 a S9).

Os genes diferencialmente expressos que foram isolados através de DD PCR ou SSH
e validados por PCR em tempo real aparecem na Tabela S1.

Além disso, descrevem-se neste capitulo as primeiras etapas de experimentos de
duplo hibrido em leveduras, os quais atualmente estdo sendo desenvolvidos em nosso
laboratdrio. Inicialmente, foi realizada a constru¢do de uma biblioteca de cDNA de folhas
laranja doce contendo aproximadamente 600 mil clones. Utilizou-se o principal efetor de
viruléncia de Xac (PthA) como “isca” para realizar a varredura dessa biblioteca. Aqui se
relatam algumas “presas” que foram isoladas nas primeiras varreduras da biblioteca com a
proteina PthA.

Um resultado de grande interesse ¢ o acumulo de mRNA correspondente a uma
protease a cisteina durante a situacdo de susceptibilidade na planta, isto ¢ tanto na laranja
doce em resposta a Xac quanto no limdo galego em resposta a Xaa ou Xac (Figura S2).
Notavelmente, esse gene ndo ¢ induzido durante a resposta de defesa e parece ser um dos
alvos do efetor de viruléncia PthA na planta.

Paralelamente a esses resultados, apresenta-se também a identificagdo de duas
variantes distintas de PthAs, provenientes do isolado 434 de Xaa. Hipotetizamos que o
diferencial de patogenicidade entre Xac e Xaa em laranja doce pode estar relacionado com

a presenca de diferentes variantes de PthAs nas duas bactérias.
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SUMMARY

Xanthomonas axonopodis pv. citri (Xac) and Xanthomonas
axonopodis pv. aurantifolii pathotype C (Xaa) are responsible for
citrus canker disease; however, while Xac causes canker on all
citrus varieties, Xaa is restricted to Mexican lime, and in sweet
oranges it triggers a defence response. To gain insights into the
differential pathogenicity exhibited by Xac and Xaa and to survey
the early molecular events leading to canker development, a
detailed transcriptional analysis of sweet orange plants infected
with the pathogens was performed. Using differential display,
suppressed subtractive hybridization and microarrays, we identi-
fied changes in transcript levels in approximately 2.0% of the
~32 000 citrus genes examined. Genes with altered expression in
response to Xac/Xaa surveyed at 6 and 48 h post-infection (hpi)
were associated with cell-wall modifications, cell division and
expansion, vesicle trafficking, disease resistance, carbon and
nitrogen metabolism, and responses to hormones auxin,
gibberellin and ethylene. Most of the genes that were commonly
modulated by Xac and Xaa were associated with basal defences
triggered by pathogen-associated molecular patterns, including
those involved in reactive oxygen species production and lignifi-
cation. Significantly, we detected clear changes in the transcrip-
tional profiles of defence, cell-wall, vesicle trafficking and cell
growth-related genes in Xac-infected leaves between 6 and
48 hpi.This is consistent with the notion that Xac suppresses host
defences early during infection and simultaneously changes the
physiological status of the host cells, reprogramming them for
division and growth. Notably, brefeldin A, an inhibitor of vesicle
trafficking, retarded canker development. In contrast, Xaa
triggered a mitogen-activated protein kinase signalling pathway
involving WRKY and ethylene-responsive transcriptional factors
known to activate downstream defence genes.
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INTRODUCTION

Xanthomonas axonopodis pv. citri (Xac) and Xanthomonas
axonopodis pv. aurantifolii (Xaa) are bacterial pathogens respon-
sible for citrus canker, a disease that seriously affects commercial
citrus varieties worldwide (Shubert et a/., 2003). Xac causes the
most damaging ‘Asiatic’ or type A canker on a wide range of citrus
species, including sweet oranges (Citrus sinensis), grapefruits
(Citrus paradisi) and lemons (Citrus /imon). Xaa, by contrast, has
a narrower range of citrus hosts and is responsible for the B and
C types of canker, which are restricted to some citrus-producing
areas in South America (Shubert et al., 2003).The C strains of Xaa
are exclusively found in Brazil and are limited to Mexican lime
(Citrus aurantifolia Swingle) cultivars (Brunings and Gabriel, 2003;
Coletta-Filho et al., 2006; Shubert et al., 2003). In addition, pathotype
C strains induce a hypersensitive response (HR) in various citrus
species including sweet oranges (Brunings and Gabriel, 2003).

The disease symptoms caused by Xac and Xaa on susceptible
plants are in general very similar and include the formation of
water-soaked eruptions and pustule-like lesions on the surface of
leaves, stems and fruits (Shubert et al., 2003). Some of these
symptoms are attributed to the phenomenon of cell enlargement
(hypertrophy) and division (hyperplasia) that occurs in the host
tissues upon infection. This eventually leads to a rupture of the
epidermis, which significantly favours pathogen spreading and
disease dissemination (Brunings and Gabriel, 2003; Wichmann
and Bergelson, 2004).

The molecular mechanism by which Xac and Xaa induce
lesions and rupture of the host epidermis is not entirely clear;
nevertheless, it has been shown that members of the PthA/AvrBs3
family of effector proteins are required to elicit cankers on citrus
(Swarup et al., 1992). Significantly, transient expression of pthA
was sufficient to promote hypertrophy and hyperplasia in host
cells (Duan et al., 1999).

PthA/AvrBs3 proteins are delivered by the type Il secretion
(TTS) system into the host cells, where they suppress host
defences (Fujikawa et al., 2006) and are targeted to the nucleus
to modulate transcription of host genes (Marois et al., 2002). In
the interaction between Xanthomonas campestris pv. vesicatoria
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(Xcv) and pepper plants, AvrBs3 directly activates transcription of
a basic helix—loop—helix factor that controls cell enlargement
(Kay et al., 2007), a typical response induced by Xcv that resem-
bles the citrus hyperplastic canker. Interestingly, AvrBs3 also
mediated promoter activation of its cognate resistance gene in
the incompatible interaction (Romer et al,, 2007). In citrus plants,
however, the early transcriptional changes that occur in response
to Xac or Xaa infection remain unknown. Thus, to gain insights into
the molecular mechanisms involved in Xac/Xaa-induced hypertrophy
and hyperplasia, and to understand the basis of the resistance
reaction observed in sweet orange infected with Xaa, a systematic
analysis of gene expression in response to these pathogens was
conducted. By means of differential display (DD) and suppressed
subtractive hybridization (SSH) we identified and categorized
100 genes from C. sinensisimplicated in canker development and
disease resistance. Furthermore, with the recent availability of
commercial citrus arrays, a more complete transcriptional profiling
of orange leaves infected with the canker pathogens was per-
formed and a clearer picture of transcript alterations emerged.
These analyses not only revealed significant transcriptional changes
associated with resistance and canker symptom development, but
also pointed to a great overlap with gene expression patterns asso-
ciated with both innate immunity and gene-for-gene resistance
mechanisms described for other plant—pathogen interactions
(Navarro et al, 2004; Truman et al., 2006). To our knowledge,
this is the first description of a detailed global gene expression
analysis on citrus plants in response to bacterial pathogens.

The transcriptional change profiling described here may be
exploited for future development of citrus plants resistant to Xac.

RESULTS AND DISCUSSION

Differential pathogenicity of Xac and Xaa on citrus
cultivars

While Xac causes cankers on sweet orange Péra and Mexican
lime cultivars, Xaa pathotype C produces hyperplastic lesions
only in Mexican lime whereas in Péra leaves it induces a type of
resistance response that visually appears as a slight yellowing
at the site of bacterial infiltration, 5-10 days post-infection
(Fig. 1A). The resistance response observed in Péra leaves upon

Fig. 1 Differential pathogenicity of Xac and Xaa on Citrus cultivars.

(A) Leaves of sweet orange and Mexican lime infiltrated with suspensions of
Xac or Xaa showing absence of water-soaked lesions or hyperplastic cankers
in orange leaf infiltrated with Xaa. Pictures were taken 10 days after bacterial
infiltration. (B) Typical HR induced by Xaa in the sweet orange ‘Cristal’ cultivar
compared with the reaction observed in the Péra or the C. fimon ‘Siciliano’
cultivars. Canker symptoms induced by Xaa in Mexican lime ‘Galego” are shown
for comparison. Pictures were taken 8 days after bacterial infiltration.

(C) Micropustules (100x magnification) induced by Xaa on sweet orange
relative to the hyperplastic lesion with rupture of the epidermis caused by Xac.
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(D) Bacterial growth curves in p/anta showing absence of Xaa exponential
growth on Péra leaves.
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Xaa infection does not appear to be a typical HR as we normally
see with other sweet orange varieties (Fig. 1B), or to be what has
been generally reported for an Xaa—sweet orange interaction
(Brunings and Gabriel, 2003). For instance, tissue necrosis or cell
death at the site of bacterial infiltration is not clearly observable.
In contrast, close inspection of the Xaa-infiltrated leaf sectors
remarkably revealed the presence of micropustules on one side of
the epidermis, suggesting the initiation of hyperplastic canker
(Fig. 1C). These micropustules appeared much later after Xaa
infiltration and, as far as we could observe, they did not lead to
rupture of the epidermis, as compared with the hyperplastic
pustules induced by Xac, which typically develop within 5-10 days
post-infection, under our experimental conditions (Fig. 1C).

To investigate this differential response further, we followed
the growth of Xac and Xaa in Péra leaves and we observed
that while Xac grows vigorously after being infiltrated, Xaa does
not grow exponentially; nevertheless, a stable number of cells
remain alive for at least 6 days after bacterial infiltration (Fig. 1D).
This pattern of in planta growth is more characteristic of a non-
pathogenic invader. Thus, it appears that Xaa has either lost its
ability to elicit full canker symptoms on Péra plants or is evolving
to become a pathogen to this cultivar. Hence, we found the
Xaa—Péra interaction an interesting pathosystem to study the
citrus defence response at the molecular level, as the development
of canker symptoms is aborted at some stage during infection,
relative to the compatible Xac—Péra interaction.

To gain insights into the molecular mechanisms involved in the
differential pathogenicity of Xac and Xaa, we monitored the tran-
scriptional changes in Péra plants in response to these bacteria
to identify the genes associated with the early events leading to
canker and the resistance reaction, respectively. As Xac appears
to induce cell division in citrus within 72 h of inoculation
(Brunings and Gabriel, 2003), and the virulence effector PthA is
capable of significantly suppressing a defence response as early
as 12 h post-infection (hpi), as shown in tobacco (Fujikawa et al.,
2006), we analysed the transcriptional changes in sweet orange
at 6 and 48 h after Xac/Xaa infiltration.

Identification and classification of orange genes
modulated in response to Xac/Xaa infection

Early transcriptional changes that occur in orange leaves in
response to Xac or Xaa infection were studied by three independent
methods (DD, SSH and microarray) and the expression levels of a
significant number of differentially expressed genes were verified
by quantitative reverse-transcriptase PCR (qRT-PCR) and Northern
blotting. Using DD and SSH, we identified 120 orange genes with
altered expression between Xac- and Xaa-infiltrated leaves.
The expression levels of 75% of these genes, measured by
gRT-PCR at 48 hpi, confirmed their differential expression relative
to water-infiltrated leaves (Supporting Information Table S1). BLAST

Citrus transcriptional response to canker bacteria 611

searches revealed that most of these messages showed significant
identities to known plant genes, which enabled us to categorize
them by function (Table S1).

Using the Citrus genechip array from Affymetrix, the expression
changes of approximately 32 000 citrus expressed sequence tags
(ESTs) were analysed at 6 and 48 hpi (Supporting Information Tables
S1-59). Genes were considered as up- or down-regulated when
their expression levels were equal or higher than a 3.0-fold
increase/decrease relative to water-infiltrated leaves. However, in
Xac versus Xaa comparisons, a > 2.0-fold change cutoff was used
to retain a substantial number of genes that were highly up- or
down-regulated by the pathogens in respect to water but which
showed fold changes lower than 3.0 in Xac versus Xaa analyses
(compare fold changes between Xac and Xaa in Tables S8 and S9).

On average, the microarray analyses revealed significant
changes in mRNA levels in approximately 2% of the probesets.
The corresponding citrus genes were also functionally classified
according to their similarity to genes of known function in plants
and other organisms and good correlation was found between
the gene categories identified by DD/SSH and microarray, as well
as between the two microarray datasets of 6 and 48 hpi (Tables
S1-59). As expected, the microarray analyses identified a much
greater number of differentially expressed genes but not as many
additional functional classes, as compared with DD and SSH. Sig-
nificantly, nearly half of the genes identified by DD/SSH found no
matches to probesets represented in the citrus array, and those
that perfectly matched probesets showed expression levels com-
parable with the levels determined by microarray analysis
(Table S1). Thus, the three approaches were complementary and
a high level of consistency was observed in the gene expression
levels determined by microarray, gRT-PCR and Northern blotting.

Citrus genes with altered expression in response to Xac or Xaa
infection were functionally classified into the following categories:
cell-wall synthesis and remodelling, terpene and gibberellin (GA)
synthesis, auxin signalling and mobilization, vesicle trafficking,
disease resistance and defence, cell division and morphogenesis,
ethylene synthesis and signalling, retroelement and transposition,
carbohydrate and nitrogen metabolism, and putative transcrip-
tional factors. A substantial number of genes were categorized as
unknown/hypothetical or ‘no hit’ (Fig. 2 and Tables S1-S9).

Cell-wall remodelling and structural proteins

One of the major differences in the transcriptional profiling
between Xac- and Xaa-infected leaves was observed in the
cell-wall metabolism (Fig. 2). At 48 hpi, Xac strongly up-regulated
several cell-wall-remodelling enzymes similar to endoglucanases,
glycosylhydrolases, pectatelyases, pectinesterases and cell-wall
proteins such as expansins, extensins and arabinogalactan pro-
teins, known to be induced in tissues undergoing rapid expansion
or during pericarp softening and fruit ripening (Li et al., 2003;
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Fig. 2 Distribution and abundance of sweet orange genes modulated by Xac and Xaa in the different functional categories: cell-wall remodelling (CR),

cell-wall proteins (CP), terpene and gibberellin synthesis (TS), auxin mobilization and signalling (AS), vesicle trafficking (VT), disease resistance and stress response
(DR), cell division and morphogenesis (CD), ethylene synthesis and signalling (ES), retroelement and transposition (RT), carbohydrate and nitrogen metabolism (CM),
transcriptional factors (TF) and unknown/hypothetical (UH). The graphics illustrate the number of probesets that were up- (A) or down- (B) regulated by the pathogens
with a fold change equal or higher than 3, relative to water-infiltrated leaves. Major transcriptional changes between the 6- and 48-hpi treatments are indicated by

asterisks.

Trainotti et al., 1999). Xaa, by contrast, preferentially up-regulated
a number of genes related to endoglucanase inhibitors and
various O-methyltransferases, lacases, hydroxyproline-rich glyco-
proteins and enzymes of the phenylpropanoid biosynthetic path-
way, most of which have been shown to play a central role in cell
wall cross-linking and lignification (Ender et al., 2002; Eudes
et al,, 2006; Goujon et al., 2003). Xaa also down-regulated various
cell-wall-modifying and structural proteins whereas Xac down-
regulated two proteins related to animal periaxin and cad-
herin, involved in cell adhesion (Straub et a/., 2003) (Table 1 and
Supporting Information Tables S1-54).

Some of these genes were also identified by DD and SSH and
their expression levels measured by qRT-PCR are in agreement
with the levels determined by microarray (Tables 1 and S1).
In addition, Northern blot analysis confirmed the differential
expression of some cell-wall-remodelling enzymes between Xac
and Xaa treatments (Supporting Information Fig. S1).

The transcriptional changes associated with cell-wall metabolism
were perceived earlier during infection, particularly after Xaa
treatment (Fig. 2B). Increased expression of genes homologous
to specific lignin biosynthesis enzymes including caffeic O-methyl
transferases, cinnamate 4-hydroxilase and cinnamoyl CoA reductases
(Eudes et al., 2006; Goujon et al., 2003; Kawasaki et al., 2006)
and cell-wall cross-linking proteins similar to pherophorins were
detected at 6 h after Xaa infection (Table 1 and Supporting
Information Tables S5-S7).

When we analysed the genes that were commonly regulated
by the pathogens we noticed that Xac also induced some genes
related to lignin biosynthesis, but at much lower levels than Xaa
(Tables S8 and S9). In addition, among the cell-wall-remodelling
genes regulated by both bacteria, we observed that Xac up-
regulated an alpha-expansin (CK934531, CF837795) that was
repressed by Xaa, whereas Xaa up-regulated the periaxin-like
protein (CN183059) repressed by Xac (Tables 1 and S9).
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Table 1 Major cell-wall proteins and remodelling enzymes modulated by Xac and/or Xaa at 6 and 48 hpi, relative to water-infiltrated leaves. The expression levels
of genes identified by DD/SSH were determined by qRT-PCR. Negative numbers represent down-regulation. The complete list of cell-wall remodelling genes modulated
by Xac/Xaa is found in Supporting Information Tables S1-S9. Fold change values of Xac versus Xaa treatments are shown for comparison.

Change after treatments

Microarray DD/SSH
Target description Citrus Target 6 hpi 48 hpi 48 hpi
Cell-wall synthesis and remodelling EST Gene ID Xaa  Xac XacXaa  Xaa  Xac  Xac/Xaa  Xaa  Xac
Acidic cellulase [C. sinensis] CF831790 AAB65155 — — — — 36.8 34.8 1.4 8.0
Basic cellulase [C. sinensis) CX663293  AAB65156 — — — — 13.8 15.3 1.7 18.2
Endo-beta-1,4-glucanase [Fragaria x ananassal Cv887291  CAC94006 — — — — 13.8 21.6 13 358
Xyloglucan endo-1,4-beta-D-glucanase [T. majus] CN182557  T10523 — — — — 8.7 15.5 — —
Beta-p-glucosidase [G. hirsutum] CX667827  AAQ17461 — — — — 8.4 10.1 — —
Xyloglucan endotransglycosylase [B. pendulal CX076871  ABB72441 — 40 — — 79 2.3 — —
Glycosyl transferase family 2 protein [A. thaliana] CV709535 NP 197666 — - = — 19.1 17.8 — —
Alpha-p-xylosidase [T. majus] CV710106  CAA10382 — — — — 11.6 6.2 — —
Pectate lyase family protein [A. thafiana] CK933446 NP 563715 — — — — 18.7 325 — —
PS60 pectinesterase [N. tabacum] CF653190 CAAG5634 — — — — 20.4 8.7 1.7 226
Cellulose synthase-like OsCsIET [O. sativa] CX071539  BAD46391 — — — 41 — -2.2 — —
Glucan endo-1,3-beta-p-glucosidase [C. sinensis] CB291815  T10119 — — — 242 — -8.9 6.3 2.1
O-methyltransferase [P. balsamifera x P. deltides] ~ CX302017  AAF60951 129 — =125 — — — — —
Caffeic acid O-methyltransferase [R. chinensis] CK665535  BAC78828 45 — — — — — — —
Caffeic acid 3-O-methyltransferase [C. annuum] AJ489039 Q9FQY8 87 — -3.5 — — — — —
Lignin bispecific methyltransferase [P. tremuloides] (X302051  CAA44006 35 — - — — — — —
Cinnamate 4-hydroxylase [Citrus x paradisi] (K932830  AAK57011 39 — -2.2 — — — — —
Cinnamoyl CoA reductase-like protein [A. thafiana] ~ CV706284  AAM62926 34 — — — — — — —
Cinnamyl alcohol dehydrogenase [Prunus mume) CX667871  BAE48658 30 — — — — — — —
Phenylalanine ammonia-lyase [C. /imon] CD575471 Q42667 46 — — — — — — —
Shikimate kinase family protein [A. thalianal CN191392 NP 565393 3.2 — — — — — — —
Polygalacturonase-inhibiting protein [C. jambhiri] CF828981 BAB78473 45 — -2.0 — — — — —
Xyloglucanase-specific inhibitor [L. esculentum] CF833518  AAN87262 6.2 — 4.2 — — — — —
Xyloglucanase inhibitor [S. tuberosum] CX302610  AAP84703 46 — -2.6 50 — -2.7 — —
Glycoside hydrolase/polygalacturonase [A. thafiana] ~ CX305641 NP 567055 30 — — 34 — — — —
Beta-galactosidase [C. sinensis] CX043592  AAK31801 80 — -3.0 42 — — — —
Cinnamate 4-hydroxylase CYP73 [C. sinensis] AF255013 AAF66065 30 — -2.0 45 — — — —
Catechol O-methyltransferase [N. tabacum] CX670983  CAA50561 — — —6.6 69 — -6.7 — —
Caffeic acid O-methyltransferase Il [N. tabacum] CX045519  AAL91506 — — -4.5 48 — -3.0 — —
Laccase/diphenol oxidase [A. thafiana) CF836861 NP 187533 — — — 85 — -5.0 — —
Glycosyl hydrolase family 38 protein [A. thafiana] CX671694 NP 201416 — - = 51 — -2.0 — —
Glucosyltransferase-1 [V. angularis] CN187784  BAB86919 — — — 41 — — — —
UDP-glycosyltransfersase [J. curcas] CX075207  AAL40272 — — — -34 — — — —
Xyloglucan endo-transglycosylase [C. papayal CX666073  AAK51119 — — — -35 — — — —
Polygalacturonase [A. thaliana) CF417542 AAM91193  — — — -34 — — — —
Pectinacetylesterase [A. thafiana) CX069783  AA050621 — — — 34 — — -5.0 =25
Cell-wall proteins
Expansin [C. sinensis] DN958759  ABG49444 — — — — 16.0 8.1 26 912
Expansin [P. communis] CX545018  BAC67193 — — — — 19.6 10.8 — —
Expansin [P. cerasus] CV710432  AAK48848 — — — — 15.9 17.3 — —
Alpha-expansin 3 [P. tremula x P. tremuloides] CK934531 AAR09170 — — — -43 5.2 9.5 — —
Arabinogalactan-protein; AGP [P. communis] CD574246  AAB35283 — — — — 49.4 41.0 — —
Cim1 protein [G. max] CX667721  S48032 — — — — 384 47.0 — —
Proline-rich protein [N. glauca] CK701597  AAF28387 — — — — 9.6 6.9 — —
Cell-wall protein Exp4 precursor [M. jalapa) CX640971  AAL87023 — — — — 14.0 11.2 — —
Fiber protein E6 [G. barbadense] CK934786  S65063 — — — — 9.2 10.2 — —
Periaxin-like protein [A. thalianal CN183059  CAB89377 30 — — — -6.2 =126 — —
Proline-rich protein PRP1 [C. satival CF829030  AAK25755 78 — -2.9 — — — — —
Pherophorin-dz1 protein [V. carteri] CX047057  CAD22154 78 — -3.6 — — — — —
Prolyl 4-hydroxylase [N. tabacum] CF831203  BAD07294 — — — 33 — — — —
Beta-expansin 2 (AtEXPB2) [A. thalianal CX641267  Q9SHY6 — — — -30 — — — —
Fasciclin-like AGP 11 [P. alba x P. tremula] CX051837  AAT37954 — — — -43 — — — —
Arabinogalactan protein [G. hirsutum] CK701267  AA092753 — — — -34 — -2.1 — —
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Table 2 Major transcriptional changes in terpene and GA synthesis, auxin mobilization and signalling genes induced by Xac and/or Xaa at 6 and 48 hpi, relative to
water-infiltrated leaves. Genes identified by DD/SSH not represented in the citrus array are shown in bold and their expression levels were determined by qRT-PCR.
Negative numbers represent down-regulation. The complete list of terpene and GA synthesis, auxin mobilization and signalling genes with altered expression upon

Xac/Xaa infection is found in Supporting Information Tables S1-S9.

Change after treatments

Microarray DD/SSH
Target description Citrus Target 6 hpi 48 hpi 48 hpi
Terpene, GA and volatile synthesis EST Gene ID Xaa Xac Xaa Xac Xaa Xac
GGPP synthase [D. carotal CX669501 BAA78047 7.5 — 28.8 40.6 — —
Geranyl diphosphate synthase [A. majus] (CX290062 AAS82859 — — 3.0 14.8 — —
HGG transferase [V. vinifera] (CX306825 AAV74623 873 30.7 133.7 75.4 — —
Transferase family protein [A. thafianal CF418090 NP 189233 313 6.7 17.4 3.3 — —
Acetyltranferase-like protein [A. thaliana] CN191360 BAB01067 35.6 9.8 23.0 5.5 — —
Orcinol O-methyltransferase [Rosa hybrid] CV714380 AAM23005 3.9 5.2 8.0 5.6 — —
GHMP kinase family protein [A. thafianal CK935595 NP 566144 — — 6.8 4.7 — —
LYTB-like protein precursor [A. palaestinal CF828804 AAG21984 5.3 — 3.0 — — —
Linalool synthase [A. thaliana) (V885575 AA085533 -8.0 -34 — — — —
Cytochrome P450 / DDWF1 [N. tabacum] (V885042 AAK62346 — — 23.7 10.6 433 19.3
Methylcoclaurine 3’-hydroxylase [E. californica) DN620712 AF014802 — — — — 2.1 3.0
Terpene synthase [A. thalianal — AF497492 — — — — 3.7 6.9
UbiA prenyltransferase [A. thafianal — NM 112028 — — — — 1.0 3.2
o-Farnesene synthase [Malus x domestical (CX044235 AY182241 — — — — -4.2 3.0
SAM-salicilate methyltransferase [H. carnosa) CN182915 AJ863118 — — — — 20.0 60.4
PDR-type ABC transporter 1 [N. tabacum] CX641504 AB109388 — — — 4.1 2.5
Auxin signaling
IAA-amino acid conjugate hydrolase [A. thafianal CF836363 AAL47552 3.6 — — — — —
gr1-protein/IAA-amino acid hydrolase [A. thalianal CN186513 CAA09330 5.1 — — — — —
Aux/IAA protein [V. vinifera] CX306870 AAL92850 — — 3.8 — — —
Nitrilase [N. tabacum] (X289842 T03736 — — 3.2 — — —
Auxin-induced BLHL factor [G. hirsutum] CX544672 AAD48836 — — -3.1 -2.4 — —
Aux/IAA protein [P. tremula x P. tremuloides) (CX301300 CAC84710 — — -3.8 -2.9 — —
Rhodanese-like family protein [A. thalianal CK936971 AAM64600 -2.2 — -3.2 -2.7 — —
Augxin efflux carrier family protein [A. thalianal CN187762 NP 683316 4.0 — 15.7 6.2 — —
GH3.1/IAA synthetase [A. thaliana) CV714093 AAC61292 3.9 — 7.4 4.9 — —
Nt-gh3 deduced protein [N. tabacum] CF837443 AAD32141 3.6 — 53 43 — —
Auxin-induced protein Aux22 [V. radiatal DN799130 T10941 — — -4.6 -4.1 — —
Nt-iaa4.5 deduced protein [N. tabacum] CK934325 AAD32145 — — -3.9 -4.2 — —
Putative microRNA167 CK936755 — — — 6.7 -4.0 — —
Multidrug resistance/P-glycoprotein [A. thalianal CX306117 NM 116080 — — 3.6 33 3.0 2.0
NAC domain protein NAC6 [G. max] DN619712 DQ028774 — — — 2.1 1.8 45
ER lumen-retaining receptor [A. thaliana) CX676252 AY086280 — — — — 2.0 2.2
ADP-ribosylation factor [C. annuum] DR908238 AF108891 — — — — 1.7 2.7

Terpene and GA synthesis

Various citrus genes encoding proteins similar to terpene syn-
thase, geranylgeranyl diphosphate synthase, homogentisate
geranylgeranyl transferase, cytochrome P450/DDWF1 and S-
adenosyl methionine-salicilate methyltansferase, among others,
were strongly up-regulated by both Xac and Xaa at 6 h and 48 h
after bacterial infiltration (Table 2 and Supporting Information
Tables S1-59). These enzymes are known to be involved in the

synthesis and transport of a variety of terpenes, gibberellins,
brassinoesteroids, alkaloids and plant volatiles, which play
diverse roles in plant development and defence (Bird et al., 2003;
Mercke et al., 2004; Richman et al., 1999).

Major differences in the transcriptional profiles of terpene and
GA synthesis genes were found in the expression of an LYTB-like
protein (CF828804) involved in isoprenoid biosynthesis, detected
in Xaa treatments only (Tables 2, S4 and S7). Similarly, by DD/SSH
we identified a putative UbiA prenyltransferase specifically
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up-regulated by Xac, whereas a protein similar to an o-farnesene
synthase (CX044235), implicated in defence volatile synthesis
(Mercke et a/., 2004), was up-regulated by Xac but down-regulated
by Xaa (Tables 2 and S1).

Auxin mobilization and signalling

Transcriptional changes in response to Xac and Xaa infection
were also observed for a group of genes involved in auxin
mobilization, transport and signal transduction. For instance,
genes related to GH3-like proteins, nitrilase and IAA (indole-3-acetic
acid)—amino acid conjugate hydrolases, involved in auxin synthesis
and mobilization (Park et al., 2003; Staswick et al., 2005) were
preferentially up-regulated by Xaa, particularly at 6 hpi (Fig. 2A,
Table 2 and Supporting Information Tables S1-S9). This is in accord-
ance with the induction of proteins similar to auxin efflux carrier,
P-glycoprotein, ER lumen-retaining receptor and ADP-ribosylation
factor implicated in the polar flux of auxin in the endoplasmic
reticulum and Golgi (Multani et al,, 2003 Noh et a/., 2001; Zhuang
et al,, 2005) (Table 2 and Supporting Information Tables S1-S9).
Interestingly, a number of related Aux/IAA proteins and a puta-
tive microRNA167 were similarly down-regulated by Xac and
Xaa, relative to water-infiltrated leaves. Additionally, a NAM-like
protein (DN619712) homologous to NAC transcriptional factors
required for auxin and GA signal transduction (Robertson, 2004;
Xie et al., 2000) was up-regulated by the pathogens (Tables 2
and S2), suggesting changes in auxin signalling upon X. axonopodis
infection. As repression of auxin signalling has recently been
shown to play a role in antibacterial resistance (Navarro et al.,
2004), it is likely that the changes in expression of auxin mobili-
zation and signalling genes described here are associated with
canker development. Accordingly, Xcv also induces auxin-responsive
genes including expansins, which may be involved in cell enlargement
caused by this bacterium in pepper plants (Marois et al., 2002).

Vesicle trafficking

In addition to the genes possibly involved in the polar flux of
auxin, we identified several genes related to vesicle trafficking,
docking and fusion that were induced by the pathogens mainly
at 48 h after bacterial infiltration. For instance, genes encoding
proteins homologous to SAR1, Sec1, Sec14, SNAREs, Rab-GTPases,
epsin, coatomer and vacuolar-sorting receptor were similarly
up-regulated by Xac and Xaa (Tables S1, S8 and S9).

Recent studies have highlighted the importance of polarized
vesicle trafficking in plant—pathogen interactions (Hiickelhoven,
2007). Transport and secretion of plant materials at the interface
of interactions have been associated primarily with non-specific
resistance, and syntaxins and ABC transporters play important
roles in this process (Hiickelhoven, 2007). Interestingly, citrus
proteins related to syntaxins and PDR/ABC transporters impli-
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cated in secretion of antimicrobial terpenoids (van den Briile and
Smart, 2002) were specifically induced by Xaa. Notably, the citrus
EST CX304749 is homologous to syntaxin SYP132, a novel com-
ponent of effector-triggered immunity that contributes to plant
resistance against bacteria and secretion of pathogenesis-related
(PR) proteins (Kalde et al., 2007). By contrast, some genes related
to SNAREs, Rab-GTPases, SAR1, patellin and annexins were
specifically up-regulated by Xac (Tables S2-S7). Particularly, the
gene BQ624283 is similar to NPSN11, a cell plate-associated
SNARE protein that is highly expressed in dividing cells and
interacts with KNOLLE, a cytokinesis-specific syntaxin (Zheng
et al,, 2002). Thus, although polar vesicle trafficking has been
generally implicated in new cell-wall appositions for basal
defence, the up-regulation of an NSP11-like protein in Xac-infected
leaves suggests a link with the hyperplasia of canker lesions.
This idea is supported by the fact that the number of vesicle
trafficking, cell division and cell-wall remodelling genes up-
regulated by Xac increased substantially from 6 to 48 hpi
(Fig. 2A). Remarkably, brefeldin A, a well-known inhibitor of
vesicle trafficking, significantly retarded initial pustule development
induced by Xac (Fig. 3), thus indicating that vesicle trafficking in
this case is mediating symptom development rather than defence.

Disease resistance, defence and stress responses

The major transcriptional changes after Xac/Xaa infection were
observed for genes related to disease resistance, defence and
stress responses (Fig. 2). In this functional category we incorpo-
rated many citrus ESTs homologous to disease resistance, signal
perception, oxidative burst, protein turnover and HR-related
genes, most of which have been implicated in the innate immune
response or involved in the sensing of PAMPs (pathogen-associated
molecular patterns). However, the expression of genes related
to gene-for-gene resistance mechanisms was also altered by the
pathogens.

Citrus genes that were induced by both pathogens and are
likely to play roles in innate immunity are homologous to CYP450
monooxigenases, peroxidases and oxidases involved in the pro-
duction of reactive oxygen species (ROS), as well as glutathione-
S-transferase (GST), thioredoxins, leucoanthocyanidin dioxygen-
ases, haemoglobins and flavonol synthases, known to counteract
pathogen-induced oxidative stress in plants (Reddy et al., 2007).
These genes were strongly up-regulated at 6 and 48 hpi
(Tables 3, S8 and S9). Notably, at 6 hpi, we detected an elevated
expression of ESTs (CX077228, CX296261) homologous to
BON1-associated protein BAP1, which has been recently shown
to act as a general inhibitor of programmed cell death (Yang
et al., 2007). Interestingly, however, these and other citrus ESTs
related to copines, BAP1 and BAP2 were found up-regulated by
Xaa only at 48 hpi (Tables 3, S2 and S4), suggesting that Xac sup-
presses programmed cell death early during infection.

© 2008 BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2008) 9(5), 609-631

20



616 R. A. CERNADAS etal.

Table 3 Principal disease resistance, defence and stress response genes up-requlated by Xac and Xaa at 6 and 48 hpi, relative to water-infiltrated leaves. Genes
identified by DD/SSH not represented in the citrus array are shown in bold and their expression levels were determined by qRT-PCR. The complete list of disease
resistance, defence and stress response genes with altered expression upon Xac/Xaa infection is found in Supporting Information Tables S1, S8 and S9.

Change after treatments

Microarray DD/SSH

Target description Citrus Target 6 hpi 48 hpi 48 hpi

Disease resistance, defence and stress response EST Gene ID Xaa Xac Xaa Xac Xaa Xac
Disease resistance protein [A. thalianal CX301461 NP 199715 8.7 8.7 19.0 15.3 — —
Leucine-rich repeat protein [A. thalianal CX642531 NP 172219 — — 6.6 6.5 — —
Resistance protein RPP8-like protein [A. thafiana] CX669576 AAP82824 14.0 7.3 5.2 4.7 — —
Receptor protein kinase [A. thaliana) CV707423 AA042089 13.4 9.5 76 7.3 — —
EIX receptor 2 [L. esculentum] CX043514 AAR28378 — — 4.4 6.3 — —
LRR receptor like kinase [A. thafiana] — AK221860 — — — — 11.8 14.7
Disease resistance protein [A. thaliana) — AC020579 — — — — 3.8 5.6
BON 1-associated protein BAP1 [A. thalianal CX077288 NP 182100 11.6 19.7 6.1 — — —
WRKY-type DNA binding protein [A. thaliana) CX050828 BAC42556 13.9 6.4 7.5 15.5 — —
WRKY-type DNA binding protein [A. thaliana) CF828414 BAC23031 — — 24.7 7.5 — —
Zinc finger (C3HC4-type RING finger) [A. thaliana) BQ623333 NP 565376 3.1 6.1 — — — —
RING-H2 zinc finger protein ATL3 [A. thalianal (CX050623 AAD33581 4.8 4.7 7.7 4.0 — —
ZPT2-12 [Petunia x hybrida] CK939354 BAA21921 7.4 9.2 — — — —
F-box family protein [A. thalianal CK935545 NP 566322 3.4 3.4 7.4 49 — —
Calcium-binding EF hand protein [A. thalianal CK939355 NP 568568 3.7 10.0 — — — —
NAC domain protein NAC2 [A. thaliana] CK940145 AAM63330 11.3 4.5 39.0 7.8 — —
HSR203J like protein [C. chinense] CN190145 BAD11070 — — 13.5 6.4 — —
Bacterial-induced peroxidase [G. hirsutum] CX078551 AAD43561 45.1 41.7 36.3 28.4 — —
Peroxidase [P. nigra] CF832245 BAA11853 14.6 7.0 9.5 7.5 — —
Anionic peroxidase H [Z. mays] CV718839 AAC79953 19.1 5.9 83 3.5 — —
Apoplastic anionic gaiacol peroxidase [G. hirsutum] CF835282 AAL92037 36.7 13.6 14.1 6.7 — —
Peroxidase [P. balsamifera] CV707821 CAAG6037 12.0 46 9.4 3.8 — —
Putative NADH-dehydrogenase [P. sativum] (CX293755 AAO27256 9.7 5.9 13.6 20.8 — —
Ttropinone reductase [A. thaliana] CX078323 NP 180480 38.3 21.6 — — — —
Tropinone reductase | [S. tuberosum] CN191155 CAC34420 11.9 12.9 26.7 10.3 — —
Glutathione S-transferase [C. maximal] (CX297758 BAC21263 48.2 32.6 18.0 21.2 — —
Respiratory burst oxidase [N. benthamianal CX301580 BAC56865 14.0 43 12.1 11.3 — —
Alternative oxidase [P. tremula x P. tremuloides) DN795132 CAB64356 4.6 3.5 17.3 3.2 — —
Cytochrome P450 monooxygenase [A. thalianal CX636220 AAM61746 10.1 5.7 — — — —
Cytochrome P450 [C. sinensis] CX639356 AAL24049 73 8.8 43.7 5.7 — —
Cytochrome P450 79A1 [S. vulgare] (CX296809 Q43135 23.9 13.3 13.6 6.9 — —
Cytochrome P450 CYP79A2 [A. thaliana] (CB322199 NP 568153 216 11.6 17.3 8.3 — —
Cytochrome P450 [A. thaliana] (CX301598 BAB09969 25.3 11.3 19.2 8.2 — —
Cytochrome P450 like TBP [N. tabacum] (CB322204 D64052 — — — — 4.2 2.9
Lipase class 3 family protein [A. thaliana) CN190043 NP 973975 30.4 5.0 79.3 15.8 — —
Lipoxygenase LOX2 [P. deftoids] CX671317 DQ131179 — — — — 8.0 44
Phospholipase D gamma 1 [A. thaliana] DN618160 NP 192922 — — 8.0 5.1 18.9 9.2
Pathogenesis-related protein PR-1 [C. annuum] CF653559 AAK30143 7.0 4.2 22.7 25.3 187 233
Pathogenesis-related protein 5-1 [H. annuus] CF836158 AAM21199 39.7 6.2 1.7 10.1 — —
Pathogenesis-related protein 4b [C. chinense] CX643738 BAD11073 128.7 13.7 40.7 6.0 — —
Pathogenesis-related protein 4A [N. tabacum] CX637285 CAA41437 12.2 4.1 27.6 14.0 — —
Phenylalanine-ammonia lyase [ Citrus sp.] CX643181 CAB42793 12.0 7.9 21.2 19.5 — —
Lectin-like protein kinase [A. thaliana] (X669884 BAB09808 11.0 3.8 39.7 6.3 — —
Chitinase CHI1 [C. sinensis) (X292066 AAC35981 3.5 3.2 13.4 24.1 — —
Chitinase [H. brasifiensis] CX671223 CAA09110 — — 7.6 1.7 — —
Chitinase [G. hirsutum] CX637693 CAA92277 18.5 3.1 26.3 13.8 — —
Leucoanthocyanidin dioxygenase [A. thaliana) CX641508 BAB02603 9.7 6.3 37.2 12.4 — —
Phytocyanin homolog [P. taeda] CF836493 AAF75824 42.7 6.9 — — — —
Dicyanin [L. esculentum] CX297166 AAF66242 7.0 3.1 21.2 24.5 — —
Patatin-like protein 1 [N. tabacum] (CX295316 AAF98368 11.0 4.1 — — — —
lonotropic glutamate receptor GLR4 [O. satival CV710376 XP 478449 43 4.5 5.1 43 — —
Wis2L [C. Janatus] DN620336 BAA89230 4.9 5.2 5.1 33 — —
CPRD2 [V. unguiculatal CX291051 BAB33033 55.6 9.0 74.4 46.3 — —
Nectarin 5 [N. fangsdorffii x N. sanderae) (X299253 AAP30841 84.65 18.65 123.7 106.7 — —
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Brefeldin A

Control

Fig. 3 Effect of brefeldin A on initial formation of canker pustules in Péra
leaves infiltrated with Xac. The number of pustules observed under transmitted
light (A) or in the upper (B) and lower (C) surfaces of the leaf are significantly
smaller in the leaf sector treated with brefeldin A, compared with control.
Clearer zones in A and B correspond to the infiltrated sectors.

We also noticed high expression levels of phenylalanine
ammonia lyases (PAL), tropinone reductases and related
FAD-linked oxidases (CPRD2 and nectarin 5) similar to berberine
bridge enzymes involved in phytoalexin and alkaloid production,
as well as increased expression of proteins similar to lipases,
jasmonic acid (JA) proteins, PR proteins, chitinases and a phos-
pholipase D implicated in local defence and wound response
(Laxalt and Munnick, 2002) (Tables 3, S8 and S9). In addition, the
elevated expression of genes homologous to leucine-rich repeat
(LRR) proteins, receptor protein kinases, WRKY transcription
factors, C3HC4 Ring fingers, F-box and 26S proteosome proteins,
NAC/NAM-like proteins, PDR ABC transporters and HSR203,
known to play roles in defence (Dong et al., 2006; Eulgem and
Somssich, 2007; Oh et al., 2005; van den Brile and Smart, 2002)
strongly suggests that an HR-like reaction is being mounted
against both pathogens. Nonetheless, although most of these
genes were induced at higher levels by Xaa (Tables 3, S2 and S5),
this transcriptional profile would apparently be inconsistent with
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the compatible Xac—Péra interaction. Thus, to find better clues to
the differential pathogenicity exhibited by Xac and Xaa in the
Péra cultivar, we looked at the defence-related genes specifically
modulated by each pathogen. Not surprisingly, we found that
Xac altered the expression of a significantly smaller number of
defence-related genes compared with Xaa in both infection treat-
ments (Fig. 2 and Tables S2—S7), a clear indication of suppression
of defence responses during canker development. This is in
accordance with the fact that the effector protein PthA suppressed
non-specific or basal defence responses in a heterologous plant
system (Fujikawa et al., 2006).

At 6 hpi, Xac specifically induced the expression of several
genes that might be associated with an oxidative stress response,
including a WRKY transcriptional factor, GST, S-like RNase and
thioredoxin h (Table 4 and Supporting Information Tables S5-57).
Curiously, thioredoxin h was shown to reduce S-RNase in Nicotiana
alata, whereas in Arabidopsis, a thioredoxin h induced by oxida-
tive stress and Pseudomonas syringae infection was regulated by
a WRKY factor (Juarez-Diaz et al., 2006; Laloi et al., 2004).

Interestingly, the transcriptional profile of Xac-regulated genes
changed significantly from 6 to 48 hpi (Fig. 2A, Table 4 and
Supporting Information Tables S2-S4), indicating a change
in the physiological status of the host cell, as the infection pro-
gressed. At 48 hpi, Xac induced the expression of specific genes
encoding putative disease-resistant proteins such as MLO, LysM-
domain receptor kinase, cysteine protease (CP), and nodulins.
Notably, the MLO, early nodulin and CP homologues were also
identified by DD/SSH and their expression levels as measured by
gRT-PCR confirmed their predominant responsiveness to Xac
infection (Table 4 and Supporting Information Tables S1-S4).

The role of these proteins in disease resistance or canker
development is not yet clear; however, it is interesting to note
that MLO proteins function as negative modulators of antifungal
defences and are associated with vesicle trafficking (Consonni
et al,, 2006), whereas Lys-domain receptor kinases play crucial
roles in the specific recognition of symbiotic bacteria during root
nodule formation (Spaink, 2004). This suggests that overexpression
of such proteins in citrus leaves might favour disease development
rather than resistance. Consistent with this idea, the citrus CP
(DN623815) is similar to nodule-specific cysteine proteinases
(Naito et al,, 2000) and to Rcr3, required for Clasdoporium fulvum
resistance but also suppression of autonecrosis in tomato (Kriiger
et al,, 2002). Inhibition of Rer3 activity by C. fulvum Avr2 led to
an HR reaction (Rooney et al., 2005), suggesting that increased
levels of citrus CP might as well be associated with disease
susceptibility. This idea is supported by the fact that the citrus CP
is overexpressed in Mexican lime in response to both Xac and Xaa
infection (Supporting Information Fig. S2).

Xac up-regulated a number of cyclophilin-related peptidylprolyl
isomerases and aquaporins, whereas it down-regulated some
lipid-transfer proteins and a cysteine endopeptidase (Table 4 and
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Table 4 Main disease resistance and defence-related genes specifically regulated by Xac, relative to water treatments. The expression levels of genes identified by
DD/SSH were determined by gRT-PCR. Negative numbers represent down-regulation. The complete list of defence-related genes specifically modulated by Xac is found
in Supporting Information Tables S3 and S6. Fold change values of Xac versus Xaa treatments are shown for comparison.

Change after treatment

Microarray DD/SSH

Target description Citrus Target 6 hpi 48 hpi 48 hpi
Disease resistance, defence and stress response EST Gene ID Xac Xac/Xaa Xac Xac/Xaa Xaa Xac
WRKY transcription factor 10 [N. tabacum] DN799348 CAI38917 9.3 5.3 — — — —
Hypersensitive-induced response protein [O. sativa) DN798608 XP 450602 5.2 2.7 — — — —
Avr9/Cf-9 rapidly elicited protein 65 [N. tabacum] DR405210 AAG43557 6.5 2.4 — 2.8 — —
Calcium-binding protein, putative [A. thafiana] CX046527 NP 564143 4.2 2.2 — 2.3 — —
S-like ribonuclease [P. dulcis] CX044216 AAF82615 4.6 2.6 — — — —
Thioredoxin h [H. brasiliensis] BQ623844 AAD33596 3.0 3.8 — — — —
Glutathione S-transferase [A. thafianal CX293561 AAG30140 4.7 22 — — — —
Glutathione S-transferase [A. thafiana] (X293561 AAG30140 4.7 2.2 — — — —
Lipase/hydrolase, putative [A. thafiana] CX044184 AAM64368 49 24 — — — —
Disease resistance protein/LRR protein [A. thaliana] CN181971 NP 197731 — — 6.6 1.4 — —
Leucine-rich repeat protein-related [A. thaliana] CX303178 NP 564237 — — 5.2 6.3 — —
Receptor protein kinase family [A. thafianal CF510003 NP 200249 — — 7.1 34 — —
Putative protein kinase APK1A [Oryza satival CD573725 NP 913119 — — 5.2 2.9 — —
Seven transmembrane MLO family protein [A. thafianal CK933849 NP 192169 — — 3.0 3.0 1.0 4.0
LysM-domain GPI-anchored protein 1 [A. thaliana] CV707862 Q93ZH0 — — 4.0 2.8 — —
Peroxidase ATP26a homolog [A. thafianal CX048985 BAB10896 — — 10.9 7.8 — —
Cysteine protease-like protein [A. thaliana) DN623815 CAB66413 — — 49 — 1.6 20.2
Putative early nodule-specific protein [A. thalianal (V887212 BAC43003 — — 5.7 6.2 5.2 44.1
Nodulin-like protein [P. trifofiata] CX671683 AAN62343 — — 6.1 7.5 — —
Lipase-related [A. thafianal CD574243 NP 564291 — — 3.8 4.8 — —
Multi-copper oxidase [A. thafiana] CX671357 AAN38699 — 2.6 8.5 7.9 — —
Syringolide-induced protein 19-1-5 [G. max] CK939135 BAB86890 — — 3.6 — — —
Aquaporin TIP3 [V. berlandieri x V. rupestris] CX673014 AAF78757 — 2.3 5.0 5.3 — —
Zinc finger (C3HC4-type RING finger) protein [A. thalianal BQ624718 NP 193956 — — 4.9 5.8 — —
FAD-linked oxidoreductase [A. thafiana] CX675564 AA050720 — — 19.0 11.1 — —
Protein disulphide isomerase [E. guineensis] CN182165 AAO26314 — — 34 — — —
70 kDa heat shock protein [P. vulgaris] CV704678 CAA47345 — — 3.6 — — —
HSP70 [A. thalianal CV720046 NP 567510 — — 3.6 — — —
10 kDa chaperonin (CPN10) [A. thaliana] CV713701 NP 563961 — — 4.5 — — —
Mitochondrial chaperonin-60 [O. satival CX671431 NP 921872 — — 43 — — —
Glutaredoxin [A. thalianal (CX289567 CAB69043 — — 3.0 — — —
FKBP-type peptidyl-prolyl cis-trans isomerase [A. thalianal CK934189 NP 567717 — — 3.1 — — —
Peptidylprolyl isomerase [O. satival CX053295 BAD46607 — — 33 — — —
Peroxidase ATP23a [A. thaliana) CX666965 CAA70035 — — -3.2 — — —
Glycosylhydrolase/beta-glucosidase [A. thalianal CK935993 NP 181976 — — -3.1 — — —
Cysteine endopeptidase [R. communis) C091268 AAC62396 — — -3.2 — — —
Tropinone reductase [ Calystegia sepium] CN181671 CAD62568 — 2.1 -3.8 — — —
Cold-regulated LTCOR12—snakin 2 [L. thuringiaca) CF837470 AAC15460 — — -3.0 — — —
Lipid transfer protein [A. thaliana) (X302649 AAM60950 — — -34 — — —
Non-specific lipid transfer-like protein [P. vulgaris] CX069746 AAC49370 — — -3.1 — — —
Protease inhibitor/lipid transfer protein (LTP) [A. thafiana) CK935516 NP 190966 — 2.0 =3.1 — — —
Germin [A. thafiana] CX663291 AAM61433 — — -3.0 — — —

Supporting Information Tables S1-S4). The role of such proteins
in defence is not clear, although elevated expression of lipid-
transfer proteins and cysteine endopeptidase resulted in
increased resistance to pathogens (Jayaraj and Punja, 2007) and

programmed cell death (Greenwood et al., 2005), respectively.
Increased expression of aquaporins, on the other hand, might be
associated with diffusion of ROS across membranes during
oxidative stress (Bienert et al., 2006) or with the water soaking
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phenomenon that occurs prior to canker development (Brunings
and Gabriel, 2003). Interestingly, cyclophilin has been recently
shown to activate a bacterial effector protein (Coaker et al.,
2005), suggesting that it may be required to properly fold effector
proteins after they are delivered into the plant cell. Significantly,
we identified a citrus cyclophilin that interacted with PthA in a
two-hybrid assay (unpublished results).

As opposed to the expression profiles of defence-related genes
in Xac-infiltrated leaves, there was a remarkable overlap between
the transcriptional profiles of Xaa-regulated genes of the 6- and
48-h infection treatments (Table 5 and Supporting Information Tables
S2-S7). Notably, most of the defence-related genes altered by
Xaa have been shown in other plants to be rapidly activated
during incompatible interactions or to act in the establishment of
HR. For instance, some Xaa-induced genes are similar to MYB
transcription factors and HIN1 involved in resistance against
bacterial and virus pathogens (Daniel et a/., 1999; Fujikawa et al.,
2006; Yang and Klessig, 1996), F-box and Ring fingers known to
play crucial roles in protein turnover during pathogen attack
(Azevedo et al,, 2002; Kawasaki et al., 2005), and NAC/NAM
transcriptional factors associated with incompatible interactions
and stress responses (Hu et al., 2006; Oh et al., 2005) (Table 5
and Supporting Information Tables S2-S57). Xaa also induced the
expression of several genes related to protein kinases implicated
in defence, including a homologue of the rice XA21 (Table 5), a
receptor-like kinase that confers gene-for-gene resistance to
races of Xanthomonas oryzae pv. oryzae (Wang et al., 2006).

The citrus ESTs CX046706, CX044130 and CX643787 are
homologous to WRKY factors induced by Xanthomonas pathogens,
JA and ethylene, and that when overexpressed enhanced
resistance against Xanthomonas and other pathogens (Liu et al.,
2007a; Oh et al,, 2006; Xu et al., 2006). Members of the WRKY
family have been implicated in the regulation of the transcrip-
tional reprogramming associated with plant immune responses
and they can act as positive and negative regulators of disease
resistance (Eulgem and Somssich, 2007). This is consistent with
the fact that both Xac and Xaa induced the expression of WRKY genes
and that Xaa altered the expression of a greater number of such
genes (Tables 4 and 5, and Supporting Information Tables S1-57).

The increased expression of WRKY genes specifically induced
by Xaa might also be associated with other Xaa-modulated
genes. For instance, the EST AJ489090 (Table 5) is similar to the
Arabidopsis receptor-like kinase RLK4, a downstream target of a
WRKY induced by bacterial pathogens (Du and Chen, 2000).
Similarly, CX640171 and CX292287 are related to members of
the S gene family of receptor kinases SFR2 and ARK3, which are
rapidly induced by bacterial pathogens and their expression
requires W-box motifs in their promoters (Pastuglia et al., 2002;
Rocher et al., 2005). Interestingly, W-box motifs have also been
found in the promoters of defence-related GST and cytochrome
P450 genes (Narusaka et al., 2004; Shimono et al., 2007)
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homologous to many citrus genes preferentially induced by Xaa
(Tables 3 and 5).

Most significantly, Xaa induced the expression of other protein
kinases involved in HR-like cell death that are functionally con-
nected to WRKY proteins. In particular, the citrus EST CX073386
is related to the tobacco mitogen-activated protein kinases
(MAPK) SIPK, WIPK and Ntf4, known to play pivotal roles in plant
innate immunity in the regulation of cell death triggered by
different pathogens (Ren et al., 2006). These protein kinases are
rapidly activated via a MAPK cascade after pathogen recognition
(Ren et al., 2006). Surprisingly, the citrus EST CB610685 (Table 5)
is similar to MAPK kinases (MAPKK or MEK) that interact and
activate SIPK/WIPK/Ntf4 (Liu et al., 2007b; Takahashi et al., 2007).
Activation of SIPK and WIPK by MEK2 in tobacco led to the induc-
tion of several defence-related genes including PR proteins and
HIN1, which are also found up-regulated in Xaa-infected leaves.
Remarkably, WRKYs have been recently shown to be substrates
of MAPK and MEK (Andreasson et al., 2005; Miao et al., 2007),
supporting the idea that the MEK2-SIPK/WIPK cascade activates
transcription of WRKY factors which eventually activates down-
stream defence genes (Kim and Zhang, 2004).

Accordingly to the overall induction of HR-related genes, Xaa
also induced the expression of several enzymes involved in oxidative
burst responses (Table 5 and Supporting Information Tables S5—
S7). In particular, we highlight the expression of two proline oxi-
dase/dehydrogenases (CX544362, CK934047), which have been
shown to induce ROS-dependent cell death in yeast and animal
cells through depletion of protective proline levels (Chen et al., 2006;
Maxwell and Rivera, 2003). In addition, several cytochrome P450s
and an FAD-linked oxidase (CX302002) implicated in hydrogen
peroxide production (Carter and Thornburg, 2004) were specifi-
cally and strongly up-regulated by Xaa (Tables 5, S2, 54, S5 and S7).

Cell division and morphogenesis

A substantial number of citrus ESTs related to cell cycle, growth
and differentiation showed altered expression preferentially in
response to Xac, which strongly correlates with the development
of hypertrophy and hyperplasia of the canker lesions (Fig. 1).
However, genes that were commonly induced by both pathogens
included ribosomal proteins and fibrillarins, indicating increased
ribosomal RNA processing and ribosome assembly during
bacterial infection. In addition, Xac and Xaa up-regulated genes
homologous to prohibitins and immuno-reactant natriuretic
peptide, known to control cell volume and expansion (Chen
et al,, 2005) (Tables S8 and S9).

By contrast, genes homologous to TRIPTYCHON (TRY), suspensor-
specific protein and rapid alkalinization factor (RALF), were
specifically up-regulated by Xac at 6 hpi (Table S5). TRY controls
trichome and root hair cell patterning in Arabidopsis (Schellmann
et al., 2002), whereas RALF and suspensor-specific protein have
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Table 5 Main disease resistance and defence-related genes specifically regulated by Xaa, relative to water treatments. The expression levels of genes identified by
DD/SSH were determined by gRT-PCR. Negative numbers represent down-regulation. The complete list of defence-related genes specifically modulated by Xaa is found
in Supporting Information Tables S6 and S7. Fold change values of Xac versus Xaa treatments are shown for comparison.

Change after treatment

Microarray DD/SSH

Target description Citrus Target 6 hpi 48 hpi 48 hpi

Disease resistance, defence and stress response EST Gene ID Xaa Xac/Xaa Xaa Xac/Xaa Xaa Xac
WRKY-type DNA binding protein [A. thalianal CX046706 AAP21232 33 -2.2 40 — — —
WRKY transcription factor 30 [V. aestivalis] CX044130 AAR92477 36 — — — — —
WRKY transcription factor [C. annuum] CX643787 AAWG6459 — — 9.4 =35 — —
SPF1 protein [/. batatas] (X294239 BAA06278 3.3 — 4.8 — — —
MYB family transcription factor (MYB63) [A. thafianal CN188989 NP 178039 3.6 -2.2 4.0 -2.0 — —
No apical meristem (NAM) family protein [A. thalianal CN191283 NP 187057 3.4 -2.4 6.5 -2.2 — —
Ubiquitin [L. esculentum] CX296271 CAA51679 3.1 — 3.3 — — —
Ubiquitin-conjugating enzyme E2 [O. sativa] CX298761 XP 466921 — — 5.2 -3.2 — —
F-box family protein [A. thalianal DN623568 AAN31083 — — 5.0 — — —
F-box family protein [A. thalianal CF509222 AAN18072 — — 3.6 -2.2 — —
Zinc finger (C3HC4-type RING finger) (BRH1) [A. thaliana) CN190502 NP 191705 — — 3.5 — — —
Zinc finger (C3HC4-type RING finger) [A. thaliana) CX287180 NP 567222  — — 3.4 -2.0 — —
RING/C3HC4/PHD zinc finger-like protein [C. melo] CN186687 AA045753 — — 4.9 -2.0 — —
Hin1 protein—common tobacco [N. tabacum] CB293794 103265 — — 3.7 — — —
Disease resistance protein (CC-NBS-LRR) [A. thaliana) CX544709 NP 195056 — — 3.5 — — —
Putative protein kinase Xa21 [O. sativa) CN190501 NP 918567 4.0 — — — — —
MAP kinase [A. thalianal CX073386 BAA04866 3.1 — — — — —
Putative receptor-like protein kinase 4 RLK4 [A. thaliana) AJ489090 BAC42412 4.2 -2.6 — — — —
Serine/threonine protein kinase isolog [A. thaliana] CV717931 AAM20520 3.8 — 6.3 -2.6 — —
Serine/threonine kinase [O. satival CX640171 BAD53292 — — 3.0 — — —
Receptor kinase 1 [A. thaliana] (X292287 BAB02668 — — 33 =24 — —
Protein kinase [A. thaliana) (CX302153 NP 177852 4.8 -2.4 5.6 -2.7 — —
Mitogen-activated protein kinase kinase MKK9 [A. thafianal CB610685 NP 177492 — — 33 — — —
Receptor-like protein kinase [N. tabacum] CX297031 BAC07504 — — 40 — — —
Protein kinase-like protein [A. thafiana) CX297218 CAB62310 — — 10.6 -4.2 — —
Respiratory burst oxidase 2 [M. truncatula] (X309380 AAW78864 — — 1.4 — — —
FAD-linked oxidase protein [A. thalianal (X302002 AAQ56827 26.4 -14.2 20.8 -14.0 — —
Glycolate oxidase [M. crystallinum] CK935794 AAB40396 3.3 -2.0 6.7 -23 — —
CER1-like protein [A. thafiana) CV704769 AAC24373 4.0 — 5.2 — — —
Peroxidase [N. tabacum] V884382 AAK52084 — — 6.1 -2.3 — —
Glutathione S-transferase [E. esula] (CX669862 AAF72197 — — 4.2 — — —
Hemoglobin [C. glaucal (X636043 CAA37898 — — 9.9 4.2 — —
Thioredoxin family protein [A. thaliana] CN186629 NP 200952 4.7 -2.2 — — — —
Proline oxidase/dehydrogenase 1 [N. tabacum] CX544362 AAT57674 6.0 -2.5 — — — —
Proline dehydrogenase [G. max] CK934047 AAR86686 9.2 -3.8 10.5 -3.8 — —
Aldehyde dehydrogenase 1 precursor [L. cornicufatus] CX297720 AA072532 4.1 -2.3 36 — — —
NADH glutamate dehydrogenase [V. viniferal CX306249 CAC18730 43 -2.8 1.7 43 — —
Leucoanthocyanidin dioxygenase-like protein [A. thaliana] CX674852 AAM91495 8.5 -5.2 45 — — —
Syringolide-induced protein 1-3-1A [G. max] CN189156 BAB86892 3.7 — 38 — — —
Ferulate 5-hydroxylase [C. acuminata] CF417783 AAT39511 4.7 — 3.1 — — —
N-hydroxylating cytochrome P450 [M. esculental CN191734 AAF27289 1.4 -2.4 5.3 — — —
Cytochrome P450 [H. tuberosus] CF504933 CAA04117 — — 3.7 — — —
Cytochrome P450 [P. communis] CX644731 AAL66194 — — 3.5 — — —
Cytochrome P450 [A. majus] (CX308646 AAS90126 — — 5.4 -2.2 —
Cytochrome P450 protein [A. thalianal CF509035 AAM14385 — — 4.6 -2.0 — —
Cytochrome P450 [A. officinalis] CX668706 BAB40324 — -39 115 -=10.2 — —
Germin-like protein [A. thaliana] CN186507 P92997 — — 269 197 — —
Nodulin26-like intrinsic protein [P. sativum] DN958192 CAB45652 49 -2.0 — — — —
MTD1 [M. truncatulal (X669382 AAF86687 6.5 -3.8 — — — —
Putative lipase [A. thalianal DN621566 NP 568327 3.6 — 4.0 — — —
12-oxophytodienoate reductase OPR2 [A. thaliana] CX043279 BAC42387 6.0 -5.3 10.9 -6.0 — —
Putative phosphatase [L. esculentum] (CX544543 CAD30864 4.7 =21 7.8 -2.9 — —
Putative phosphatase [L. esculentum] CX070476 CAD30863 5.5 -2.2 8.0 -35 19.8 3.0
Cysteine endopeptidase, papain-type (XCP2) [A. thalianal CK935239 NP 564126  -33  — -33  — — —
Chalcone synthase 2 [C. sinensis| CF833966 Q9XJ57 -3.2 — -3.6 — — —
Aquaporin [R. communis] BQ623782 CAE53882 -4.4 — — — — —
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Table 6 Principal citrus genes related to cell division and morphogenesis up-regulated by Xac at 48 hpi. The complete list of genes related to cell division and
morphogenesis modulated by Xac and Xaa is found in Supporting Information Tables S1-S9.

Target description Citrus Target Fold change

Cell division and morphogenesis EST Gene ID Xac x H,0 Xac x Xaa
Minichromosome maintenance 7 [P. sativum] (CX297398 AAQ72567 4.1 4.4
Minichromosomal maintenance factor [7. aestivum| CV717182 AAS68103 3.4 3.6
Xylogen protein 1 [Z. efegans] CK932766 NP 568984 5.3 —
Nucleosome assembly protein (NAP) [A. thalianal CX668339 NP 564063 4.5 —
Nucleolin homolog [P. sativum] CV884300 AAA74208 3.5 —
Glycine-rich RNA-binding protein AtGRP2-like [A. thalianal CX640162 AAM62842 3.1 —
Putative RNA-binding protein [A. thaliana] DN622183 AAM61313 3.4 —
RNA binding protein-like [A. thafiana] CX075891 AAM61280 7.1 —
Putative GAR1 protein [A. thaliana] CF833093 AAM14173 3.4 —
Histone H2A [C. arietinum] CK935733 CAA07234 — 2.4
Histone H2A [E. esula) CX667228 AAF65769 — 2.7
Putative histone H3 [O. sativa] CF836726 XP 475315 — 2.3
Histone H3 [O. sativa] CX643907 NP 910496 — 2.6
Lateral organ boundaries (LOB) domain protein [A. thaliana] BQ623314 NP 172268 26.9 14.7
Gibberellin-regulated protein GASA5 [A. thalianal CX637545 S71371 24.2 24.9
GASAD5-like protein [P. mariana] CB250380 751963 16.5 15.5
Putative cyclin-dependent kinase CDC2C [O. satival CF503956 BAC79804 3.7 3.8
Cyclin d2 [G. max] CV720002 AAS13370 — 2.6
Replication protein A1 [O. sativa) CN190507 AAB71836 3.2 2.4
Calcium-binding protein [L. corniculatus] (K932634 CAB63264 43 45
Putative WD-repeat protein [A. thafiana) CB417354 AAL87290 3.6 —
Subtilase family protein [A. thafianal CK936343 NP 565330 7.8 3.5
Putative subtilisin serine protease [A. thaliana) CX045698 AAN13182 7.2 4.6
Prohibitin 1-like protein [B. napus] CV713016 AAK07610 3.1

Actin [V. radiata] CN184021 AAF31643 3.0 2.1
Beta-tubulin [G. hirsutum] CX672740 AAL92118 3.2 —
Beta-tubulin 2 [L. albus] CX076714 AAB03267 — 3.7
Alpha-tubulin [P. dulcis] CX078454 CAA47635 — 2.3
BY-2 kinesin-like protein 10 [N. tabacum] CF828325 BAB40710 — 2.4
Putative dynein light subunit Ic6 [A. thalianal CX644949 AAM20087 — 3.6
FH protein NFH2 [N. tabacum] CV712442 AAF24497 — 3.6
Myosin [D. discoideum] DT214435 EAL62703 — 33
Putative myosin heavy chain-like protein [S. demissum) CV708208 AAT39303 — 2.5
Microtubule-associated protein MAP65-1c [N. tabacum] CX673127 CAC17796 — 23
Microtubule-associated protein MAP65/ASE 1 [A. thalianal CF832572 NP 200334 — 3.1

been implicated in cell growth and embryo development,
respectively (Germain et al., 2005; Weterings et al., 2001).

The majority of differentially expressed genes implicated in
cytokinesis were nevertheless detected 48 h after Xac infection
(Fig. 2A and Tables 6, S2 and S3). Such a change in the transcrip-
tional profile from 6 to 48 hpi indicates an alteration in the phys-
iological status of the host cells, which would be reprogrammed
for division and growth. For instance, the various histones and
ribosomal proteins up-regulated by Xac may reflect the require-
ments of dividing cells but also an increase in general transcrip-
tional activity. It is known that the state of chromatin has a major
effect on the levels of gene expression, and histone modifications
such as acetylation play an important role in regulation of

transcription in eukaryotes (Sterner and Berger, 2000). It is
therefore interesting to note that Xac specifically up-requlated
a GCNG5 histone acetyltransferase (CF417594) known to regulate
histone acetylation required for gene expression (Benhamed
et al., 2006), plant growth and development (Vlachonasios et al.,
2003) in Arabidopsis (Tables 6, S5 and S6).

Consistent with an increased transcriptional activity of
ribosome biosynthesis genes, Xac induced the expression of
several RNA recognition motif (RRM) proteins such as nucleolins
(Cv884300, CF833651) and GAR1 (CF833093) required for DNA
chromatin organization and ribosome synthesis (Girard et al.,
1992; Pontvianne et al., 2007) (Tables 6, S5 and S6). Significantly,
expression of nucleolin correlated with cell proliferation in alfafa
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(Bogre et al., 1996) and mutations in the Arabidopsis nucleolin
PARL1 affected leaf development (Petricka and Nelson, 2007).

Xac also up-regulated genes implicated in cell cycle control,
including nucleosome assembly protein (NAP1), minichromo-
some mantainance (MCM) factors, fringe, response regulators
and cyclin-dependent kinases (Tables 6, S2 and S3). NAP1 facili-
tates nucleosome assembly by acting as a histone chaperone,
and in tobacco it binds to histone 2A, cyclin and tubulin (Dong
et al., 2005), proteins that were abundantly detected in Xac-
infected leaves (Tables 6, 52 and S3). Similar to NAP1, which con-
trols cell proliferation and expansion during Arabidopsis leaf
development (Galichet and Gruissem, 2006), MCM proteins play
an important role in cell cycle control and are essential for the
initiation of DNA replication (Braun and Breeden, 2007; Stevens
etal, 2002). Notably, fringe genes regulate dorsal-ventral
boundary determination in animal cells through modulation of
the Notch pathway, which is connected to the MCM complex
during cell cycle progression (linek et al., 2006; Noseda and
Karsan, 2006).

In addition to tubulins, Xac induced various cytoskeleton
proteins including actin, formin, myosin, kinesin, dynein and
microtubule-associated proteins, known to be required for the
progression of cytokinesis (Favery et a/., 2004 Shima et a/., 2006;
Tanaka et al., 2004). For instance, the citrus EST CV712442 is
homologous to AtFH6, an Arabidopsis formin that is up-regulated
in hypertrophied giant cells induced by nematodes (Favery et al.,
2004) (Tables 6, S2 and S3). Thus, the up-regulation of cytoskel-
eton proteins in Xac-infected leaves is consistent with the idea
that actin cables and microtubules are not only required for
cytokinesis but also for the vesicle trafficking associated with
cell-wall biogenesis discussed above.

Xac also induced the expression of genes homologous to LAT-
ERAL ORGAN BOUNDARIES (LOB), GASA and subtilases related
to ABNORMAL LEAF SHAPE (ALE1) (Tables 6, S2 and S3). These
proteins have been implicated in lateral organ fate, GA responses
and epidermal surface formation, respectively (Ha et al., 2007;
Roxrud et al., 2007; Tanaka et al., 2001). In particular, both LOB
(BQ623314) and GASA (CX637545 and CB250380) homologues
were strongly induced by Xac at 48 hpi (Table 6), and this might
be associated with the up-regulation of GA biosynthesis genes
(Table 2).

Ethylene synthesis and signalling

Ethylene regulates a variety of developmental processes and
stress responses in plants, including seed germination, cell
elongation, senescence, fruit ripening and defence. Nonetheless,
it has long been known that ethylene can either promote disease
resistance or susceptibility depending on the host—pathogen
interaction (Broekaert et al., 2006). Here, we observed consider-
able changes in the transcriptional profiles of genes related to

ethylene synthesis, signalling and perception after Xac and Xaa
infection, suggesting that these bacteria stimulate ethylene
production in citrus plants (Fig. 2). However, although both
bacteria were capable of modulating the expression of key genes
of ethylene biosynthesis including 1-aminocyclopropene-1-
carboxylic acid (ACC) synthase and ACC oxidases, ethylene receptors
and various transcriptional factors carrying an AP2/EREBP-like
domain, most of these genes were induced at higher levels by
Xaa at 6 and 48 hpi (Fig. 2A, Table 7 and Supporting Information
Tables $2-59).

ACC synthase and ACC oxidase are known to play pivotal roles
in ethylene biosynthesis and in many cases their expression levels
are affected by pathogen attack (Broekaert et al., 2006). Interest-
ingly, Xaa specifically up-regulated an ACC synthase (AJ012696)
at 48 hpi (Table 7), indicating that ethylene synthesis is main-
tained during Xaa relative to Xac infection. This idea is supported
by the fact that genes related to ACC oxidases (CX292966,
(X302270), ethylene receptor (CX674473), ethylene-induced
esterases (CB290370, CF835645) and ethylene response factors
(ERF) (CN185598, CX043799) were detected at higher levels in
Xaa-infiltrated leaves and additional ERF and AP2/EREBP genes
were specifically modulated by Xaa at 48 hpi (Table 7). By
contrast, Xac up-regulated a smaller number of ethylene synthe-
sis and signalling genes, including AP2/EREBP, and specifically
down-regulated a beta-cyanoalanine that catalyses the detoxifi-
cation of cyanide formed during ethylene biosynthesis (Yip and
Yang, 1988), suggesting that ethylene production in Xac-infiltrated
leaves was lowered by 48 hpi (Fig. 2, Table 7).

These observations suggest that, at least in the Xaa—Péra
interaction, ethylene synthesis and signalling might be associated
with disease resistance rather than susceptibility. The increased
number of ERF- and AP2/EREBP-related genes modulated by Xaa
supports this notion. These factors control the expression of many
PR proteins and effectors of the defence response (Broekaert
etal., 2006) and their increased expression in Xaa-infiltrated
leaves correlates with the higher PR gene expression induced by
Xaa (Table 3). Accordingly, as ethylene and JA can act synergisti-
cally to induce certain PR proteins in defence reactions it is inter-
esting to note that Xaa also up-regulated a number of genes
related to JA biosynthesis including lipoxygenases (Table S1) and
12-oxophytodienoate reductase (Table 5). Significantly, consist-
ent with the cross-talk that occurs between defence response
pathways controlled by JA, ethylene and salicylic acid (SA),
the EST CB290370, which is preferentially up-regulated by Xaa,
encodes an ethylene-induced esterase that is similar to SABP2,
an SA-binding protein from tobacco required for plant immune
response (Kumar and Klessig, 2003).

Taken together, the transcriptional profiles of ethylene synthesis
and signalling genes of Xac- and Xaa-infiltrated leaves strongly
suggest that ethylene plays a key role in the defence response
against Xaa.
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Table 7 Principal ethylene synthesis and signalling genes modulated by Xac and Xaa at 6 and 48 hpi, relative to water-infiltrated leaves. The complete list of ethylene
synthesis and signalling genes with altered expression upon Xac/Xaa infection is found in Supporting Information Tables S2-59.

Change after treatments

Target description Citrus Target 6 hpi 48 hpi

Ethylene synthesis and signalling EST Gene ID Xaa Xac Xaa Xac
Xac- and Xaa-regulated genes

ACC synthase [C. sinensis) (CX643923 CAB60722 3.05 4.0 — —
ACC oxidase [C. sinensis) CB322167 AAG49361 4.21 3.9 4.8 3.8
Ethylene-forming-enzyme [A. thalianal CX292966 BAB10730 16.48 12.5 18.8 5.9
Ethylene-forming-enzyme [A. thaliana) (CX302270 AAM65315 26.52 21.3 26.9 9.3
Ethylene-induced esterase [C. sinensis] CB290370 AAK58599 8.54 4.8 27.7 5.3
Ethylene-induced esterase [C. sinensis] CF835645 AAK58599 10.40 48 105.9 18.4
AP2 domain transcription factor [A. thaliana) (CX299615 BAB08875 17.22 4.5 12.9 50.0
AP2 domain transcription factor [A. thafianal CF509751 NP 196837 — — 10.1 6.4
ATERFS5 [A. thalianal CK936491 BAA97157 5.81 5.7 — —
AtERF1 [A. thaliana) (CK939541 080337 5.64 5.0 — —
ERF [L. esculentum] CN185598 AAN77067 — — 15.7 4.5
Ethylene receptor [Fragaria x ananassal CX674473 CAC48386 — — 32.3 13.0
Putative ethylene receptor [C. sinensis] CX667638 AAC99435 — — 5.7 4.0
DNA binding protein S25-XP1 [N. tabacum] CX043799 T03927 — — 16.3 6.8
AP2/EREBP transcription factor [A. thaliana] CX546122 AAT44918 — — -4.1 -4.2
AP2 domain transcription factor [A. thafianal CK938211 NP 201520 — — -4.9 -3.5
Xac-regulated genes

EREBP [N. tabacum] DN617716 BAA07323 — 3.0 — —
AP2 domain-containing protein [A. thafiana] (X298932 NP 172723 — 3.3 — —
DREBP 5 [G. max] CX665765 ABQ53928 — -3.2 — 5.9
Beta-cyanoalanine synthase [B. pendula) DN958104 AAN86822 — — — 5.6
Xaa-regulated genes

ACC synthase [C. sinensis) AJ012696 CAB60831 — — 5.0 —
AP2/EREBP [G. hirsutum] (CB292635 AAV51937 — — 5.6 —
ERF like protein [C. mefo] CK936741 BADO01556 — — 4.0 —
Transcriptional activator PTI5 [L. esculentum] CN187333 004681 — — 3.6 —
DNA binding protein S25-XP1 [N. tabacum] DN795374 T03927 — — 9.4 —
AP2 domain-containing protein [A. thalianal (CB304607 NP 176620 — — 4.2 —
AP2 domain-containing protein [A. thafianal (CX288967 CAB96654 — — -39 —

Retroelement and transposition

Anumber of differentially expressed genes identified by microarray
(CX072598, CN182725, CN182543, CN183624) and DD/SSH
(AF369930, CX052914) are homologous to copia-like retrotrans-
posons and polyproteins. These genes were up-regulated by both
Xac and Xaa at 6 and 48 hpi; however, their expression levels
were relatively higher in Xaa-infected leaves (Tables S1-59).

In plant genomes, retrotransposons constitute the major
mobile genetic elements and are important for the evolution of
the genome structure and function (Grandbastien, 1992). Inter-
estingly, most of the citrus genes identified here are homologous
to retrotransposons that have been mapped in close proximity
or within clusters of resistance genes (Parniske and Jones, 1999;
Wei et al., 2002), and in such genome organizations they are
thought to provide resistance gene duplications, insertions or

deletions generating new recognition specificities (Paal et al.,
2004). This is reminiscent of the systemic DNA rearrangement
induced by a viral pathogen in tobacco, which suggested the
existence of a systemic recombination signal (Kovalchuk et al.,
2003). Accordingly, the expression of the tomato TCL1.1 retro-
transposon is induced by several plant hormones, but most
notably by ethylene (Tapia, et al., 2005). Thus, it is tempting to
speculate that the up-regulation of citrus mobile elements by Xac
and Xaa might be the result of the transcriptional changes in the
ethylene synthesis and signalling genes described above. Also in
agreement with the up-regulation of retrotransposons in citrus
leaves, Xac and Xaa induced the expression of various citrus ESTs
(CK933117, CN186009, CF509054, CF832466) homologous to
tobacco MYB2, a transcriptional factor that recognizes conserved
DNA motifs in the Tto1 retrotransposon promoter and activates
its transcription (Sugimoto, et al., 2000).
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Carbon and nitrogen metabolism

Both Xac and Xaa altered the expression of a significant number
of genes related to carbon and nitrogen metabolism (Fig. 2).
Among the commonly modulated genes, we highlight the
up-regulation of invertases, asparagine, glutamine and tryptophan
synthases, phosphoenolpyruvate-carboxylase kinases, succinyl-
CoA ligases, prolyl-carboxypeptidase, 3-deoxy-p-arabino-heptulose
7-phosphate synthases and a number of sugar, amino acid and
nitrate transporters, most of which were strongly induced at 6
and 48 hpi. By contrast, genes commonly down-regulated by Xac
and Xaa include the small subunit of Rubisco, Rubisco activase,
fructose-1,6-bisphosphatase, fructose-bisphosphate aldolases and
serine hydroxylmethyltransferase (Tables S1, S8 and S9).

These transcriptional changes are thus in agreement with the
fact that plants infected with biotrophic pathogens normally
show lower photosynthesis rates, increased protein degradation
and higher nutrient mobilization towards infection sites. For
instance, reduction in photosynthesis has been attributed to an
early expression of invertases and the accumulation of hexoses
(Swarbrick et al., 2006; Walters and McRoberts, 2006). Inter-
estingly, among the various sugar transporters up-regulated at 6
and 48 hpi is a hexose transporter (CF509967) (Tables S8 and S9).
In addition, the elevated expression of asparagine synthase,
glutamine synthase and nitrate transporters suggest an increased
mobilization of nitrogen in the infection site, whereas the strong
induction of a prolyl-carboxypeptidase indicates aumented
protein catabolism.

We found, however, that Xaa altered the expression of a
significantly greater number of carbon and nitrogen metabolism
genes relative to Xac at 6 and 48 hpi (Fig. 2). In particular, Xaa
induced various amino-transferases, beta-amilases and additional
sugar and amino acid transporters (Tables S1, S2, 4, S5 and S7).
This suggests that nutrient mobilization might be associated with
the energy supply required for defence reactions or, as pointed
out recently, it could act as a signal for defence (Halford and
Paul, 2003; Swarbrick et al., 2006). Accordingly, Xaa induced the
expression of specific trehalose-6-phosphate synthase (CX299159)
and trehalose-6-phosphate phosphatases (CX636014, CF831824),
both involved in the synthesis of trehalose (Tables S2, 54, S5 and
S§7). These sugar metabolites have gained the status of signalling
molecules that regulate plant metabolism, development and
stress responses (Grennan, 2007; Wilson et al., 2007). Moreover,
two Xaa-induced ESTs (CX672184, CX639947) are homologous
to sucrose nonfermenting-1 (SNF1), a protein kinase that plays a
central role in trehalose metabolism, sugar signalling and home-
ostasis (Polge and Thomas, 2007). Most significantly though, an
Arabidopsis SNF1-related protein kinase (SnRK1) was shown to
interact with proteins implicated in pathogen resistance (Gissot
et al., 2006). Hence, it appears that the changes in trehalose
biosynthesis enzymes and SNF1-related kinase observed in

Xaa-infected leaves might indeed be associated with a defence
response.

Xac induced the expression of a trehalose-6-phosphate
phosphatase (CD575394) but not trehalose-6-phosphate
synthase or SNF1 (Table S3). It is interesting to note that
Arabidopsis plants overexpressing trehalose-6-phosphate
phosphatase exibited larger leaves than wild-type plants and
the accumulation of trehalose-6-phosphate caused inhibition of
seedling growth (Schluepmann et al,, 2003; 2004), indicating
that up-regulation of trehalose-6-phosphate phosphatase alone
promotes cell growth.

Putative transcription factors

Several genes homologous to transcription factors showed
altered expression after Xac and Xaa infection, particularly at
48 hpi (Fig. 2 and Tables $2-59). Some of the genes that were up-
regulated by Xac and Xaa (CV884345, CX295885, CK739629 and
CN187819) are similar to tobacco BZI-1, a bZIP factor that binds
the GH3 gene promoter and modulates auxin-induced transcrip-
tion (Heinekamp et al., 2004).This correlates with the up-regulation
of GH3 genes by both pathogens at 48 hpi (Table 2). In addition,
we highlight the up-regulation of a gene (CX669831) homologous
to ORCA3, a JA-induced transcription factor involved in the
activation of terpenoid biosynthetic genes (Vom Endt et al., 2007).

Interestingly, Xac specifically up-regulated a bZIP transcrip-
tional activator (CV719678) similar to RSG (repression of shoot
growth), which regulates tobacco cell elongation by controlling
the levels of gibberellins (Fukazawa et al., 2000) (Table S3).
In contrast, Xaa specifically repressed the expression of a basic
helix-loop—helix factor (CX045057) implicated in cell prolifera-
tion (Heim et a/,, 2003), whereas it up-regulated a gene (CF509564)
homologous to CCR4-associated factor CaCAF1, required for
defence response. Notably, silencing of CaCAF1 in pepper plants
increased susceptibility to Xcv infection (Sarowar et al.,, 2007). In
addition, Xaa up-regulated two ESTs (CX543536, CF832559)
related to GT-2 factors implicated in auxin signalling (O'Grady
et al, 2001), which might be associated with the increased
up-regulation of auxin-responsive genes induced by Xaa at 6 hpi
(Fig. 2 and Table S7).

Unknown genes

On average, approximately 35% of all citrus genes identified by
microarray analyses as differentially expressed in response to Xac
or Xaa infection show no similarities to plant genes or are
homologous to genes of unknown function (Fig. 2). In addition,
nearly 40% of the genes identified by DD/SSH showed no
similarities to known genes or to citrus ESTs (Table S1). This
reflects our current limited knowledge of gene functions related
to disease resistance and symptom development.
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GENERAL DISCUSSION

In this study, we focused on the early transcriptional modifica-
tions that occur in sweet orange leaves after Xac and Xaa infec-
tion with the aim of understanding the differential pathogenicity
exhibited by these bacteria on Péra plants and identifying the
genes involved in canker development. We provide strong
evidence for a coordinated expression of cell-wall remodelling,
vesicle trafficking and cell division genes that are likely to play a
role in symptom development. This is supported by the observa-
tion that the formation of canker lesions is inhibited by brefeldin
A, a clear indication of the functional connection between these
categories of genes. On the other hand, our data point to a much
stronger defence response triggered by Xaa. Interestingly, how-
ever, the expression profiles of the Xac/Xaa commonly regulated
genes are remarkably similar to transcriptional changes triggered
by PAMPs in other plant-pathogen interactions, which is in
accordance with the idea that transcriptional differences in
response to bacterial challenges are predominantly determined
by PAMPs (Navarro et al., 2004; Truman et al., 2006). Moreover,
the major differences observed in the transcriptional profiles
between Xac- and Xaa-infected leaves are in agreement with the
proposed zigzag model of plant immunity (Jones and Dangl,
2006), in which Xac would suppress PAMP-triggered immunity
(PTI) via translocation of effector proteins including PthAs
(Fujikawa et al., 2006). This idea is supported by the fact that a
significantly smaller number of defence-related genes are altered
by Xac at 6 and 48 hpi relative to Xaa, and although Xac induced
a great number of plant defence genes, the amplitude of this
response is not sufficient to halt Xac's growth or to establish an
effective HR, as envisaged in the zigzag model.

Although it is not yet clear how Péra plants stop Xaa exponen-
tial growth, the results shown here indicate that Xaa induces a
MAP kinase cascade that would culminate with the activation of
a variety of defence-related genes involved in ROS production
and programmed cell death. The inability of Xaa to suppress
defences on sweet orange suggests that it cannot successfully
translocate effector proteins to block PTI, or one of its effectors
might be recognized by the host triggering defence. Significantly,
we cloned two pthA homologues from Xaa that are more similar
to pthB and pthC genes recently characterized in another repre-
sentative C strain of Xaa (Al-Saadi et al., 2007) than to the four
pthAs from Xac (da Silva et al. 2002). This raises the possibility
that one of them may act as an avirulence factor in sweet orange,
and our current knowledge on the mechanism of action of this
class of bacterial effectors suggests that they could transactivate
a citrus resistance gene (Romer et al.,, 2007). Although pthC from
Xaa strain €340 does not appear to act as an avr gene (Al-Saadi
et al.,, 2007), a recent study has shown that the pthA homologue
hssB3.0 is responsible for host-specific suppression of virulence
in Citrus grandis (Shiotani et al., 2007). This is the first evidence
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indicating that PthA proteins can behave as avirulence factors on
citrus. Interestingly, hssB3.0reduced the ability of Xac to multiply
in plant tissues, enhanced PAL expression and partially inter-
rupted canker development elicited by another PthA homologue
(Shiotani et al, 2007), a phenomenon that in many aspects
resembles the Péra—Xaa interaction, where micropustules devel-
oped in spite of a resistance response. As citrus canker is depend-
ent on very similar PthA-like proteins (Al-Saadi et al., 2007) that
dimerize in the host cell prior to nuclear import (Giirlebeck et al.,
2005), it is possible that depending on the repertoire of PthA
proteins delivered, different heterodimers may form and their
interaction with host targets may determine the outcome of the
host response, whether disease resistance or canker development.

EXPERIMENTAL PROCEDURES

Plant material and bacterial infiltration

Six-month-old plants of sweet orange (C. sinensis) ‘Péra’ and
‘Cristal’ cultivars as well as Mexican lime ‘Galego’ (Citrus auran-
tifolia) and ‘Siciliano’ lemon (C. /imon) were obtained from
certified nurseries and kept in a growth room at 25-28 °C under
a 14-h/day fluorescent light. Plant leaves were infiltrated with
suspensions of Xac (strain 306, da Silva et al,, 2002) or Xaa
pathotype C (strain ICMP 8435). Bacterial cells grown in LB
medium without NaCl (LBON) for 48 h at 28 °C with shaking at
200 r.p.m. were recovered by centrifugation and resuspended in
sterile water (ODgyg,m = 0.6). Leaf sectors were infiltrated with
approximately 0.3 mL of the bacterial suspensions or water as
control.

For brefeldin A experiments, Péra leaves were pre-infiltrated
with solutions of 0.2 mm brefeldin A (Sigma) in 0.5% DMSO or
0.5% DMSO only as control. After 24 h, the same leaf sectors
were infiltrated with a water suspension of Xac (0Dgggnm = 0.5)
and the appearance of canker pustules was monitored daily.
Brefeldin A did not affect Xac growth on culture media.

Bacterial growth curves

Bacterial cells grown in LBON for 24 h were pelleted and resus-
pended in sterile water to a cell density of 107 colony forming
units (cfp) per mL. Cells were infiltrated on C. sinensis leaves and
after different time intervals leaf discs were collected for bacterial
recovery and counting of the number of viable cells.

Plant mRNA purification

Total RNA was extracted from sweet orange leaves at different
time intervals after water and bacterial infiltration treatments
using Trizol (Invitrogen), followed by mRNA purification with
FastTrack 2.0 (Invitrogen). The quality and quantity of the mRNA
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samples were verified by agarose gel and UV spectroscopy
(Sambrook and Russel, 2001).

Differential display and suppressed subtractive
hybridization

Differential display was performed according to standard proce-
dures (Sambrook and Russel, 2001), except that first-trand cDONA
was synthesized using ordinary oligo-dT, instead of anchoring
primers, and the cDNAs were amplified by PCR using a set of
decamer oligonucleotides (Operon). A total of 40 different com-
binations of decamer pairs were used in PCR reactions in the
presence of a33P-dATP. PCR products were separated in denatur-
ing sequencing gels and the differentially expressed bands,
detected by autoradiography, were re-amplified, cloned in pGemT
(Promega) and sequenced.

Suppressed subtractive hybridization was carried out accord-
ing to Diatchenko et al., (1999) with the exception that an N/alll
site was inserted at the 3’-end of the adaptors in order to favour
adaptor ligation to Malll-cut cDNAs. Double-strand cDNAs were
prepared from mRNAs isolated from sweet orange leaves
infiltrated with Xac or Xaa for 48 h and from leaves infiltrated
with Xac or water for 10 days, when canker lesions were visible.
Subtractions were made between cDNAs from Xac- (tester) versus
Xaa-infiltrated leaves (driver) and from Xac- (tester) versus
water-infiltrated leaves (driver). After subtraction, approximately
1000 clones were isolated and screened for differentially expressed
cDNAs by dot blot, as described (Diatchenko et al., 1999).

Quantitative PCR and Northern blot analysis

Primers for gRT-PCR were designed using the Primer Express 3.0
software (Applied Biosystems). cDNAs from water- or pathogen-
infiltrated leaves were reverse transcribed using oligo-dT
(Sambrook and Russel, 2001) and used at different concentra-
tions to test the efficiency of the amplifications between targets
and internal controls. Two internal controls were used
(CK937155-hypothetical protein and AAR89627-elongation
factor). The expression levels of both internal controls in
Xac-, Xaa- or water-infiltrated leaves were verified by Northern
blotting and shown to have similar banding patterns (not
shown). Three qRT-PCR reactions were performed on each mRNA
sample using the SYBR-green mix and the universal conditions of
amplification provided by the 7500 System (Applied Biosystems).
Dissociation curves were analysed in every amplification mixture
and when more then one peak was observed, the gRT-PCR
conditions were changed so as to obtain a single dissociation
product. The results were analysed by the 7500 System software
(Applied Biosystems) using the relative quantification mode.
Northern blotting was performed using formaldehyde gels
(Sambrook and Russel, 2001). Approximately 10 g of total RNA

extracted from water- or pathogen-infiltrated orange leaves was
separated in denaturing agarose gels and transferred to nylon
membranes. After hybridization to specific 32P-labelled DNA
probes, membranes were washed and images were captured
from the exposed phosphoimager screens.

Microarray analysis

Two independent mRNA samples (0.6 pug) extracted from citrus
leaves infiltrated with water, Xac or Xaa at 6 and 48 hpi, were
hybridized to Affymetrix GeneChip citrus genome arrays (Affymetrix,
Santa Clara, CA) according to Affymetrix's instructions. Stained
arrays were scanned on the Gene Chip Scanner 3000-7G using
the Gene Chip Operating Software (GCOS) version 1.4. Filter on
calls, variance stabilization, log transformation, background
subtraction, average computing and significance analysis
(P<0.05) were obtained from two GCOS CEL files of each treat-
ment using the MASS algorithm from the ArrayAssist software
package (ArrayAssist x.5, Stratagene, USA). The microarray data
have been deposited in GEO database as GSE10798 series.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.

Fig. S1 Differential expression of cell-wall-remodelling genes
between Xac- and Xaa-infected leaves analysed by Northern blot.
Total RNA extracted from sweet orange leaves 48 h after Xac or
Xaa infiltration was hybridized to DNA fragments corresponding
to endo-beta glucanase (CV886058), acidic cellulase (AAB56555),
pectinesterase (CN181845) and expansin (DN621554).

Fig. S2 Expression levels of a putative cysteine protease
(DN623815) in sweet orange (Péra) and Mexican lime plants
infected with Xac or Xaa at 48 hpi, determined by qRT-PCR.

Table S1 C. sinensis genes with altered expression in response
to Xac or Xaa infection identified by DD and/or SSH and validated
by gRT-PCR. Fold change in gene expression relative to water-
infiltrated leaves (= 1.0) is the average of three gRT-PCR
measurements. Positive and negative values represent up- and
down-regulation, respectively- and 'nd’ means quantification not
determined. Citrus ESTs that showed a perfect match with
probesets of the Affymetrix citrus array are shown in bold,
whereas bold-underlined indicates ESTs that were represented in
the citrus array but were not detected in the microarray experiments.
Fold change values of Xac versus Xaa at 48 hpi, determined by
microarray, are shown for comparison with the qRT-PCR
measurements.

Table S2 Sweet orange genes regulated by Xac relative to Xaa
at 48 hpi with fold change = 2.0.
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Table S3 Sweet orange genes specifically regulated by Xac at
48 hpi with fold change = 3.0.

Table S4 Sweet orange genes specifically regulated by Xaa at
48 hpi with fold change = 3.0.

Table S5 Sweet orange genes regulated by Xac relative to Xaa
at 6 hpi with fold change = 2.0.

Table S6 Sweet orange genes specifically regulated by Xac at
6 hpi with fold change = 3.0.

Table S7 Sweet orange genes specifically regulated by Xaa at
6 hpi with fold change = 3.0.
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Table S8 Sweet orange genes commonly regulated by Xac and
Xaa at 6 hpi, relative to water-infiltrated leaves, with fold
change = 3.0.

Table S9 Sweet orange genes commonly regulated by Xac and
Xaa at 48 hpi, relative to water-infiltrated leaves, with fold
change = 3.0.

Please note: Blackwell Publishing are not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.
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EXPERIMENTOS COMPLEMENTARES DO CAPITULO 1

Nesta secdo se relatam em detalhe os experimentos correspondentes ao capitulo |
desta Tese. Além disso, descre-se outro tipo experiéncias como a constru¢do de uma
biblioteca de cDNA de laranja doce que fora utilizada durante experimentos de duplo

hibrido em leveduras usando-se a proteina de viruléncia de Xac, PthA, como “isca”.

Material bioldgico e inoculacao das plantas

Mudas de laranja Péra (Citrus sinensis (L.) Osb.) com idade de entre 4 e 6 meses
foram obtidas de viveiros da regido e acondicionadas em salas de crescimento equipadas
com luz branca florescente, sob condigdes controladas de foto periodo (14 h de luz) e
temperatura de 25 + 3°C.

O 1solado 306 de Xanthomonas axonopodis pv citri (da Silva et al., 2002) e 1solado
434 de X. axonopodis pv aurantifolii (patotipo C), obtido da colecdo de culturas de
fitobactérias da sec¢do de fitobacteriologia do Instituto Biologico (IBSBF) do Centro
Experimental de Campinas, foram crescidas em meio LB solido sem adi¢do de NaCl
(LBON) durante 48 h a 28°C. As bactérias foram coletadas mediante a raspagem das placas
e ressuspensas em agua estéril a fim de se obter uma densidade de aproximadamente 10°
unidades formadoras de colonias por mililitro (equivalente a ODgoonm=0,6). Folhas de
laranja sadias foram infiltradas em areas alternadas usando-se uma seringa descartavel de 1
mL. As plantas inoculadas foram mantidas em sala de crescimento até a colheita das folhas
6 ou 48 hs apos inoculagdo. Tais folhas foram congeladas imediatamente em nitrogénio

liquido para o posterior isolamento de RNA.

Extracao do RNA total e purificacio de mRNA

Folhas de laranja Péra infiltradas com Xac ou Xaa foram maceradas em nitrogénio
liquido até a formagdo de po e posteriormente solubilizado no reagente Trizol de acordo
com as recomendacdes do fabricante (INVITROGEN). O RNA total foi precipitado com
LiCl (4M), ressuspendido em H,O-DEPC e re-precipitado com (0.1 volumes) de Acetato de
Sodio (3M) e (3 volumes) de etanol 100%, lavado com etanol 70 % e finalmente,
ressuspendido em H,O-DEPC. Em seguida, realizou-se o isolamento dos poly(A)'RNA
(RNAs mensageiros) mediante o Kit “Fast Track 2.0” (INVITROGEN). As amostras de
mRNA foram ressuspendias em H,O-DEPC e guardadas a -80°C. Para realizar a sintese de
cDNA utilizou-se 0,5 pg de mRNA poliA” segundo as recomendagdes no kit SuperScriptIl
(INVITROGEN).
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Construcio de biblioteca de cDNA de folhas de laranja Péra

A construcdo de uma biblioteca de ¢cDNA de folhas de laranja Péra foi realizada
utilizando-se o kit SuperScript Plasmid System (INVITROGEN). Os c¢cDNAs foram
sintetizados a partir de mRNAs isolados de folhas de laranja infiltradas com Xac, para
serem clonados no vetor de duplo hibrido pOAD (o vetor pOAD expressa o fragmento
clonado em fusdo com um dominio de ativagdo de transcri¢do, Activation Domain). Seguiu-
se o protocolo de sintese de cDNA de acordo com as instrugdes do fabricante, exceto que as
ligacdes dos adaptadores foram realizadas usando-se a enzima T4 DNA ligase (NEW
ENGLAND BIOLABS), que possui maior atividade que a fornecida no kit. Os cDNAs
sintetizados contém os adaptadores Sall e Notl nas extremidades 5° e 3°, respectivamente,
que auxiliam a clonagem direcional dos fragmentos no vetor pPOAD previamente digerido
com Sall/Notl. Células de E. coli DH5a eletrocompetentes foram transformadas com o
produto da ligagdo entre cDNA e vetor e plaqueadas em meio contendo carbemicilina
(100mg/L). Aproximadamente 600 mil colonias, a grande maioria recombinantes, foram
obtidas apds aproximadamente 100 transformagdes (Figura 4).

Tais clones foram coletados (raspados) a partir das placas para compor a biblioteca,
que foi aliquotada em “pools” contendo uma concentragdo de glicerol de 15% para

estocagem a -80°C.

M 1 2 3 4 5 6 7 8 9 10

3 kb —»

1.6 kb —»
1 kb —>

Figura 4. Exemplo de clones da Biblioteca de cDNA de folhas de laranja Péra que foram digeridos com Psfl
e EcoRI. O gel mostra que mais do 70 % dos clones escolhidos sdo recombinantes (canaletas 1 a 9). M:
marcador de peso molecular; 10: pOAD (Pstl - EcoRI) ndo recombinante.

Clonagem de genes pthA para varredoura da biblioteca de cDNA de laranja

Os primeiros genes de viruléncia de Xac em serem clonados, pth42 e pthA3, foram
utilizados como “iscas” para a varredura da biblioteca de cDNA. As iscas foram isoladas a
partir de DNA total de Xac mediante PCR com oligos especificos contendo os sitios Ndel e

EcoRI. O produto de PCR, em torno a 3.5 kb, foi digerido com Ndel /EcoRlI e clonado no
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vetor pet28a (NOVAGEN) digerido com as mesmas enzimas. A partir disso, subclonou-se
os pthAs no vetor de duplo hibrido pOBD, que expressa a proteina “isca” em fusdo com um
dominio de ligacdo a DNA (Binding Domain). Como os oligos utilizados ndo distinguem as
variantes de pthAs, foi feito um mapa de restricdo com Sspl que permite discriminar os
quatro pthAs codificados no genoma da Xac, pthAl, pthA2, pthA3 e pthA4 (da Silva et al.,
2002). Assim, inicialmente estabeleceram-se trés “iscas”, pOBD-pthA43, pOBD-pthA2 e
pOBD-pthA2-Cterminal. Posteriormente, os clones foram verificados por sequénciamento
de DNA.

Por conveniéncia, a clonagem das “iscas” foi realizada no sitio Notl deletando-se a
por¢do N-terminal de ambos pthAs, ja que a regido deletada (385pb) ndo € necessaria para o
desenvolvimento dos sintomas do cancro (Szurek et al., 2001). Além de pthA2 e pthA3, a
por¢do C-terminal (795pb) de pthA2, importante por conter os dominios de localizagdo
nuclear (NLS) e o dominio transativador (AAD), também foi clonada em pOBD. O
“screening” de duplo hibrido foi realizado no Instituto de Quimica da USP (Sao Paulo), em

colaborac¢do com a Dra. Cassia Docena e o Prof. Chuck Farah.

Ensaio de duplo-hibrido em levadouras
Foi utilizada a cepa PJ694-a de Sacharomyces cerevisae levando as respectivas
“iscas” pthA2s e pthA3 no vetor pOBD. Essas leveduras foram transformadas com os
plasmidios extraidos da biblioteca de cDNA (maxi-prep) como descrito por Alegria et al.
(2004). Todos os experimentos de transformacdo de levedura, ensaios de auto-ativacdo das
1scas e “screening” de duplo-hibrido foram realizados no Instituto de Quimica (USP - SP).
Varios clones candidatos foram isolados com as duas variantes de pthAs, entretanto, a
varredura com a isca pthA2-Cterminal ndo foi realizada devido a que apresentou forte auto-
ativagdo. Os plasmidios pOADs recombinantes contendo as “presas” de pthd foram
purificados e sequienciados.
Na primeira varredura da biblioteca de citros, usando-se as iscas PthA2 e PthA3,
foram isolados varios cDNAs de grande interesse, entre eles, se destacam:
1) O receptor nuclear, a-importina, indicando que o mecanismo de importagdo nuclear de
PthA ¢ similar ao antes relatado para AvrBs3 em pimentdo (Szurek et al., 2001)
2) Ciclofilina — Participa do enovelamento de proteinas em complexos com chaperoninas
HSP70 e HSP90 promovendo a isomerizac¢do de residuos de Prolina (Ward et al., 2002;
Carrello et al., 2004; Coaker et al., 2005).
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3) HIP-TRX (HSP70-interacting protein-thioredoxin chimera) que estd relacionada
funcionalmente a ciclofilina por participar no enovelamento de proteinas nos complexos
HSP70/90. Notavelmente, a interacdo entre HSP70/90, HIP e ciclofilina ja foi descrita
em mamiferos (Carrello et al., 2004)

4) HID/PrmC3 — Esterase relacionada a resposta de HR em tabaco.

5) Cisteina protease — Envolvida em resisténcia contra fungos (Kruger et al., 2002).
Curiosamente ¢ o mesmo EST de citros que foi induzido por Xac em laranja doce
durante o desenvolvimento dos sintomas do cancro citrico (Cernadas et al., 2008a)

6) Proteina de estresse hidrico — Fung@o desconhecida, mas tem dominio de ligagdo de
RNA.

7) Fator de resposta a auxina — Fator de transcri¢do envolvido em respostas a auxina.

8) Proteina com dominio HMG (high mobility group) — Provavel fator de transcrigdo.

9) Uevla— Enzima conjugadora de ubiquitina variante 1a.

Proteinas de citros que interagiram com o efetor PthA de Xac

Além dos candidatos descritos acima, varios outros clones foram identificados e
1solados em posteriores varreduras da biblioteca de cDNA. O destaque ¢ para o receptor
nuclear a-importina que, da mesma forma que ocorre para o ortologo AvrBs3, a interacdo
de PthA com esse receptor deve ser necessdria para sua importagdo para o nucleo. A
interagdo de PthA com a-importina foi utilizado como controle positivo durante nossos
experimentos de duplo hibrido.

Embora esses resultados obtidos através de duplo hibrido sdo de grande importancia
para desvendar o mecanismo de viruléncia do efetor PthA, eles ndo estdo no foco principal
desta tese e serdo descritos em profundidade em outros trabalhos futuros de nosso
laboratorio. No entanto, com o intuito de caracterizar as primeiras interacdes com PthA,
foram escolhidos cinco clones. Uma proteina similar a ciclofilina (peptidil-prolil
isomerase), uma tioredoxina semelhante a HIP (HSP70-interacting protein), uma cisteina
protease (CP), uma proteina semelhante a ubiquitin conjugating enzyme variante la, e uma
esterase (PrmC3) relacionada a resposta de HR.

Analisando-se a funcdo dessas proteinas podemos supor que PthA necessite de
transformagdes pos-traducionais, como isomerizagdo de Prolina (PthA € rico em prolinas
no dominio central, necessario para o reconhecimento da hospedeira), hidrolise pela CP e

transporte para o nucleo mediado pela a-importina, como ja mencionado.
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Uma vez que alguns dos clones isolados da biblioteca de citros no pOAD estavam
truncados no N-terminal ou no frame +2 em relacdo a fusdo com o dominio Gal4
(activation domain), os respectivos genes inteiros foram isolados por RT-PCR a partir de
mRNA de C. sinensis e posteriormente clonados. No caso da a-importina, entretanto, foi
clonada sem o N-terminal em virtude do tamanho e hidrofobicidade desse dominio. A
aplicagdo do duplo-hibrido usando as presas no frame correto ou o clone inteiro permitiu

confirmar a interagdo de PthA2 com ciclofilina, PrmC3 e a-importina (Figura 5).

Ciclofilina PrmC3 o-Importina

Figura 5. Duplo-hibrido em leveduras mostrando a interacdo entre proteinas de citros com PthA2. Os clones
foram plaqueados em meio SC sem Adenina, Leucina, Triptofano e Histidina (Alegria et al., 2004). 1,2 e 3
clones independentes (isca + presa), 4 (isca + pOAD vazio), 5 (presa + pOBD vazio); a-Importina 1 (isca +
presa), 2 (isca + pOAD vazio) e 3 (presa + pOBD vazio).

A maioria das interacdes descritas acima para PthA2 e PthA3 foi confirmada em
nosso laboratdrio e atualmente € foco de trés trabalhos de doutorado. Estes resultados
atraentes, acoplados a analise da expressdo diferencial em resposta a Xac, deverdo trazer
nova luz para o entendimento da funcdo de efetores de viruléncia de bactérias

fitopatogénicas.

Detalhes da construciio das bibliotecas subtrativas (SSH)

A técnica de hibridag¢do subtrativa suprimida foi utilizada para comparar populagdes
de mRNAs isolados a partir de folhas de laranja apos 48 h da infiltracdo com Xac ou Xaa.
Para isso, as plantas foram infiltradas com uma suspensdo das bactérias e, apos o tempo
determinado (6 ou 48 hai), as folhas foram colhidas e congeladas em nitrogénio liquido
para i1solamento de RNA. A seguir, os cDNAs correspondentes foram sintetizados e
digeridos com a enzima Nlalll (CATG). Os produtos da digestdo com tamanhos menores a
1 kb foram purificados a partir de gel de Agarose (1%). Ao invés de utilizar os adaptadores
fornecidos no Kit de SSH (CLONTECH - k1804), que estipula uma ligacdo blunt-ended,

decidiu-se desenhar outro tipo de adaptadores (Figura 6).
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Adaptador 1 Nested 1
S TAATACGACTCACTATAGGGATCTGCACCAGAATTCCATG?

T7 oligo EeoRl
Adaptador 2 Nested 2
5 TAATACGACTCACTATAGGGATGTAGTCACCTGCAGCATG®

T7 oligo st

Figura 6. Sequéncia dos adaptadores utilizados neste protocolo indicando os sitios para os oligos T7 e
Nested. Os sitios EcoRI e Pstl foram inseridos nos adaptadores 1 e 2 respetivamente. A ligagdo do Adaptador
¢ feita através do pareamento com o extremo 3’ protuberante do produto de digestdo com Nlalll.

Esses novos adaptadores foram ligados, como indica a Tabela 2, para gerar as

populacdes chamadas de Tester ou Driver.

Tabela 2. Ligacdo de adaptadores para gerar as amostras Tester e Driver

Adaptador 1 Adaptador 2 s/Adaptador
c¢DNA folhas com Xac Tester 1-1 Tester 1-2 Driver 1
c¢DNA folhas com Xaa Tester 2-1 Tester 2-2 Driver 2

Obteve-se uma grande eficiéncia na ligagdo de adaptadores aplicando esta nova
estratégia. A ligagdo do adaptador € essencial para conseguir bons resultados durante o
processo de subtragdo da técnica SSH. Evidentemente, esta metodologia for muito mais
conveniente que a liga¢do blunt ended (inicialmente realizada sem sucesso). A Figura 7
mostra o produto de PCR de varias colonias individuais escolhidas ao acaso, apds a
subtracdo e que compdem a biblioteca forward ou reversa. Para este experimento, usou-se
os oligos Nested ou MI13F (e M13R) especificos do vetor pGEM T (PROMEGA),

verificando-se que a maioria dos clones possuem os adaptadores 1 e 2 nas extremidades.

Forward Reversa

NMNMNMNMNMNMNMNMNMNMNMNMNMNMNMNMNMNMNM

Figura 7. Gel de agarose 1% mostrando produtos de PCR de clones das bibliotecas forward e reversa
selecionados ao acaso. Foram usados os oligos Nested 1 e 2 (N) ou M13F e R (M), para montar a reagao.
Mais de 90% dos cDNAs foram amplificados com os oligos Nested.
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Clones recombinantes (colonias brancas em placas contendo X-gal) das bibliotecas
forward e reversa foram depositados por duplicata sobre membranas de nylon e
hibridizados com as sondas subtraidas segundo as instru¢des do fabricante (CLONTECH -
k1804). A marcacdo das sondas se levou a cabo com o Megaprime DNA labelling system
(AMERSHAM BIOSCIENCES) e previamente a hibridagdo das membranas, as sondas
foram digeridas com Nlalll para eliminar os adaptadores e assim reduzir o background
(Experimento de dot blot sugerido no manual do kit). As membranas foram hibridizadas
“overnight” a 65°C, lavadas para remoc¢do do excesso de sonda, mantidas em contato com
membranas IP por tempo variado e analisadas num “Phosphoimager” (Figura 8). No total,
foram preparadas e analisadas 10 membranas contendo duplicatas de 960 clones da
biblioteca forward e 10 contendo o mesmo numero de clones da biblioteca reversa (Figura
8). O “screening” primario de dot blot permitiu o isolamento e posterior seqiénciamento de

48 ¢cDNAs da biblioteca forward e 33 da biblioteca reversa.

Biblioteca Forward Biblioteca Reversa
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Figura 8. Clones das bibliotecas forward e reversa amplificados com os oligos Nested 1 e 2 e, hibridizados
com as respectivas sondas. Nota-se claramente um sinal de hibridizagdo maior nas membranas hibridizadas
com a sonda correspondente, principalmente na biblioteca forward, indicando que houve subtragdo. Clones
diferencialmente expressos estio indicados pelos baldes.

Detalhes do display diferencial de PCR (DD PCR)

A técnica de DD PCR (Liang et al., 1992) também foi usada para a identificagdo e
clonagem de fragmentos de cDNAs diferencialmente expressos em folhas de laranja
infiltradas com Xac ou Xaa apos 48hs da infec¢do. Cerca de 80 combinacdes de oligos
decameros com sequéncias randomicas foram usadas para amplificar fragmentos a partir
das duas populagdes de cDNAs (infiltrada com Xac ou Xaa). A Figura 9 mostra uma
fotografia de dois géis de poliacrilamida 6% contendo os produtos do DD PCR, junto com a

identificacdo de bandas diferencialmente expressas entre os tratamentos. Essas bandas
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foram removidas dos géis, re-amplificadas, clonadas em vetor pGEM e trés clones de cada
transformagdo, escolhidos ao acaso, foram sequenciados. Na maioria dos casos, os trés
clones apresentaram sequéncias idénticas. Nos casos onde apareciam mais de uma
sequéncia distinta, todas eram separadas para serem validadas por Northern ou PCR

quantitativo em tempo real.

-
by :

e ——

CA C AC

-

Figura 9. Gel de poliacrilamida 6% (ndo-denaturante) do DD PCR de mRNAs extraidos de folhas de laranja
infiltradas com Xac (C) ou Xaa (A) apos 48h. Cada amostra foi amplificada em duplicata para eliminar
possiveis falsos positivos. Bandas diferencialmente expressas entre as amostras de Xac e Xaa estdo indicadas
pelos retangulos, e o marcador de peso molecular esta indicado em pares de base (bp).

No total, 68 genes foram isolados por DD PCR. De forma semelhante aos clones
isolados das bibliotecas SSH, os clones identificados por DD PCR foram validados por
PCR quantitativo em tempo real ou por Northern blot.

A Tabela S1 mostra a lista dos genes identificados por DD PCR e SSH com
expressdo aumentada por Xac ou Xaa. Nessa tabela, nota-se que alguns dos genes isolados
independentemente por DD PCR ou SSH sdo idénticos ou pertencem a uma mesma familia
génica, ou ainda, apresentam fung¢des relacionadas. Isso indica que tanto SSH como DD
PCR produziram resultados semelhantes e complementares. Observa-se que muitos dos
genes estdo implicados, por similaridade de seqiiéncia, em respostas de defesa de plantas ou

associados ao desenvolvimento dos sintomas do cancro citrico.

PCR quantitativo em tempo real (QPCR)

A expressdo diferencial de mais de 120 genes candidatos foi confirmada utilizando a
técnica de qPCR com SYBR Green como sonda. SYBR Green ¢ uma sonda que se intercala
na dupla fita de DNA durante a etapa de anelamento do PCR e, nessa condigdo, emite

fluorescéncia que resulta quantificada no detector do aparelho. O produto acumulado ciclo
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a ciclo durante a reacdo de PCR ¢ quantificado através do incremento da florescéncia
emitida pela sonda. A grande vantagem de utilizar este tipo de sonda ¢ a economia do
experimento para um grande numero de genes a serem validados. Por outro lado, a
desvantagem do uso de SYBR green é que ndo garante tanta especificidade quanto o uso de
outras sondas como or exemplo 7ag man. Por causa disso, antes de comecar o qPCR,
duplas de oligos desenhadas para varios genes candidatos foram testadas mediante PCR
para verificar a amplificagdo de um tnico produto.

A técnica de qPCR ¢ altamente sensivel e portanto € necessario eliminar qualquer
contaminagdo exdgena de DNA para realizar a medida sem correr riscos de mascarar os
resultados com amplifica¢des inespecificas. Para isto, analisou-se a eficiéncia do tratamento
de RNA com Dnasel antes da sintese de cDNA, verificando a hidrolise completa de
possiveis contamina¢des com DNA genomico. Neste caso também varias duplas de oligos
selecionados ao acaso foram utilizados para mostrar a eficiéncia do tratatmento com Dnasel
(Figura 10).

L 1 2 3 456

Figura 10. Gel de agarose 1.5 % mostrando a eficiéncia de tratamento com DNasel (o experimento foi
extendido para outros 5 candidatos, escolhidos ao acaso, com resultados similares). L: ladder, 1 e 4. RNA
total, 2 e 5: RNA total tratado com DNasel, 3 e 6: ¢cDNA 12 fita. (1, 2 e 3: Taq Pol normal; 4, 5 ¢ 6: Taq
Platinum).

O produto de PCR presente na caneleta 2 pode ser devido a amplificagdo de dimeros
de oligos, pois desaparece no “hot start” PCR (Figura 10).

A seguir, as reagdes de qPCR foram montadas em placas de 96 pogos, colocando
ademais, os respectivos controles sem DNA molde. Os resultados obtidos a partir de qPCR,
correspondem a media de trés réplicas para cada amostra. Os primeiros experimentos de
qPCR foram realizados com o apoio do Prof. Ivan Maia e a Dra. Andréa Akemi do
departamento de genética da UNESP (Botucatu, SP).

A Figura 11 mostra a interface grafica apos a corrida do qPCR para uma dupla de
oligos desenhada contra uma celulase acida de citros. Pode-se apreciar a amplificacdo
diferencial (esquerda) junto com a curva de dissociacdo tipica correspondente a um Unico

produto amplificado (direita).

45



|
1

1
| j[

e 2082 [ i g

RERRNE

LEIEROLE in

LEITROLE iin

|t |

Figura 11. Andlise de qPCR no ABI PRISM 7000 (Applied Biosystems). A) Grafico de qPCR ciclo a ciclo. A
ordenada representa a fluorescéncia acumulada durante a reagdo (ARn vs. Cycle number), B) Curva de
dissociagdo, este grafico mostra que ha unicamente um produto de PCR (dARn/dT vs. Temperature)

O EST CK937155 (proteina hipotética) de Citrus sinensis foi utilizado como controle
interno para o qPCR, cuja expressdo fora previamente verificada por Northern blot
mostrando-se homogénea nos trés tratamentos realizados (Figura 12). Além do EST
CK937155, também foi usado um segundo controle interno como referéncia, o EST
CX077830 similar a uma proteina ribosomal.

Agua

Xac Xaa

Xac Xaa

Xac Xaa

Figura 12. Northern blot da referencia interna (EST CK937155), o clone foi testado em varias membranas
com mRNA de folhas infiltradas com Xac, Xaa ou agua.

Curva de crescimento de Xac e Xaa em folhas de laranja Péra

As bactérias Xac (isolado 306) e Xaa (isolado 434) foram crescidas em meio LB
solido sem adicdo de NaCl (LBON) suplementado com Ampicilina (100 mg/mL) durante
48 h a 28°C. As bactérias foram coletadas mediante a raspagem das placas e ressuspendidas
em agua estéril até obter uma ODgponm= 0.40 para Xac e, 0.58 para Xaa. Folhas de laranja
sadias foram infiltradas com cada indculo em trés setores alternados de cada folha. As
plantas inoculadas foram mantidas em sala de crescimento nas mesmas condigdes descritas
para experimentos anteriores deste trabalho. Cada uma das areas infiltradas das folhas
foram cortadas com um vazador (15 mm de didmetro) e cada disco for macerado

individualmente em ImL de tampdo PBS 1X. A seguir, foram feitas sucessivas dilui¢des
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destes macerados (10%; 10°; 10° 107) as quais eram plaqueadas em LBON suplementado
com Ampicilina (100 mg/mL). O nimero de colonias nas placas (trés placas por cada
dilui¢do) fo1 contabilizado para a constru¢do das curvas de crescimento. O experimento foi

realizado duas vezes em plantas independentes obtendo-se resultados muito similares.

Identificacio e clonagem de duas novas variantes de PthAs em Xaa

Plasmidios de Xac e Xaa foram purificados usando-se um kit comercial de
minipreparacdo de DNA (QIAGEN) e usados como DNA “template” em reagdes de PCR.
Cada reacdo era composta por: DNA molde (~25 ng), 0.2 uM de cada oligo PthA1 (5°-
ggtatgccatatggatcee-3”) e PthA2 (5°-tggaattcactgaggcaataget-3°), 200 uM dNTPs, Ix
tampdo Taq Pfu Turbo e 1U Taq Pfu Turbo (STRATAGENE) em 50 pL de reagdo. As
condi¢des de PCR foram: 1 ciclo de 3 min a 95°C, seguido de 30 ciclos de 94°C por 30 sec,
58°C por 30 sec, 72°C por 3 min. Os produtos de PCR foram separados em gel de Agarose
1% e, os fragmentos em torno de 3 a 3.5 kb foram purificados do gel, digeridos com Ndel e
EcoRI e subclonados em vetor pET28a e pET29a previamente digeridos com as mesmas
enzimas. O produto das liga¢des fo1 usado para transformar células eletrocompetentes de E.
coli DH5a. Os plasmidios recombinantes foram identificados por seqiiénciamento e
digestdo com Sspl, que diferencia as isoformas de pthAs.

Dois clones diferentes similares a pthA foram amplificados com os mesmos oligos
que foram usados para pthA a partir de DNA gendmico e plasmidial de Xaa. Esses produtos
foram clonados no vetor pET28a (Ndel e EcoRI) e sequenciados. Em vinte clones
sequenciados e digeridos com Sspl, foram detectadas apenas duas isoformas de “pthC”,
homologos de pthA (Figura 12). O seqiiénciamento completo desses genes mostrou que a
variante maior contém 17.5 repeti¢des dos 34 amino acidos do dominio central sendo
portanto o equivalente a PthA4 de Xac. Porém, surpreendentemente, a variante menor
apresenta 14.5 dessas repeticdes e define assim dois genes PthCs do isolado 434 de Xaa.
Essa diferenga, pode portanto, ser importante para explicar a patogenicidade diferencial
entre Xaa e Xac. No momento, nosso laboratorio esta testando a hipdtese se PthC de 14.5

repeticdes poderia causar HR em laranja doce.
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Figura 12. Gel de agarose mostrando a perfil da digestdo de plasmidios pET28a contendo PthBs de Xaa
isolado 434. Entre varios clones analisados, apenas dois padrdes (A ou m) de digestdo com Sspl foram
observados, sugerindo a presenca de apenas dois PthCs em Xaa 434.

Preparo das sondas para hibridizar a limina de microarranjos de DNA

Para a construcdo das sondas usou-se 0.5 ug mRNA junto com o kit “One-Cycle
Eukaryotic Target Labelling” da Affymetrix para a sintese de cDNA, sintese de cRNA
(transcrigdo in vitro) e purificagdo das sondas. Uma vez purificado e quantificado,
utilizamos 15 pg de cRNA no “hybridization cocktail”. As laminas foram hibridizadas

durante 16 hs (45°C / 60 rpm) com trés sondas diferentes: H,O, Xaa e Xac.

Leitura das laminas e analise dos resultados

Apos a hibridizagdo as laminas foram lavadas (Wash Buffer A and B), coradas
(“stain cocktail 1 e 2” e, finalmente “Array Holding Buffer”) e lidas num scanner GeneChip
3000 7G acoplado numa estagdo de lavagem GeneChip Fluidics Station 450. O GCOS
(GeneChip Operating Software) controla a estagdo de lavagem assim como o scanner de
leitura. Detalhes do protocolo, operagdo e uso da plataforma encontra-se no capitulo 4 do
manual “GeneChip Expression Analysis Technical Manual” (AFFYMETRIX). Os
experimentos foram feitos em duplicata (duas amostras bioldgicas diferentes) para cada
uma das sondas (H,O, Xaa e Xac) 6 hs e 48 hs apos infiltragdo, gerando um total de 12
laminas para a analise. Utilizou-se o software GCOS para obter os arquivos CEL e CHP de
cada uma das laminas que posteriormente foram analisadas e comparadas estatisticamente

com o software “ArrayAssist” (STRATAGENE).

Analise de microarranjos de DNA

Amostras de mRNAs de folhas de laranja Péra infiltradas com suspensdes de Xac,
Xaa ou agua durante 6 hs e 48 hs foram usadas para hibridizar ldminas de citros
(AFFYMETRIX Citrus GeneChip). Essas laminas (chips) contém mais de 30 mil

“probesets” que representam mais de 33 mil transcritos de citros. Em geral, as
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hibridiza¢des das laminas detectaram mais de 70% dos probesets, que ¢ uma frequiéncia
maior a aquela que normalmente se obtém com laminas de mamiferos, ao redor de 50%.

Duas hibridizagdes usando laminas independentes foram realizadas para cada
tratamento (réplicas bioldgicas). Os dados como, normalizagdo e correcdo da linha base
foram convertidos através do algoritmo MASS5 (GCOS-AFFYMETRIX). O tratamento
estatistico (p-values) foi feito mediante o software comercial ArrayAssit (STRATAGENE).
Viarias comparacdes foram feitas: Xac-agua up e down-regulados, Xaa-agua up e down-
regulados, Xac-Xaa up e down regulados (Cernadas et al., 2008). Os resultados dessas
analises confirmaram os dados obtidos com DD, SSH e qPCR. De forma geral, as
principais vias alteradas em resposta a infec¢do por Xac/Xaa, descritas anteriormente
através o DD e SSH, foram realgadas com as analises de microarray, uma vez que um
numero muito maior de genes com até 2 vezes de diferenca de expressdo foram encontrados
para cada categoria de fungdo. Porém, as analises de microarray revelaram diferencas
marcantes na expressdo diferencial de genes que podem explicar o diferencial de
patogenicidade entre Xaa e Xac, o que ndo foi inteiramente possivel com os dados de DD,
SSH.
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CAPITULO I

Examinar o efeito da aplicacio exogena de Auxina ou Giberelina sobre a
expressio de genes, i) envolvidos no metabolismo da parede celular, ii) transporte e
sinalizacao de auxina e, iii) biosintese de giberelina.

O capitulo II desta tese corresponde principalmente a analise transcricional de genes
relacionados com o metabolismo da parede celular em resposta aos hormdnios auxina e
giberelina. Este trabalho se apresenta em forma de artigo cientifico como foi submetido na
revista Plant Physiology and Biochemitry (Cernadas and Benedetti, 2008b).

O trabalho mostra que genes de remodelamento da parede celular que sdo fortemente
induzidos por Xac também s3o, em alguns casos, induzidos pela aplicagdo exdgena de
auxina (NAA) ou giberelina (GA3). Em conjunto se estabelece um elo entre as vias de
sinalizacdo de hormonios e a infeccdo por Xac. Além disso, resultados preliminares
indicam que a acumulacdo de GA; promovida por NAA atua sinergicamente sobre a
expressdo de genes envolvidos no remodelamento da parede celular.

Ademais, apresentamos indicios de que em folhas infiltradas com Xac e Xaa existe
uma sinalizacdo pos transcricional mediada por microRNAs e que € controlada por auxinas,
como esta descrito na literatura para Arabidopsis. Observamos também a indu¢do de genes
que codificam para proteinas DICER, envolvidas com processamento de RNA, assim como

a superexpressdo do miRNA 160 e supressdo do seu possivel alvo, ARF10.
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which are also induced in orange leaves upon Xac infection. An inhibitor of GA synthesis significantly
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decreased transcription of some of the genes up-regulated by NAA, suggesting that a crosstalk between
auxin and GA controls the expression of orange genes associated with cell division and expansion trigged

by Xac.
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Abstract

Xanthomonas axonopodis pv. citri (Xac) is the bacterial pathogen responsible for citrus
canker, a disease characterized by the formation of hyperplastic lesions on the surface of
susceptible host. We have previously shown that, in sweet orange (Citrus sinensis) leaves,
Xac strongly increases transcription of genes encoding cell wall remodeling and structural
proteins and simultaneously alters the expression of genes associated with cell division and
expansion. In addition, a number of Xac-regulated genes are implicated in the synthesis,
mobilization and signaling of auxin and gibberellin. Since these hormones control cell
division and elongation in several plant species, we examined their ability to modulate the
expression of various Xac-regulated cellulases, pectinesterases, glycosyltransferase and
expansin genes. Here, we show that all the analyzed genes were rapidly modulated by both
exogenously applied NAA (naphthylacetic acid) and gibberellic acid (GA). Significantly,
the NAA and GA-mediated regulation of cell wall genes correlated with an up-regulation of
genes implicated in the synthesis of GA and auxin signaling, which are also induced in
orange leaves upon Xac infection. An inhibitor of GA synthesis significantly decreased
transcription of some of the genes up-regulated by NAA, suggesting that a crosstalk
between auxin and GA controls the expression of orange genes associated with cell division
and expansion trigged by Xac.
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gibberellin
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Introduction

Xanthomonas axonopodis pv. citri (Xac) is the casual agent of citrus canker, one of the
most important diseases of citrus [4, 36]. Xac affects various citrus species and the canker
symptoms induced on sweet oranges, lemons and limes are characterized by pustule-like
lesions that raise on both surfaces of the leaf and which later become corky and surrounded
by a water-soaked margin with a yellow halo. The lesions can also develop on stems and
fruits of susceptible plants [36]. How Xac causes canker is still not fully understood,
however, canker lesions are thought to be the result of intense cell division (hyperplasia)
and expansion (hypertrophy) that occurs in the host tissues after pathogen infection [4].

In a previous study, we have identified numerous sweet orange genes with altered
expression upon Xac infection [8]. In particular, we found that Xac strongly up-regulates
genes encoding cell wall remodeling enzymes and proteins associated with cell wall
elongation, including beta-1,3 (B1.3G) and beta-1.4 (B1.4G) endoglucanases, acidic (AC)
and basic (BC) cellulases, pectinesterases (PE), pectinacetylesterases (PAE), xyloglucan
galactosyltransferases (XGT) and expansins (EXP) [8].

The genes encoding the endoglucanases B1.3G (CAA03908) and B1.4G (CV886058).
and the cellulases AC (AAB65155) and BC (AAB65156), were strongly induced in orange
leaves between 6 and 48 h after Xac infiltration [8]. Members of these conserved category
of plant cell wall remodeling enzymes have been shown to be expressed in tissues
undergoing rapid expansion [3], during fruit softening [32, 38] and in response to
Xanthomonas campestris pv vesicatoria infection [20]. Interestingly, the citrus B1.4G and
BC are highly similar to endoglucanases up-regulated in tobacco roots in response to
nematode infection, and which were required for cell wall dissolution during the
development of the hypertrophied giant cells [13].

In addition to the endoglucanases, Xac induced the expression of PE (CN181845) and
EXP (DN621554) genes [8]. Significantly, the citrus EXP gene is similar to expansins
expressed during rice internode elongation and vascular tissue differentiation and which are
thought to disrupt non-covalent hydrogen bonds between cellulose microfibrils and
xyloglucans [9, 14, 18, 24]. On the other hand, Xac-infected leaves showed a reduction in
the expression of two genes related to PAE (CX675128) and XGT (CX076275) [8].
Notably, the citrus XGT gene is homologous to MUR3, a xyloglucan galactosyltransferase
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from Arabidopsis required for the addition of a galactosyl unit to xyloglucan [25], the
major cross-linking component of cellulose microfibrils.

The changes in the transcriptional profile of cell wall remodeling genes induced by Xac
in citrus leaves correlated with an intense up-regulation of genes associated with vesicle
trafficking, cell division, growth and differentiation, also triggered by Xac infection.
Moreover, Xac significantly changed the transcription of orange genes involved in GA
biosynthesis and auxin signaling [8]. Since auxin and GA are known to control cell division
and elongation in several plant species, and have been shown to modulate the expression of
a number of cell wall remodeling enzymes (9, 17, 22, 34, 41], we hypothesized that, in
citrus leaves, they might play a role in the transcriptional control of cell wall modifying
genes up-regulated by Xac [8].

In this study, we examined the effect of exogenously applied auxin and GA on the
transcriptional regulation of various sweet orange genes implicated in cell wall remodeling,

GA synthesis, auxin transport and signaling.
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Results and Discussion
NAA and GA3z modulate transcription of Xac-induced cell wall remodeling genes

To examine whether the cell wall remodeling genes induced by Xac were regulated by
auxin and GA, sweet orange leaves were infiltrated separately with solutions of NAA and
GA3 and transcription of the cell wall modifying genes were measured within 2 h after
hormone application. Interestingly, both NAA and GA3 altered the expression of cell wall
remodeling genes as early as 30 min of hormone treatment (figure ). Notably, B1.4G, AC,
BC, PE and EXP genes showed to be up-regulated at 30, 60 and 120 min after NAA
application (figure 1A4). On the other hand, the application of GA3 induced the expression of
B1.4G, AC, B1.3G, PE, XGT and EXP relative to mock-infiltrated leaves (figure 1B). In
contrast, XGT was predominantly down regulated by NAA after 120 min of treatment
(figure 1 A). Thus, the results show that the cell wall remodeling genes that are up-
regulated in response to Xac infection are modulated by auxin and GA.

The pattern of hormone responsiveness shown in figure [ is in agreement with the
general observation that both auxin and GA influence positively the expression of
endoglucanases, pectinesterases and expansins during cell elongation and growth [6, 7, 9,
11, 17, 22]. Furthermore, it remarkably correlates with the up-regulation of B1.3G, B1.4G,
AC, PE and EXP, as well as with the repression of PAE and XGT genes in Xac-infected
leaves [8]. Although the regulation of PAE and XGT genes by NAA and GA3 has not been
reported in other plant species, down-regulation of the citrus XGT by Xac, NAA and GA3
1s consistent with the role of its ortholog MUR3 in Arabidopsis. MUR3, which is 86%
identical to citrus XGT, is required to maintain the mechanical strength of the primary cell
wall during growth via galactosylation of xyloglucans, which promotes the cross-linking of
cellulose microfibrils [25, 31]. Therefore, the coordinated down-regulation of XGT and up-
regulation of endoglucanases and expansins by Xac could synergistically favor hypertrophy

and hyperplasia.

NAA and GA3 modulate transcription of GA and auxin metabolism and signaling genes
Since NAA and GA3 were capable of modulating the expression of the cell wall
remodeling genes, and a cross-talk between auxin and GA in the processes of cell

elongation and organ growth has been clearly demonstrated [2, 23], we examined whether
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the exogenous application of NAA and GAj; in sweet orange leaves would affect the
expression of genes implicated in GA synthesis, auxin mobilization and signaling that were
also up-regulated in Xac-infected leaves [8].

The citrus genes related to terpene and GA synthesis selected for this study include a
terpene cyclase (DY259652) similar to ent-kaurene synthases (KS) required for the second
step of the GA biosynthesis pathway [26, 40], a homolog (CX044235) of a E-E-a-farnesene
synthase (FS) that can also catalyze the formation of cyclic monoterpenes precursors of
gibberellins [27], and an alcohol dehydrogenase (ADH) similar to TDF (CV705927), a
potato steroid ADH that was shown to affect plant growth and endogenous levels of GA
[1]. In addition, we looked at the expression of two citrus cytochrome P450
monooxygenases, CYP1 (CX296913) and CYP2 (DN620712), and an ATP-binding
cassette (ABC) transporter (CX641504) implicated in brassinosteroid synthesis and terpene
transport, respectively. CYP1 is similar to DDWF1, a brassinosteroid hydroxylase that
controls hypocotyls growth in pea plants [21], whereas CYP2 is related to tobacco CYP
involved in alkaloid biosynthesis [30, 35]. The citrus ABC transporter is homologous to
PDRI1, a tobacco transporter induced by pathogens and terpenes and which plays a role in
the transport of diterpenes [15, 19, 37].

Among the genes related to auxin transport and signaling that were up-regulated in Xac-

infected leaves [8], we selected two genes (CX676252, CX306117) homologous to KDEL

receptor and MDR transporters implicated in the polar flux of auxin [16, 28], an ADP-
rybosylation factor (ARF) (DR908238) similar to rice ARF1, which controls root
development by regulating auxin level [42], and a NAC transcriptional factor (DN619712)
homologous to NAC members involved in both auxin and GA signal transduction [33, 39].
Figure 2 shows that both NAA and GAj significantly increased transcription of the KS,
FS, CYP1, CYP2 and ADH genes, whereas transcription of ABC was induced by GA only.
Notably, the expression levels of KS, CYP2 and ADH genes increased hundredfolds upon
auxin application, relative to controls and GAj; treatment. The strong up-regulation of the
KS gene by NAA suggests that auxin might affect GA synthesis in citrus as it occurs in
numerous plant species [12, 29]. The enhanced expression of the citrus ADH gene in
response to NAA supports this idea since its homolog in potato (TDF) appears to modulate

the endogenous levels of GA [1].
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Although treatments with the hormones enhanced transcription of the genes over time,
we found a peak of FS expression at 30 and 60 min after GA and auxin application,
respectively (figure 2A4-B), which suggests a type of negative feedback regulation, a
common control mechanism of transcriptional regulation of GA biosynthesis genes [5, 29].

When we looked at the expression levels of auxin transport and signaling genes in
response to NAA and GA3, we observed an up-regulation of the KDEL, MDR and ARF
genes in response to NAA (figure 34). Although GA3 had no effect on transcription of the
auxin transport genes (figure 3B). This is consistent with the recent findings showing that
gibberellin stimulates polar transport of auxin in Populus [2]. On the other hand, both NAA
and GA3 appreciably down-regulated the citrus NAC gene within 2h after hormone
application (figure 3), which apparently is in contrast with its up-regulation by Xac at 48 h
post-infection [8]. Nevertheless, it is interesting to note that the citrus NAC gene is similar
to a NAC from barley that interacts with the SPY factor, a negative regulator of GA

responses [33].

An inhibitor of GA synthesis reduced NAA-induced gene expression but not canker lesions

To investigate whether auxin stimulates GA synthesis in citrus, we applied the inhibitor
of GA biosynthesis chlorocholine chloride (CCC) in combination with NAA and measured
the transcription of the cell wall remodeling (B1.4G, AC, BC, PE and EXP) and GA
synthesis (KS, CYP2 and ADH) genes that were most responsive to NAA. Interestingly,
treatments with CCC significantly attenuated the NAA-dependent up-regulation of most
genes tested, strongly supporting the idea that the transcriptional regulation of cell wall
remodeling and GA synthesis genes by NAA is in part mediated by the de novo synthesis
of GA (figure 44).

We next examined whether the application of NAA and GA alone or in combination
would mimic canker lesions or promote cell growth in orange leaves (fully developed
leaves). Nonetheless, we observed no changes in the general morphology of the leaves that
had been infiltrated with the hormones, compared to mock controls (not shown). In
addition, application of CCC or triitodobenzoic acid (TIBA), an inhibitor of auxin transport,
had no visible effect on the development of canker lesions caused by Xac (figure 4B),
indicating that auxin and GA signaling are not sufficient to promote cell growth in

developed citrus leaves and that other factors are required for the coordinated gene
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expression that leads to cell division and elongation during canker development [8].

In conclusion, the results presented here show that several genes induced by Xac in
citrus leaves appear to be regulated by the common action of auxin and GA. Although the
production of auxins by Xac has been reported [10], our observation that Xac increases
transcription of auxin mobilization and transport genes [8] indicates that auxin from the
host is mobilized during the early stages of infection, which in association with GA would

trigger transcription of target genes required for cell division and elongation.

60



Material and Methods
Plant material and treatments with plant growth regulators and inhibitors

Six-month-old plants of sweet orange (Citrus sinensis) “Péra” cultivar was obtained
from certified nurseries and kept in growth room at 25-280,C under 14h/day fluorescent
light. Plant leaves were infiltrated with solutions of 5 pM naphthylacetic acid (NAA) and
10 uM gibberellic acid (GA3) alone or in combination with the inhibitor of GA synthesis
chlorocholine chloride (CCC) at 10 uM. Sweet orange leaves were pre-infiltrated
separately with solutions of CCC and TIBA at 0.1 and 1.0 mM concentrations in 0.5%
DMSO, or 0.5% DMSO as control. After 24 h, the same leaf sectors were infiltrated with
an aqueous suspension of Xac (ODsoonm= O.5) and the appearance of canker lesions were
monitored daily. CCC and TIBA had no effect on Xac’s growth in culture media (not

shown).

Plant mRNA purification

Total RNA was extracted from sweet orange leaves at different time intervals after
water or hormone treatments using Trizol (Invitrogen), followed by mRNA purification
with FastTrack 2.0 (Invitrogen). The quality and quantity of the mRNA samples were
verified by agarose gel and UV spectroscopy.

Quantitative PCR analysis

Primers for qPCR were designed using the Primer Express 3.0 software (Applied
Biosystems). cDNAs generated from water or hormone-infiltrated leaves were diluted
and tested to probe the efficiency of the amplifications between targets and endogen
controls. Two endogen controls were used (CK937155-hypothetical protein and
AARS89627-elongation factor). Three qPCR reactions were performed on each mRNA
sample using the SYBR-green mix and the universal conditions of amplification provided
by the 7500 System (Applied Biosystems). The results were analyzed by the 7500 System

software (Applied Biosystems) using the relative quantification mode.
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Figure legends

Figure 1. Expression levels of citrus cell wall remodeling genes in response to
hormones. Sweet orange leaves were infiltrated with 5 uM NAA (A) or 10 uM GA3 (B)
and mRNA samples were analyzed by quantitative PCR at different time intervals after
hormone application, relative to control (mock-infiltrated leaves). The genes analyzed
include the beta-1,3 (B1.3G) and beta-1,4 (B1.4G) endoglucanases, acidic (AC) and basic
(BC) cellulases, pectinesterase (PE), pectinacetylesterase (PAE), xyloglucan
galactosyltransferase (XGT) and expansin (EXP).

Figure 2. Expression levels of citrus genes implicated in GA synthesis in response to
hormones. Sweet orange leaves were infiltrated with 5 uM NAA (A) or 10 uM GA3 (B)
and mRNA samples were analyzed by quantitative PCR at different time intervals after
hormone application, relative to control (mock-infiltrated leaves). The genes analyzed are
homologous to kaurene synthase (KS), farnesene synthase (FS), cytochrome P450 (CYP1
and CYP2), alcohol dehydrogenase (ADH) and ABC transporter (ABC).

Figure 3. Expression levels of citrus genes related to auxin transport and signaling
in response to hormones. Sweet orange leaves were infiltrated with 5 uM NAA (A) or
10 uM GA3 (B) and mRNA samples were analyzed by quantitative PCR at different time
intervals after hormone application, relative to control (mock-infiltrated leaves). The
genes analyzed are homologous to KDEL and MDR receptors, ADP-ribosylation (ARF)
and NAC factors.

Figure 4. A- Effect of CCC in the NAA-induced expression of cell wall remodeling
and GA synthesis genes. Sweet orange leaves were infiltrated with NAA (5 uM) or
NAA in combination with CCC (10 uM) for 60 min, and mRNA samples were analyzed
by quantitative PCR, relative to control (mock-infiltrated leaves). The citrus genes
analyzed are homologous to KDEL and MDR receptors, ADP-ribosylation (ARF) and
NAC factors. B- Sweet orange leaves pre-treated with 1 mM CCC or 1 mM TIBA were
infiltrated with Xac. Pustules-like lesions were observed 5 days post-inoculation

regardless of treatment. Cleared zones correspond to the infiltrated leaf sectors.
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Figure 3
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EXPERIMENTOS COMPLEMENTARES DO CAPITULO II.

Tratamento com I-Naphthaleneacetic Acid (NAA) e Gibberellic Acid (GA3).

NAA e GAj; sao hormodnios vegetais da classe das auxinas e giberelinas,
respectivamente. Uma solucdo aquosa de 5 uM de NAA em 0.1 % de Tween 80 foi
utilizada para inocular folhas sadias de plantas de laranja através da mesma metodologia
descrita anteriormente. Uma vez inoculadas as plantas, coletaram-se as folhas infiltradas
em 30, 60 e 120 min apos infiltragdo para extragdo de RNA. GA3; 100 uM foi preparado em
0.1 % de Tween 80 e usado da mesma forma que NAA.

Os experimentos com inibidor da sintese de GAs; (Chlorocoline Chloride, CCC)

foram realizados inoculando-se simultaneamente o inibidor (10 uM) junto com o indutor.

Genes de remodelamento de parede celular, sintese e sinalizacdo de hormonios
sao regulados por NAA e GA3.

Os aspectos mais relevantes a respeito da funcdo dos genes relacionados com o
desenvolvimento dos sintomas do cancro citrico sdo discutidos no artigo que compde este
capitulo. Os genes de remodelamento de parede celular e de sintese e sinalizagdo dos
hormonios auxina e giberelina controlam crescimento, expansdo e diferenciacdo celular. A
esse respeito, testou-se a regulacdo de varios desses genes em resposta a auxina (NAA) e
acido giberélico (GA3). Verificou-se que a maioria dos genes de remodelamento de parede
celular sdo induzidos em resposta a auxina e giberelina rapidamente apds a administrag@o
dos hormonios (Cernadas and Bendetti, 2008b). Em particular, expansina, celulase e
pectinoesterase sdo 0s genes com maior variagdo na expressdo em resposta aos hormonios,
o que demonstra o envolvimento direto da auxina e giberelina na regulag@o dessa classe de
genes.

Embora NAA e GAj; ndo induziram hipertrofia e hiperplasia quando infiltrados em
folhas de laranja, parece provavel que auxina e acido giberélico participem desses
processos durante a infec¢do por Xac. E interessante notar que o gene da xiloglicana-
galactosil tranferase (XGT), que esta reprimido durante a infecgdo com Xanthomonas, é
também reprimido em resposta a NAA e GA3 apos 2 h de tratamento, o que € consistente
com a hipdtese dos hormdnios mediarem respostas de hipertrofia e hiperplasia induzidas
por Xac.

O manuscrito mostra que genes envolvidos na sintese de terpenos e giberelinas sdo

também modulados por NAA e GAj; rapidamente apos o tratamento com os hormonios.
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Embora GAj; tenha estimulado positivamente a expressdo da maioria dos genes de sintese
de terpenos, NAA induziu uma forte expressdo do gene terpeno sintase (KS), principal
enzima da via de sintese de terpenos, do citocromo P450 (S)-N-metillcoclaurina 3'-
hidroxilase (CYP2) e da dlcool desidrogenase (ADH). Por outro lado, genes da via de
sinalizacdo e transporte de auxina ndo sofreram mudangas significativas nos niveis de
expressdo em resposta aos hormonios. Exceto, porém, o gene NAC, um fator de transcri¢@o
mediador de respostas de auxina/giberelina, que foi regulado negativamente por ambos
GA; e NAA. Além disso, verificou-se que os genes MDR (multidrug resistance protein) e
ARF (ADP-ribosylation factor) foram induzidos unicamente por auxina.

O fato da maioria dos genes relatados acima serem modulados por NAA e GA; é uma
forte evidéncia de que eles podem estar realmente sob regulacdo desses hormdnios durante
o processo de infec¢do por Xac. Uma vez que GAj3 ndo alterou significativamente os niveis
de expressdo dos genes associados a sinalizacdo de auxina, e esta, por sua vez, aumentou
em mais de mil vezes a expressdo da TS, ¢ sugerido que auxina (NAA) seja um sinalizador
da sintese de novo de GAj;, que entdo promove a expressdao dos demais genes da via dos
terpenoides. Consistente com essa idéia, a regulagdo aumentada da sintese de GAj por
auxina foi recentemente relatada para Arabidopsis thaliana (Frigerio et al., 2006).

Para testar essa hipotese, avaliou-se a expressdo de genes envolvidos no
remodelamento de parede celular e na biosintese e sinaliza¢do de giberelina em presenca do
inibidor de biosintese de GA3, Chlorocoline Chloride (CCC). Observou-se que CCC reduz
a expressdo de genes para biosintese de GA3, TS, ADH e CYP2 em presenca de NAA. Da
mesma forma, a expressdo dos genes de remodelamento de parede celular, AC e BC, em
resposta a auxina, também foi diminuida na presenga de CCC. A partir desses resultados
especula-se que NAA estimule a sintese de novo de GA3. Como conseqiiéncia do acumulo
de GA;, ocorre a inducdo de genes de remodelamento da parede celular e biosintese de
giberelina. Apesar da agdo inibitoria na expressdo génica em citros mediada por CCC,
folhas de laranja infiltradas com Xac na presenca de CCC em diferentes doses mostraram
sintomas de cancro semelhantes a folhas controle sem CCC. Uma vez que ndo foi possivel
saber se a sintese de GAj; foi efetivamente inibida nesses ensaios, nada pode ser concluido
em relag¢do a necessidade de GA3 no desenvolvimento dos sintomas do cancro.

Os dados apresentados acima sugerem que auxina desempenha um papel importante

na regulacdo de genes envolvidos no desenvolvimento do cancro citrico, € mesmo na
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interacdo ndo patogénica, citros-Xaa. Portanto, procura-se encontrar evidéncias de que a via

de sinalizagdo de auxina esta ativada nas interac¢des citros-Xac ou citros-Xaa.

Micro RNAs (miRNAs) e fatores de transcricao da resposta a auxina.

A via de sinalizagdo de auxina em plantas ¢ complexa e envolve dezenas de fatores
regulatdrios que se interrelacionam em redes de sinalizagdo envolvendo varios
componentes (Badescu e Napier, 2006). Atualmente, a literatura relata que parte da
regulacdo génica mediada por hormonios em planta € pos-transcricional envolvendo micro
RNAs (miRNAs). miRNAs (sequencias de 21 a 24 nucleotidios) sdo produzidos a partir de
RNA de fita simple precursores, de sequéncia auto-complementar, ou por pequenos RNAs
chamados de RNAs de interferéncia (siRNA) que sdo gerados a partir de RNAs de fita
dupla (Finnegan et al., 2003; Bartel, 2004). Recentemente descobertos em plantas, miRNAs
tém a fungdo de neutralizar a expressdo de genes atravéz de um sistema semelhante ao do
silenciamento génico ou interferéncia por RNA (Jones-Rhoades et al., 2006). Nesse
sistema, precursores de miRNAs sdo processados pela proteina Dicer gerando os chamados
miRNAs duplex que apos processamento interagem com o complexo de silenciamento
onde ¢ capaz de formar RNA duplex com o transcrito alvo a ser degradado (Jones-Rhoades
et al., 2006). Uma vez que miRNAs de plantas sdo altamente complementares a seus
transcritos alvos, além de conservados, a identificacio de miRNAs através de
bioinformatica € bastante plausivel (Jones-Rhoades et al., 2006; Zhang et al., 2006). Neste
sentido, utilizaram-se as sequéncias dos miRNAs relacionados as respostas de auxina e
acido giberélico identificados em Arabidopsis thatliana para efetuar buscas em banco de
ESTs de citros. Dessa forma, e de acordo com os critérios de identificacio de miRNAs
descritos por Jones-Rhoades et al. (2006) e Zhang et al. (2006), encontraram-se trés
potenciais miRNAs de C. sinensis que podem estar associados a sinalizacdo de auxina
(Figura 14). Porém, nenhum miRNA envolvido em resposta a acido giberélico foi

1dentificado.
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Possivel estrutura para Cs-miR164 (EST CK936755.1) - UGGAGAAGCAGGGCACGUGCA

dG = -124.80 dH = -1580.50 ds = -4693.54 T, = 63.6
100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
c .-U AU- u | U ca aAG - UAGAG A A c CAUUAC - CACAUACAU C AAAUUAAUUAAUCCACACAUUUUGA ACCARAUCA A AG
UCUCU UUCUU UA  AUAAU GUG--GCA CAU GCAUG AAGGUGU GUG CA GAUGG GAAG AGGGCACGUG UAACUCAAC CG CUA UAACAA AGRA aGa Gc \
AGAGA AAGAA AU UAUUG UAU UGU GUG UGUGU UUCCACG CGC GU CUACC CUUC UCCCGUGUAC AUUGAGUUG GU GAU AUUGUU ucuu UCU CG C
A \ - Gau U \* - uUe G- G CcA--- A c u UUCUUU A ACUGACUC- - G - m
640 540 350 340 330 320 310 300 290 280 270 260

Possivel estrutura para Cs-miR160 (EST CV718261.1) - UGCCUGGCUCCCUGUAUGCCA

dG = -167.30 dH = -1778.50 ds = -5194.91 T, = 69.2

360 370 380 390 400 410
- C uc - AUU- (o} (o} A uca A
UA CUAUG UAUAUAUU UAUA AUGUGC UGGCUCC UGUAUGCCAUUUGC GAG

AUCGA A

AU GAUAC AUAUAUAA AUGU UAUACG ACCGAGG GUAUGCGGUAGGUG CUC UAGCU C
U A cc U ACCU U A Cc CGG A
480 470 460 450 440 430 420

Possivel estrutura para Cs-miR167 (EST CX296503.1) UGAAGCUGCCAGCAUGAUCUG

dG = -108.62 dH = -1120.60 ds = -3262.87 T, = 70.3

100 110 120 130 140

.-Uu - G U o] AR ACCUC

CGUGC ACUA UAGUAG UGAAGCUGCCAG AUGAUCUG CUUUCCUUG \

GUACG UGGU GUUAUC ACUUUGACGGUC UACUAGAC GAAAGGGAU Cc
- A A C - CcG CUCUA
200 190 180 170 160 150

Figura 14. Possiveis miRNAs da via de sinaliza¢do de auxina em C. sinensis identificados por homologia de seqiiéncia e formagdo de estruturas secundarias,
segundo Jones-Rhoades et al. (2006) e Zhang et al. (2006). As sequencias em vermelho referem-se aos miRNAs. A sequéncia de miRNA160 esta presente no
transcrito do gene ARF10 de citros.
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Além dos miRNAs160 (CV718261.1), 164 (CK936755.1) e 167 (CX296503.1),
buscou-se encontrar ESTs de C. sinensis que pudessem codificar proteinas DICER, uma
vez que elas participam diretamente na formagdo dos miRNAs. Usando-se as sequéncias
dos quatro tipos de DICER de Arabidopsis, encontrou-se um EST (EB686967) que pode
corresponder a DICERT1 em citros (Figura 15).

]
gi|15223286|ref|NP 171612.1] DCL1 (DICER-LIKEl); ATP-dependent helicase/ ribonuclease

IIT gi|34922211|sp|Q9SP32|DICER ARATH Endoribonuclease Dicer homolog (CARPEL FACTORY
protein) (SHORT INTEGUMENTS 1 protein) (SUSPENSOR1 protein)

Length=1909 Score = 258 bits (658), Expect = le-67 Identities = 129/163 (79%), Positives =
139/163 (85%), Gaps = 11/163 (6%) Frame = -2

Query 538 EGLEYKASRSGNLATVEVYIDGVQVGVAQNPQKKMAQKLAARNALAVLKEKETAEAKEKG 359
EGLEYKASRSGN ATVEV+IDGVQVGVAQNPQKKMAQKLAARNALA LKEKE AE+KEK
Sbjct 1747 EGLEYKASRSGNTATVEVFIDGVQVGVAQNPQKKMAQKLAARNALAALKEKEIAESKEKH 1806

Query 358 DENGK--—-—--—--=---= KRKNGTQTFTRQTLNDICLRRNWPMPLYRCVREGGPAHAKRFTY 212
NG +KNG Q FTRQTLNDICLR+NWPMP YRCV+EGGPAHAKRFT+
Sbjct 1807 INNGNAGEDQGENENGNKKNGHQPFTRQTLNDICLRKNWPMPSYRCVKEGGPAHAKRFTF 1866

Query 211 AVRVNTTDKGWTDECVGEPMPSVKKAKDSAAVLLLELLNKWYS 83
VRVNT+D+GWTDEC+GEPMPSVKKAKDSAAVLLLELLNK +S
Sbjct 1867 GVRVNTSDRGWTDECIGEPMPSVKKAKDSAAVLLLELLNKTFS 1909

Figura 15. Similaridade de sequéncias entre o produto do EST EB686967 de C. sinensis (query) e a
proteina DICER1 de Arabidopsis (Sbjct). Alinhamento feito com o programa BLASTX.

Como a DICERI ¢ a enzima mais relevante no processamento de miRNAs, analisou-
se o padrdo de expressdo desse EST juntamente com o dos miRNAs 160, 164 e 167 (Figura
16). Notou-se ainda que a seqiiéncia do provavel miRNA160 é complementar ao transcrito
ARF10 (auxin-response factor 10) de C. sinensis. Portanto, analisou-se também a
expressdo do gene ARF10 de citros em resposta a infec¢do por Xac ¢ Xaa (Figura 16).
Observou-se expressdo elevada de DICERI, ARF10 e miRNAs em resposta a infec¢do por
ambas Xanthomonas. Porém, o transcrito correspondente ao gene ARF10 esta diminuido no
tratamento com as bactérias, o que ¢ consistente com a hipdtese de ARF10 ser alvo do
miRNA160. Além disso, a expressdo aumentada de DICER1 ¢ também consistente com
nivels elevados de precursores de miRNAs. Esses dados refor¢am a idéia de que, durante a
infec¢do por Xac e Xaa, a via de sinalizagdo de auxina ¢ modulada. Entretanto, como esta
modulagdo esta ocorrendo por ambas Xac e Xaa, a sinalizagdo de resposta a auxina ndo
pode explicar o diferencial de patogenicidade observado entre essas bactérias. Os resultados
revelam entretanto, um aspecto interessante em quanto a possivel regulagdo do ARF10
mediada por miIRNA160.
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Figura 16. Expressdo génica dos genes DICER1, ARF10 e miRNAs160, 164 e 167 de citros, em resposta a
infecgdo por Xaa ou Xac. Nota-se uma expressdo elevada de DICERI, ARF (ARF10) e miRNAs em resposta
a infecgdo por ambas Xanthomonas. Porém o transcrito correspondente ao gene ARF10 esta diminuido no
tratamento com ambas bactérias.

Recentemente, fo1 demonstrado que ARF10 de Arabidopsis ¢ o alvo do miIRNA160 e
controla a formagdo de células da ponta da raiz em resposta a auxina. Verificou-se que
plantas que superexpressam miRNA160 tem niveis menores de ARF10 e apresentam um
descontrole na divisdo celular junto com a formagdo de tumor na ponta da raiz, fendtipo
que ¢ semelhante a de plantas arf10 “knock out” (Wang et al., 2005). Assim como auxina e
miRNA160 controlam a expressdo de ARF10, indispensavel para o controle da divisdo
celular no desenvolvimento da ponta da raiz em Arabidopsis, a expressdo elevada de
miRNA160 em citros infectado com Xanthomonas poderia estar associada ao fendmeno de

hipertrofia e hiperplasia induzido por essas bactérias.
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CAPITULO III

Isolamento e caracterizacido de regioes promotoras de genes que sao induzidos
precocemente durante a infec¢ao com Xanthomonas.

O ultimo capitulo desta Tese de Doutorado relata o isolamento de duas regides
promotoras de genes que codificam para proteinas relacionadas com patogenicidade (PR
proteins) ou proteinas PR.

Genes que codificam para PR-1 e PR-5 sdo fortemente induzidos durante a infec¢ao
com Xanthomonas em folhas de laranja doce. Além disso, a indu¢do parece ser
independente da sintese protéica ja que esses genes continuam a ser induzidos por Xac
quando co-infiltrada com o inibidor de sintese protéica, cicloheximida.

Notavelmente, existem elementos cis reguladores nas regides promotoras dos genes
PR-1 e PR-5 de citros semelhantes aos denominados “upa boxes”. Esses upa boxes foram
caracterizados em pimenta como sendo os alvos do efetor de viruléncia AvrBs3.
Significativamente, a proteina PthA de Xac, que ¢ 97% idéntica a AvrBs3, tambem ¢ capaz

de ligar-se nesses “upa boxes” de PR-1 e PR-5 de citros.
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INTRODUCAO

As proteinas relacionadas com patogenicidade (proteinas PR) formam parte de um
grupo heterogéneo de proteinas cujos genes codificantes sdo rapidamente induzidos por
infecgdes patogénicas, acido salicilico, acido jasmonico ou etileno (Seo et al., 2008).
Ademais, a expressdo génica de PRs ¢ promovida por varios fatores bioticos ou abiodticos
como, agua quente (Pavoncello et al., 2001), radiagdo UV e machucado (Porat et al., 1999)
ou, acido B-amino butirico (Porat et al., 2003). As proteinas PR se agrupam em 17 familias,
e de acordo com o banco de dados de citros (CitEST), existem EST’s de citros para cada
uma dessas familias (http://citest.centrodecitricultura.br; Campos et al., 2007).

Mediante analises in silico de bibliotecas de citros (CiEST) construidas a partir de
diferentes tecidos da planta, Campos e colaboradores (2007) mostraram que ndo ocorre
expressdo de PR-1 ou PR-4 em frutos de citros, mas sim em raiz. Em contraste, PR-5 ¢
expresso em varios tecidos como, folhas, frutos, flores ou sementes; no entanto, parece nao
ser detectado em raiz.

Tanto PR-1 quanto PR-5 possuem atividade contra fungos e oomicetes (van Loon et
al., 2006). Apesar do mecanismo molecular de a¢do correspondente de PR-1 ainda ndo ter
sido estabelecido, varias fungdes foram relatadas para membros de PR-5 como, por
exemplo: permeabilizadores de membrana, ligadores e hidrolise de glucanos e apoptose
(Melchers et al., 1994; Abad et al., 1996; Narasimhan et al., 2001; Osmond et al., 2001; van
Loon et al., 2006). Por outro lado, PR-4 junto com PR-3, PR-8 e PR-11 foram descritas
como endoquitinases capazes de hidrolisar quitina presente na parede celular de fungos.

Foi reportado que plantas de citros transgénicas, expressando niveis elevados do gene
PR-5 de tabaco, apresentaram maior resisténcia contra o patogeno Phytophthora
citrophthora (Fagoaga et al., 2001).

No primeiro capitulo desta tese mostrou-se que plantas de laranja doce infectadas
com Xanthomonas apresentam forte inducdo de genes que codificam proteinas PR.
Inclusive, em experimentos mais recentes realizados em nosso laboratdrio, notou-se que a
indugdo de proteinas PR ocorre ainda quando o tecido ¢ tratado previamente com o inibidor
de sintese protéica, ciclohexemida (Pereira et al., em andamento).

Quatro genes que codificam proteinas PR de citros foram selecionados para o
isolamento de promotores, PR-1, PR-4, PR-5.1 e PR-5.2. Cada um desses genes esta
representado através do EST correspondente na lamina de microarranjos de DNA de citros
(AFFYMETRIX Citrus GeneChip).
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Entre os varios ESTs da familia PR-5 que aparecem induzidos por Xac na lamina de
microarranjos, destacam-se alguns muito similares com a proteina thaumatin-like
(CAI38795) de abacaxi (Actinidia deliciosa) e osmotin-like (AAV34889) de cacau
(Theobroma cacao), com exce¢do do EST CX676279 que ¢ diferente do anterior na por¢ao
5°. O EST CX676279 codifica uma proteina de laranja similar a proteina thaumatin-like
(ABV89611.1) de nabo (Brassica rapa). Assim, esta analise detectou dois tipos distintos de
PR-5, cuja diferenga aparece na regido amino terminal das proteinas. Por este motivo,
foram derivados oligos independentes com o intuito de isolar os dois promotores, PR-5.1 e
PR-5.2. Os ESTs para PR-1 e PR-4 de citros possuem similaridade com a proteina
ABC47922 de maga (Malus domestica) e CAA41437 de tabaco (Nicotiana tabacum),

respectivamente.
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MATERIAIS E METODOS

Clonagem de provaveis regioes promotoras de genes induzidos por
Xanthomonas.
Os EST’s de C. sinensis correspondentes a PR-1, PR-4, PR-5.1 e PR-5.2, fortemente
induzidos por Xac e Xaa, foram identificados na lamina de microarranjos de citros. A
sequéncia dos EST’s correspondentes de cada PR, foram usadas para derivar oligos para

amplificacdo das respectivas regides promotoras (Tabela 3).

Tabela 3. Proteinas PR, ESTs e oligos desenhados para o isolamento de promotores.

Proteina PR EST (BlastN) Oligos

PR-1 CF653559 PR-1 R1 5°-~GCCAACACCAACCTGTGCCC-3’
PR-1 R2 5°-CATGGGAAGAGAGAATTAGGG-3’

PR-4 CF836102 PR4-R1 5>-CACATTAGAAGCACTTTGGGC-3’
PR4-R2 5°-GACAAAGTGACAGAATCACAC-3’

PR-5.1 CX045582  PR-5.1RI 5-GTTTGACCCTTGTCGAGTTGCC-3’
PR-5.1 R2 5’-AATTTGGCAGCATGAGTCAGGG-3’

PR-52 CF836158 PR-5.2 R1 5’~-AGCCCAGACCGTGTAGGGGC-3’
CK935296 PR-5.2 R2 5’-CGAAAGTGGCTGCGTTGACCC-3’

Isolamento de DNA gendomico de Laranja Péra e construcio de biblioteca
genéomica.

Trés folhas jovens de plantas de laranja foram congeladas em nitrogénio liquido e
maceradas até pd. O protocolo utilizado para isolamento de DNA estipula o uso do
detergente ndo i16nico CTAB (cetil-trimetil-amonia brometo) para quebrar as células e
formar complexos soluveis com acidos nucléicos em presenga de altas concentra¢des de
NaCl (Ausubel et al., 1994). Em seguida, o detergente foi removido diminuindo as
quantidades de sal e o DNA genomico foi precipitado com isopropanol. O produto
precipitado foi lavado trés vezes com etanol 75% para eliminar restos de CTAB e sais. O
DNA genomico foi resusspendido em agua, quantificado através da leitura 260/280 nm
num espectrometro de UV e sua qualidade e pureza foram verificadas em gel de Agarose.

A biblioteca gendmica de laranja foi construida visando isolar promotores dos genes
induzidos durante a infeccdo com Xanthomonas. Para isto, 5 pg de DNA gendmico de
laranja foram parcialmente digeridos com 10 U da enzima Nlalll (CATG) durante meia

hora e o produto da digestdo foi separado em gel de Agarose 1%. A partir do gel, foram
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isolados fragmentos de DNA entre 500 e 1000 pb para serem ligados ao “adaptador A”, que
¢ idéntico ao adaptador 1 desenhado para SSH, com 10 U da enzima T4 DNA ligase.
Separadamente, 5 pg DNA gendmico foram parcialmente digeridos com a enzima Sphl
(GCATGC) gerando fragmentos de DNA em torno a 2000 e 3000 pb que também foram
ligados ao “adaptador A”. A biblioteca de DNA gendmico de laranja (Sphl) que foi

utilizada com sucesso possui um tamanho médio de fragmento em torno de 2 kb.

Clonagem de provaveis regides promotoras.

Para a clonagem das regides 5° dos ESTs candidatos utilizou-se uma estratégia
similar a descrita pelo kit comercial genome walker (CLONTECH). Desta forma, as
bibliotecas de DNA construidas anteriormente foram usadas como DNA molde numa
reacdo de PCR (PCR primario) que contem a combinagdo de oligos PR-R1 e Nested A

correspondente a cada um dos genes candidatos (Figura 17).

DNA genomico

ANV N LN\ VN4

l Nested A
= PCR. primario
Digestdo com Sphl
l == PR E1
Ligacdo com "Adaptador A" l
l Nested A
PCE. dan
) Frazmento de DNAg £ secndans
Nested A / 4==FR F2
" — °
; €=FR R ’
4= PE.F1 Adaptador A

Figura 17. Procedimento levado a cabo para o isolamento das regides 5’ dos genes que codificam para PR-1,
PR-4, PR-5.1 ¢ PR-5.2. Os produtos da digestio do DNA gendémico com Sphl (~2Kb) foram ligados ao
Adaptador A. Os PCRs primario e secundario foram realizados com os oligos especificos de cada gene, PR
R1 e PR R2, respectivamente.

Para as reagdes de PCR primario foram utilizadas 2U da enzima Taq platinum DNA
polimerase (INVITROGEN), 0.2 uM de cada primer (Nested A e PR-R1), 200 uM dNTPs
e aproximadamente 10 ng de DNA da biblioteca gendmica em 20 pL. de rea¢cdo.O produto
do PCR primario foi diluido (200X) e utilizado como molde numa reagdo de PCR
secundario, usando desta vez os oligos PR-R2 e Nested A (Figura 17). As condigdes de
PCR foram: 1 ciclo de 3 min a 95°C, seguido de 30 ciclos de 94°C por 30 sec, 58°C por 30
sec, 72°C por 2 min. Os produtos de PCR foram separados e purificados em gel de agarose

1% e em seguida clonados no vetor pPGEM T (PROMEGA). Os plasmidios recombinantes
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foram utilizados para transformar células de E. coli DH5a mediante chioque térmico e os
clones recombinantes, identificados por mapa de restri¢do, foram seqiiénciados.

Com o intuito de melhorar a performance do experimento, foram construidas duas
bibliotecas de DNA genomico digerido com Sphl (biblioteca I e 1I). A biblioteca II, difere
da I em que, apds a ligacdo dos adaptadores, foi tratada com a enzima TdT terminal
transferase (INVITROGEN) em presenca de 30 uM de dCTP. A 7dT transferase incorpora
nucleotideos na extremidade 3°-OH da molécula de DNA de forma independente da fita
molde. Esta reacdo foi utilizada para bloquear a extensdo do adaptador A, criando o sitio
Nested A, durante o primeiro ciclo de PCR. Desta forma, apenas seriam amplificados
exponencialmente produtos a partir dos oligos PR-R2s e Nested A, evitando a amplificagdo

de moléculas de DNA contendo apenas Nested A em ambos extremos.

Analise das provaveis regioes promotoras dos genes PRs.

As regides 5° de PR-1 e PR-5.2 foram analisadas com os programas “PLANTCARE”
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html) e “PROSCAN” (http://www-
bimas.cit.nith.gov/molbio/proscan/). Enquanto o “PLANCARE” ¢ uma base de dados que

contém promotores de plantas junto com seus elementos reguladores “cis”, 0 “PROSCAN”
prediz regides promotoras com base em homologia de sequéncias alvo da RNA polimerasa

II de eucarioto.

Expressao e purificacdo de proteinas PthA de Xac.

As quatro variantes de PthAs codificados no genoma de Xac (isolado 306) foram
1solados por PCR e clonados no vetor de expressdo pET28a usando os sitios Ndel e EcoRI.
Os plasmidios recombinantes com cada uma das isoformas foram introduzidos em cepas de
E.coli BL21 (DE3) para expressdo das proteinas recombinantes em fusdo com cauda de
Histidina que permite a purificagdo através de cromatografia de metal imobilizado, IMAC
(Sambrook et al., 2001).

Para isso, os respectivos clones foram crescidos em meio LB suplementado com 50
mg/mL de canamicina até atingir uma absorbancia (600 nM) de aproximadamente 0.6.
Nesse momento, as culturas foram induzidas com 0.4 mM de IPTG e apos 3h de inducdo a
28°C as células foram coletadas e lisadas com um sonicador (SONICS-VIBRA CELL)
utilizando pulsos de 30 segundos. O extrato celular contendo as proteinas recombinantes foi
incubado com uma resina 7alon de Cobalto (CLONTECH) equilibrada nas mesmas

condi¢des que as células lisadas, 50 mM Tris HCI (pH 8), 150 mM NacCl, 10% Glicerol e

83



15 mM de Imidazol. A incubag¢do do extrato com a resina foi durante 4 hs em presenca de
DNase pancreatica (500 ng/mL), RNaseA (50 ug/mL) e 2 mM de Cloreto de Magnésio
(MgCl,). Apods a incubagdo, a coluna foi lavada com 10 volumes (de coluna) de tampéao de
equilibrio e 10 volumes de tampao de equilibrio adicionado com 15 mM de Imidazol para
eliminar inespecificidades. A eluicdo da coluna se levou a cabo em 2 etapas, a primeira
com 5 volumes tampdo de equilibrio contendo 50 mM de Imidazol e a segunda com 5

volumes tampao de equilibrio contendo 100 mM de Imidazol.

Dicroismo circular (CD) da proteina PthA4

O espectro de CD da proteina PthA4 de Xac foi gerado através de um
espectropolarimetro (JASCO J-810). A faixa de luz utilizada para o experimento foi de 190
a 240 nm. Os espectros foram coletados em cubetas de quartzo com caminho 6ptico de 0,1
cm (HELMA), contendo amostras da proteina na concentracdo de 20 uM em tampao Tris-
HCI (pH 8.0) 5 mM, KCI 60 mM, EDTA 0.2 mM, MgCl, 5 mM e 5% de Glicerol. Em
total, de 25 leituras consecutivas foram acumuladas para obter o espectro médio resultante.
Os dados foram corrigidos pela contribui¢do da linha base do tampdo. A previsdo de
estrutura secundaria foi obtida mediante a analise dos espectros com o programa CDSSTR

(Whitmore and Wallace, 2004 e 2008).

Ensaios de retardo de mobilidade eletroforética em gel (EMSA).

As diferentes proteinas PthA purificadas foram utilizadas para realizar o experimento
de gel-shift ou EMSA. Para isso, trés sondas especificas para os promotores de PR-/ e PR-
5.2 foram sintetizadas de acordo com as figuras 23 (A) e 24 (A), respectivamente
(Resultados - Capitulo IIT). Tais sondas (50 pMoles) foram marcadas com [0-P**]JATP
mediante a incorporacdo do material radiativo utilizando a T4 DNA polimerase. Cada
sonda marcada foi purificada em coluna de ProbeQuant™ G-50 (GE HEALTHCARE)
para eliminar nucleotideo ndo incorporado.

Aproximadamente 20 nMoles de proteina purificada foram incubados com cada
uma das sondas a temperatura de ambiente durante 30 minutos e em seguida aplicadas num
gel de poliacrilamida (6%) ndo denaturante (Sambrook et al., 2001). A corrida fo1 feita a
180 volts durante 80 minutos. Os géis foram removidos da cuba electroforética,
desidratados e expostos a ldminas de IP para serem logo revelados no equipamento

“Phospho-imager”.
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Analise da expressao transiente de genes reporteres em folhas de N. benthamiana

O gene reporter uidA que codifica a enzima B - Glucuronidase (GUS) foi clonado sob
controle das regides promotoras de PR-1 ou PR3-2 para realizar experimentos de expressao
transitoria em plantas de N. benthamiana. A construcdo foi realizada no plasmidio binario
pBI121 (CLONTECH) substituindo o promotor CaM35S (Hindlll e BamHI) com os
respectivos promotores de PRI ou PR5.2. Os clones foram confirmados por
sequénciamento e introduzidos em Agrobacterium tumefasciens LBA4404 mediante
eletroporacdo.

A construcdo AS5’PR5-GUS possui uma inser¢do randdmica proveniente da
subclonagem previa no vetor pPGEM T (PROMEGA). Dita sequéncia corresponde a uma
parte do “polilinker” desse vetor e ocorre enseguida ao TATA box do promotor PR-5.2.

Os genes pthAs foram subclonados a partir do vetor pet28a no pBI121 usando os
sitios Xbal e Xhol. Para tanto, usou-se o adaptador Xhol-Sacl (5°-tcgaagct-3’) que permite a
ligagdo da extremidade X#ol (inserto) com a Sacl (plasmidio).

Cepas de LBA4404 levando as diferentes construcdes foram crescidas em meio YEP
liquido (Sambrook et al., 2001) com agitacdo durante 24 hs a 28 °C. As bactérias foram
coletadas mediante centrifugacio e ressuspensas num tampdo 10 mM MES (pH 5,8)
acrescentado com 10 mM de MgCL, e 500 pg/mL de Acetosiringona. A suspensdo das
bactérias foi infiltrada em folhas de N. benthamiana. As folhas foram coletadas 72 h apos a
inoculagdo para realizar o ensaio histoquimico de deteccdo de gene reporter com o reagente
X-gluc (Jefferson, 1987).

Para os ensaios de co-infiltragdo, cepas de LBA4404 transformadas com pBI121-
pthA ou pBI121-PR-5.2GUS foram crescidas separadamente, coletadas e ressuspensas no
tampdo descrito acima. As suspensdes contendo as bactérias (aproximadamente 0.2 de
absorbancia) foram juntadas para formar um unico inoculo que foi infiltrado em folhas de

N. benthamiana.
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RESULTADOS

Clonagem de provaveis regides promotoras.
Entre os quatro genes selecionados para a busca de promotores, apenas trés regioes 5’

correspondentes a PR-4, PR-1 (~550pb) e PR5.2 (~450pb), foram identificadas (Figura 18).

B PCR secundario
I 3 4567 8

PCR primario
1 2TINNERESGSE 6 NGO

=T el ]

Bib];);ca 1 Bibl?orteca 11 Bibl;)?eca I Bibli:)?eca 1I
oligo 1 2 3 4 5 6 7 8 9 10 oligo 112|314 |5]6]|7]8
PR-1RI + + PR-1 R2 + +
PR-4 R1 + + PR-4 R2 + T
PR-5.1 R1 + + PR-5.1R2 + +
PR-52R1 + + PR-5.2R2 ¥ T
Nested A + [+ + 1+ +T+]+7]+7]+ + Nested A + ]+ ++]+[+]+7]+

Figura 18. A) Produto do PCR primario separado em gel de agarose 1%. Foram utilizadas duas bibliotecas
como “template” (Biblioteca I e II). B) PCR secundario aplicado em gel de agarose 1%, trés bandas
(indicadas pelas setas) foram clonadas. As tabelas indicam os oligos usados em cada reago.

O clone PR-4 foi descartado por ndo ter adaptador ligado além de ser um produto de
PCR demasiado pequeno (~100 pb). Os clones que aparecem na caneleta 4 ¢ 8§ (PCR
secundario) foram sequenciados resultando serem idénticos e corresponderem a regido 5’
do gene PR-5.2. Apds o sequiénciamento dos fragmentos, também verificou-se que o clone
da caneleta 5 (Figura 18-B) corresponde a por¢do 5° de PR-1, através de alinhamento com

base de dados de ESTs.

Analise das provaveis regides promotoras dos genes PRs.

A Figura 19 apresenta o resultado da analise da regido 5’do clone PR-5.2 com os dois
programas, PLANTCARE e PROSCAN. O PROSCAN prediz um provavel “TATA box” e
o inicio de transcri¢do. Por outro lado, o PLANTCARE foi capaz de detectar outros tipos
de elementos “cis” como, por exemplo, “ATCT-motif” envolvidos na resposta a luz,

“CAAT box™ que sdo regides “enhancers” comumente encontradas em promotores, “TATA



2

box”, “HSE” resposta a estresse por calor, “TGACG-motif” resposta a jasmonato ¢ “W

box” em resposta a ferimento e patogenos (Figura 19). O “W box” ¢ reconhecido por

fatores de transcri¢do do tipo WRKY.

CATGCATTCATTCTAGTGAAATTTTCTATATCTTAATCTTAATTGCTAAGTTAAAATAACCCACATAAGCTTCCAACGAGG
GTGATTTAAGTCAACACCACGAGAATTATTAATTAGTGACGACGGACAACCACCGACGGCAATGCTACATATTAATACTAA
ATAATTAAATAAATTTCACATATAGAATCGGTCTCATATATTTGCTAGCTACATTTCTTGACCAATCTTCATATGGTGCCA
AACACCACCACATCAACTCTCAAAAATGTCTACAATACTAATCCAATCTAACAGTACACATTCTAAAATTTATATAAACCC
TCATCCATTTCCCCTCCAAACATAGCCAAAATGAACTACTTTGTATCTTTATTAAATGCATCCTTCCTTTTTCTCACCCTG
TACTTAACTTGGGTCAACGCAGCCACTTTCG

Figura 19. Seqiiéncia da regido 5° ndo codificante de PR-5.2 (5’PR5.2). Em negrito aparecem os sitios:
ATCT-motif, CAAT box, HSE, TGACG-motif, W box, TATA box e o provavel ATG do inicio de tradugdo.
A porg¢do sublinhada corresponde ao inicio de transcri¢do predito. Em azul, a seqiiéncia do oligo PR-5.2 R2.

Curiosamente, tanto 5°'PR-I quanto 5'PR-5.2 possuem uma seqiiéncia consenso
chamada de TGA box (TGACG) que ¢ o alvo do fator de transcrigdo TGA e que foi
detectada por PLANTCARE mas ndo por PROSCAN. Esta regido esta envolvida na
indugdo transcricional de PR-1 de Arabidopsis em resposta ao estado redox da célula que

pode ser manipulado por acido Salicilico (Pieterse and Van Loon, 2004).

As seqiiéncias 5’ de PR-5.2 e PR-1 possuem uma regiio concenso similar ao “upa
box” de pimenta.

Surpreendentemente, os clones 5 'PR-5.2 ¢ 5’PR-1 contém uma regido muito similar
ao “upa box” presente nos genes upal() e Bs3 de pimenta (Romer et al., 2007; Kay et al.,
2007). Além disso, o promotor do gene Bs3 possui um consenso “ACCATCC” que também
esta presente no 5'PR-1 e que se encontra proximo ao provavel TATA box, “TATAAA”
(Figura 20).

Bs3 57 CCAATTTTATTATATAAACC-TAACCATCCTC-3’
Upa20 5" TTTCCTATCTCTCTCTTCATCTTTATATAAACC-TGACCCTTTGTGACATTCTGAG UpaBox

PR5.2 5’ CTAACAGTACACATTCTAAAATTTATATAAACCCTCATCCATTTCCCCTCCAAACA
PR1 S5’ AATTTTCTTCCAACCGTTATCTCTATAAATACCAGTCGTACCATCCCATTTTT

Figura 20. upa box descrito para os genes Bs3 e Upa20 de pimentdo. Alinhamento com os clones 5’PR-1 e
5’PR-5.2 de laranja isolados neste trabalho. Sublinhado aparece uma regido de consenso entre Bs3 e PR-1.

Como fora descrito na introdugdo geral desta tese, AvrBs3 liga-se ao upa box e atua
como um fator de transcricdo induzindo a transcri¢do de upa2(0 ou Bs3. Em pimenta, a
indugdo transcricional de upa20 ou Bs3 causa elongamento celular (susceptibilidade) ou
HR, respectivamente. PthA ¢ 97% idéntico com AvrBs3 e, portanto, especula-se que
funcione de modo similar reconhecendo regides de tipo upa box em promotores de citros.

Para testar esta possibilidade, foram realizados experimentos de retardo de mobilidade
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eletroforética em gel (EMSA - Electrophoretic Mobility Shift Assays) usando as proteinas
PthA1,2, 3¢ 4.

Expressao e purificacio de proteinas PthA de Xac.

As quatro variantes de PthAs de Xac foram purificadas com sucesso mediante
cromatografia de metal imobilizado (IMAC). Os resultados mostram que ainda uma fracdo
consideravel da proteina ¢ retida na resina de Cobalto (Caneletas 8 - Figura 21). Entretanto,
as fragdes eluidas da coluna (Caneletas 6 — Figura 21) contém quantidade suficiente para
realizar experimentos posteriores, dicroismo circular e EMSA. A proteina PthA4 foi
purificada em maior concentragdo respeito das outras variantes, a quantidade de proteina

purificada foi de aproximadamente 0,3 mg/ml.

PhAT M1 2 3 4567 8 PthA2 123 456738
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Figura 21. Gel de poliacrilamida 12 % (PAGE - SDS) mostrando a purificagdo das isoformas de PthA
presentes em Xac. M: marcador de peso molecular; 1 e 2: ndo induzido e induzido (0.4 mM de IPTG); 3:
flow-through;, 4 e 5: primeira lavagem; 6 ¢ 7: segunda lavagem; 8: resina remanescente. As setas indicam as
fragdes utilizadas para os experimentos de gel shift.

Dicroismo circular de PthA4.

A Figura 22 mostra o espectro de dicroismo circular da proteina PthA4. O espectro
prediz: 12 % de a-helice, 30 % de laminas-P e 35% desordenado. Estes resultados ndo estdo
de acordo com outra predicdo anterior que sugere que AvrBs3 deve estar composto

principalmente por a-helices (Schornack et al., 2006).
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Figura 22. Espectro experimental de dicroismo circular com 20 uM de PthA4 recombinante realizado a 20°C.
O espectro experimental (em verde) ¢ comparado com o espetro de referéncia (azul).

Ensaios de retardo de mobilidade eletroforética em gel (EMSA).

Os experimentos de EMSA mostraram que as diferentes variantes de PthAs sdo
proteinas capazes de ligar DNA inespecificamente. No entanto, o PthA4, que ¢ analogo
estrutural de AvrBs3, e o PthAl em menor medida, parecem ligar preferencialmente na

regido upa box dos genes PR-1 e PR-5.2 (Figura 23 e 24).

A

PR-5.2 box up upa box PR-5.2 PR-5.2 box down

r 1T 1T 1
CTCTCAAAAATGTCTACAATACTAATCCAATCTAACAGTACACATTCTAAAATT TATATAAACCCTCATCCATTTCCCCTCCAAACATAGCCAAAATGAACTACTTTGTATCTTTATTA

B
box PR-5.2 -
1pa box ‘ box un . box dowp upa box PR:|5 ? M Mﬂ
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Figura 23. (A) Regido promotora do gene PRS.2. Trés sondas foram sintetizadas para conduzir o experimento
de EMSA (PR-5.2 box up, PR-5.2 box down e upa box PR-5.2). (B) Géis de poliacrilamida 6% mostrando
(através das setas) os complexos DNA proteina. Concentragdes de PthAs que foram usadas com o upa box
PR-5.2: 0, 10, 20 e 30 pumoles de proteina. Para box up e down, usou-se: 0, 20 ¢ 30 pmoles de PthA. O
asterisco indica a sonda livre.
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A sequiéncia promotora do gene PR-/ ¢ mais divergente com relacdo ao upa box do
upa2( de pimenta, no entanto ha uma regido consenso (ACCATCC) perto do TATA box do
gene Bs3 que esta presente apenas no promotor de PR-I. Entretanto, essa sequéncia
consenso parece ndo ser necessaria para a liga¢cdo de AvrBs3 no promotor de Bs3 (Romer et

al., 2007).

PR-1 box up upa box PR-1 PR-1 box down
TCTTGTTTTTGAACATTCTTCTTAATTTGCCTAATTTTCTTCCAACCGTTATCTC TATAAATACCAGTCGTACCATCCCATTTTTTCATCAATCATCTTGCAAAATCTTTAATCA
CAAAATTTGCAAAACAAAAAGACAAATG

PthA1 PthA2 PthA3 PthA4
r 1 | T T .
B —] _m 0 _—mg —1 B O _—] g0
1 23 456 7 8 91011 1 23 45 6 7 89 1011

By {', da % ¢
Sl | | L\l “\
| ey
Figura 24. (A) regido promotora de PR-/ indicando as trés sondas sintetizadas. Em italico aparece o TATA
box. (B) 1, 4 e 6: sondas livres, upa box PR-1, PR-1 box up (m)e PR-1 box down (0); 2, 3 ¢ 8, 9: PthAs (20 ¢

30 umoles) + upa box PR-1; 5 e 10: PthAs (30 umoles) + PR-1 box up; 6 e 11: PthAs (30 umoles) + PR-1
box down. A sonda livre est4 indicada pelos asteriscos e as setas indicam os complexos DNA-proteina.

Analise da expressao transiente de genes reporteres em folhas de N. benthamiana

O ensaio histoquimico em folhas de N. benthamiana mostrou que as regides
promotoras de PR-1 ou PR3-2 dirigem a expressdo transitoria do gene reporter uidA.

Embora ndo seja mostrado nesta Tese, outros experimentos similares foram
realizados com o promotor do gene PR-/ que indicam que esse promotor também € ativo
em folhas de N. benthamiana.

A co-expressdo do gene reporter (sob o controle do promotor de PR5.2) com duas
isoformas de pthA parece ter um efeito repressor sobre o promotor PRS.2 (Figura 25).
Embora ndo se demonstra interacdo in vivo entre PthA e a regido promotora de PR5.2, estes
sdo indicios de que PthA4 regule diretamente a expressdo de alguns genes do hospedeiro,

como ocorre com AvrBs3 em pimentdo (Kay et al., 2007, Romer et al., 2007).
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Figura 25. Folha de N. benthamiana infiltrada com A. tumefasciens (LBA4404) transformado com diferentes
construgdes no vetor pBI121. A construgdo A5’PR5-GUS, usado como controle durante neste experimento,
tem uma inser¢do apos do TATA box. As variantes pthA2 ou pthA4 sobre o controle do promotor viral
CaM35S foram infiltradas individualmente ou co-infiltradas com 5’ PR5-GUS.
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DISCUSSAO GERAL

Esta tese abordou trés metodologias diferentes para analisar a expressdao génica de
folhas de laranja doce infectadas com Xanthomonas. Uma quantidade significativa de genes
diferencialmente expressos foi validada por duas estratégias diferentes utilizando replicas
biologicas independentes e confirmando os resultados anteriores. Assim, o trabalho resulta
no primeiro artigo cientifico de analise transcricional em larga escala realizado para citros
em resposta a bactéria causadora do cancro citrico.

Além do grande numero de genes manipulados por Xanthomonas axonopodis pv. citri
(Xac), o estudo também permitiu avaliar respostas de defesa induzidas na planta por
Xanthomonas axonopodis pv. aurantifolii (Xaa), que ndo causa os sintomas da doenga.
Notavelmente, o conjunto de genes que sdo regulados tanto por Xac quanto por Xaa estdo
associados com respostas de padrdes moleculares de patogenos (PAMPs) e ja foram
descritos em outras interacdes planta — patégeno. Contudo, comparando-se a mudanga nos
perfis transcricionais de folhas infiltradas com Xac e Xaa entre 6 e 48h foi possivel
distinguir as principais diferencas associadas com o desenvolvimento dos sintomas no caso
de Xac ou com respostas de defesa para folhas infiltradas com Xaa. No primeiro caso, se
destaca a expressdo coordenada de genes de metabolismo da parede celular, provavelmente
envolvidos no amolecimento da parede que ¢ necessario para alargamento celular
(hipertrofia), um dos primeiros sintomas do cancro citrico. Genes relacionados com o
trafego de vesiculas também sdo induzidos em resposta a Xanthomonas.
Significativamente, o inibidor do trafego de vesiculas, Brefeldina A, retardou o
aparecimento dos sintomas do cancro, mas ndo teve nenhum efeito visivel na resposta a
Xaa. Esse fato sugere que o trafego de vesiculas estimulado durante a infeccdo estd
relacionado preferencialmente com o desenvolvimento dos sintomas.

A resposta causada por Xaa, ¢ uma resposta tipica de HR que reforca-se 48h apds
infeccdo, envolvendo genes similares aos genes de resisténcia, peroxidases, proteinas
relacionadas com patogenicidade e quitinases, entre outros. Além disso, hd indicios
indicando que Xaa ativa uma via de sinalizacdo por MAPK que envolve varios fatores de
transcri¢do do tipo WRKY, genes de defesa e genes envolvidos na produgdo de espécies
reativas de oxigénio. Estes eventos seriam os principais responsaveis pela eficiente resposta
de defesa na planta que impede o avango dessa bactéria.

PthA € um supressor de defesa em planta e assim essencial para o crescimento da

bactéria. Foi especulado que Xaa ndo seja eficiente para injetar efetores de viruléncia (tipo
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PthA) dentro do “ndo hospedeiro” (laranja) e assim, incapaz de suprimir as defesas dessa
planta. O isolado 434 de Xaa possui pelo menos dois efetores similares a PthA, um
contendo 17.5 e outro contendo 15.5 repeticdes do dominio interno (Figura 3). Dados da
literatura indicam que as variantes PthB e PthC de isolados Xaa s@o funcionais nos
respectivos hospedeiros, limao verdadeiro e galego (alSaadi et al., 2007). Contudo, resta a
hipotese de que as variantes PthCs encontradas na cepa 434 sejam reconhecidas por
proteinas R na laranja doce disparando uma resposta tipo HR.

O hormonio vegetal etileno foi relacionado tanto em interagdes compativeis quanto
incompativeis entre plantas e patégenos. Em laranja, rapidamente apos a infiltracdo de
Xanthomonas ocorre o acumulo de genes da biosintese de etileno indicando que ha
aumento na producdo desse hormonio durante a interagdo. No entanto, em 48 h, o gene que
codifica para a principal enzima para biosintese de etileno aparece unicamente induzido por
Xaa. Isso esta de acordo com o grande numero genes de resposta a etileno que sdo
especificamente induzidos por Xaa em 48 hai. Portanto, estas evidéncias indicam que deva
haver um vinculo entre o hormdnio etileno e as respostas de defesa em plantas de laranja
infectadas com Xac.

De particular interesse foi observar de que a expressdao de genes relacionados com
sinalizagdo e transporte de auxinas e biosintese de giberelina eram alterados na presenca
das bactérias. Este fato nos levou a investigar a relacdo entre esses hormdnios e a expressao
de genes de remodelamento de parede celular. Durante o crescimento e desenvolvimento
das plantas os processos de expansdo celular sdo finamente regulados, em parte, por auxina
e giberelina. Durante a expansdo celular, o transporte polar de auxinas, a expressdo de
genes de metabolismo da parede celular e biosintese de giberelina sdo processos
coordenados que estdo fortemente ligados. Os resultados do capitulo II desta tese mostram
que tanto auxina ou giberelina induzem a expressdo de varios genes para remodelamento da
parede e ademais, a auxina NAA induz a expressdo de genes de biosintese de giberelina.
Notavelmente, o inibidor de biosintese de giberelina (CCC) minimizou o acumulo de genes
que eram induzidos por auxina sugerindo que este hormdnio aumenta a expressdo de genes
de remodelamento da parede, pelo menos em parte, através do estimulo da biosintese de
giberelina. A conclusdo que surge a partir destes resultados ¢ que Xac manipula a via de
sinalizacdo de auxina aumentando a produgdo de giberelina e como consequéncia disso,
ocorre indugdo de genes alvos para o amolecimento da parede celular. Além disso,

apresentam-se indicios de regulacdo postranscricional a via de sinalizagdo de auxina
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mediados por micro RNAs. Esse mecanismo de regulacdo foi demonstrado em outras
plantas e envolve a participagdo de proteinas DICER que também foram descritas no
capitulo II desta tese.

Genes que codificam proteinas relacionadas com patogenicidade foram fortemente
induzidos por Xac e Xaa em folhas de laranja. Por isso, as regides promotoras dos genes
PR-1 e PR-5.2 foram clonadas e caracterizadas. Experimentos de expressdo transiente
utilizando Agrobacterium mostraram que os promotores isolados dirigem a expressdo do
gene reporter uidA em folhas de N. benthamiana.

Notavelmente, foram encontrados sitios consenso nos promotores de PR-/ ¢ PR-5.2
que também estdo presentes nos promotores de upa2( e Bs3. Em pimenta, tais sitios foram
denominados upa box e sdo os principais alvos de AvrBs3 de Xanthomonas campestris
vesicatoria. No capitulo IIl desta Tese, demonstrou-se que os principais efetores de
viruléncia de Xac sdo proteinas capazes de ligar DNA. Principalmente a variante PthA4,
que € o andlogo estrutural de AvrBs3, se liga com preferéncia as regides tipo upa box
presentes nos promotores geénicos de PR-1 e PR-5.2.

Tudo indica que PthA ¢ injetado no hospedeiro para suprimir as defesas manipulando
a expressdo génica da planta. Nesse contexto, ndo ficou claro o vinculo entre o forte
acumulo de proteinas PR, que participam na resposta de defesa, e o desenvolvimento dos
sintomas da doenca. Embora tenha sido relatado que PR-5 tem um efeito protetor contra
oomicetes, a fun¢do de proteinas PR em citros em resposta a fitobactérias ainda ndo esta
clara. Experimentos preliminares de expressdo transiente do gene reporter uid4 sob
controle do promotor de PR-5.2 em folhas de N. benthamiana mostraram o possivel efeito
dos efetores PthA2 e PthA4 sobre a atividade do gene reporter. Os efetores PthAs sob o
controle do promotor viral CaM35 localizam-se no nucleo de células de N. benthamiana
48h apos agroinfiltragdo (Domingues e Benedetti, pesquisas em andamento) e causam HR
nessa planta 72 hai. A coexpressdo de PthAs com o gene reporter sob controle do promotor
PR-5.2 apresentou uma diminui¢do da atividade desse promotor sugerindo que os efetores
de viruléncia ao ligar no sitio tipo upa box de PR-5.2 atua como um repressor
transcricional. Neste caso estaria claro o efeito supressor de defesa de PthAs em citros mas
ainda resta explicar a forte indug¢do de PRs 48 hai com Xac. Uma hipotese para explicar isto
¢ que 48 hai ¢ um tempo insuficiente para Xac ter transferido suficiente quantidade de PthA
para a célula hospedeira e portanto o efeito repressor ainda ndo foi alcangado. Por outro

lado, como ndo demonstramos que ocorra interag@o in vivo entre PthA e upa box de PR5.2,
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elaborou-se a seguinte alternativa para explicar a observac¢do anterior, onde a morte celular
programada (HR) disparada por PthA em N. benthamiana tenha efeito direto na degradacdo

de proteinas em 72 hai, consequentemente diminuindo os niveis da proteina GUS.
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