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Resumo

O presente trabalho possui como objetivo caracterizar fisiolégica e funcionalmente um
gene de milho que t€ém expressao relacionada com a tolerancia ao cultivo em solo 4cido
contendo niveis téxicos de aluminio (Al). Este gene, denominado Zmwrky69, foi
identificado na linhagem de milho Cat100-6, tolerante ao Al (Mattiello et al., 2010). A
andlise da sequéncia da proteina ZmWRKY69 indica que ela pertence ao grupo III dessa
familia de fatores de transcricdo, apresentando o motivo WRKYGKQ na regido amino
terminal e o motivo dedo de zinco Cx;Cx»3HxXxC na regido carboxi terminal. A proteina
ZmWRKY69 estd localizada no nicleo, conforme inferido por ensaio de localizacdo
subcelular em epitélio de cebola empregando uma fusdo da proteina de milho com a
proteina verde fluorescente (GFP). Ensaios de duplo hibrido em levedura indicam que a
proteina ZmWRKY69 interage com um receptor de giberelina, uma proteina envolvida com
a regulacdo por auxinas e uma proteina com fun¢do desconhecida. Plantas transgénicas de
tabaco superexpressando Zmwrky69 apresentaram menor inibicdo do crescimento radicular
na presenca de Al, comparativamente a plantas selvagens. Esses resultados indicam que o
gene Zmwrky69 codifica um fator de transcricio que apresenta um papel importante na

tolerancia ao Al em milho.
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Abstract

The objective of the present work is to characterize a gene differentially expressed in the
maize inbred line Cat100-6 (aluminum tolerant) grown in acidic soil containing toxic levels
of aluminum. This gene called Zmwrky69 was identified in the aluminum tolerant Cat100-6
inbred line (Mattiello et al., 2010). The sequence analysis of the ZmWRKY69 protein
indicated that it belongs to the group III of this transcription factor family classification.
The protein has the motif WRKYGKQ in the amino terminal region and a zinc finger motif
Cx7Cx23HXC in the carboxi terminal region. This protein is localized in the nucleus as
inferred by subcellular localization in onion epidermis using a maize protein fused to the
Green Fluorescent Protein (GFP). Yeast two-hybrid essays indicate that the protein
ZmWRKY69 interacts with a gibberellin receptor, a protein involved in auxin regulation
and a protein with an unknown function. Transgenic tobacco plants overexpressing
Zmwrky69 presented a lower degree of root growth inhibition in the presence of Al
compared to wild type plants. These results indicate that Zmwrky69 gene encodes a

transcription factor that presents an important role in Al tolerance in maize.
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L. Introducao

1. Aluminio e solos acidos

Como organismos sésseis, as plantas desenvolveram mecanismos diversos que as
tornam tolerantes a muitas condicdes de estresse ambiental. Uma das mais proeminentes
condicdes de estresse ambiental que afeta significantemente o desenvolvimento e
produtividade das plantas é a condicdo 4cida dos solos (Delhaize, 2004). Cerca de 30% dos
solos mundiais sdo dcidos e 60% destes solos estio localizados nos trépicos e subtrdpicos.
Cerca de 70% do territério brasileiro apresentam condicdes acidas (Addmoli et al., 1985),
especificamente a regido do Cerrado, com mais de dois milhdes de quildmetros quadrados.

A quimica do aluminio € extremamente complexa e ainda ndo completamente
entendida. Isto € devido ao fato do aluminio ser capaz de se complexar com uma ampla
gama de elementos como compostos inorganicos polinucleares e complexos
organometdlicos (Poscherinder, 2008). Apesar destes fatores, a forma fitotoxica do
aluminio para as plantas é sua forma idnica trivalente AI’* presente como Al(H,O)¢"
encontrada em solos cujo pH decai para uma faixa abaixo de 5 (Kochian, 1995). Para
propositos de agricultura, o pH do solo € neutralizado utilizando-se CaCO3, porém este
processo pode levar anos para ser atingido completamente, o que acarreta problemas para
que as plantas completem de maneira adequada seu desenvolvimento (Delhaize, 2004).

Economicamente, o Brasil € o terceiro maior produtor de milho totalizando 53,2
milhdes de toneladas em 2009/2010. Para 2019-2020 a producdo devera atingir 70,12
milhdes de toneladas e o consumo interno 56,20 milhdes de toneladas. Cerca de 12,6
milhOes de toneladas serdo destinadas a exportagdo. O principal destino do milho produzido
¢ para industria de racdes para animais seguido de seus derivados como O6leo, farinha,

12



amido, margarina, flocos e cereais. Devido a grande importancia econdmica do milho
nacionalmente, os solos dcidos brasileiros apresentam um estresse ambiental que necessita
ser atenuado. A geracdo de plantas transgénicas contendo genes que confiram tolerancia ao
metal permitindo aumentar a produgdo por drea e desta maneira tornar o setor agricola mais

competitivo (Dados do Ministério da Agricultura, cultura milho).

2. Efeitos fisiologicos do aluminio

A principal causa das plantas ndo se desenvolverem em condicOes dcidas deve-se
principalmente aos efeitos rizotoxicos do aluminio, sendo o dpice radicular a regido mais
sensivel ao metal. Concentragdes micromolares de Al causam na planta mudancas em sua
estrutura radicular e redu¢do na captacdo de dgua e nutrientes (Foy, 1988). Em estdgios
mais avangados, o Al também muda completamente a arquitetura da parede celular e inibe
a divisdo celular (Doncheva, 2004). A membrana celular € um sitio alvo para o aluminio
uma vez que ele pode se ligar aos grupos fosfato e carboxil (Akeson, 1989). Uma vez em
contato com a parede celular, o Al pode adentrar a célula, através de mecanismos e
transportadores ainda nao conhecidos e interagir com componentes celulares como ATP,
GTP, 4cido nucleico e citoesqueleto, bem como vias de sinalizacdo de Ca®* (Jones, 1998).
Acidos organicos sdo compostos que podem quelar o aluminio no simplasto e impedir que
ele interaja com os alvos (Ma, 2004).

Espécies reativas de oxigénio também sdo geradas, causando danos as membranas
por mecanismo de peroxidagdo de lipideos, sendo o estresse oxidativo uma provavel causa
da inibicdo do crescimento radicular (Kochian, 2004). Adicionalmente, Boscolo (2003),

observaram a formacdo de reativos de oxigénio (ROS) e consequente oxidag@o proteica na
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variedade de milho S1587-17 (sensivel ao Al). Essa variedade também apresentou uma
maior atividade enzimética de superéxido desmutase (SOD) e peroxidase (PX) na presenca

de Al, comparativamente aos niveis observados na linhagem Cat100-6 (tolerante ao Al).

3. Mecanismos de tolerancia ao aluminio

O primeiro local de contato do aluminio com a célula vegetal ocorre na regido da
parede celular ou espacos intercelulares, chamado apoplasto. Uma parte do Al encontra-se
complexado externamente a parede celular pelos dcidos organicos e parte entra na célula
por canais ainda desconhecidos, ou através de um gradiente eletroquimico favordvel,
gerado pela quelagio do AI** por citrato ou malato citosélicos (Delhaize, 1995).

Um dos mecanismos fisioldgicos de tolerancia ao aluminio ja bem estabelecido € a
exclusdo do fon. Neste processo o Al € imobilizado na parede celular pelos acidos
organicos exsudados pela célula, sendo impedido de entrar na raiz (Kochian, 2004).
Estudos com trigo, um cereal amplamente estudado, mostraram que a variedade tolerante
acumula menos aluminio em suas pontas radiculares do que as sensiveis devido a
exsudagdo de dcidos organicos (OAs) capaz de quelar o aluminio depositado externamente
a parede (Kochian, 2004). A superexpressdo do gene da citrato sintase em plantas de
Nicotiana tabacum e Carica papaya (de la Fuente, 1997) resultou em plantas tolerantes ao
aluminio. Delhaize (2004) também mostrou que o gene transportador de malato ALMT]
confere tolerancia quando expresso constitutivamente em cevada. A despeito destes fatores,
Maron (2008) utilizando a técnica de macroarray mostrou que a sintese de dcidos organicos

ndo estd relacionada a tolerncia ao aluminio, mas que a regulacdo do transporte destes
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compostos deve exercer um papel relevante nas linhagens de milho estudadas (Cat100-6
tolerante e LL53 sensivel).

O segundo mecanismo de tolerancia € conhecido como detoxificacdo, sendo
caracterizado pela fixacdo do aluminio da parede celular, complexac¢do no simplasma por

ligantes organicos e internalizagdo nos vactiolos (Kochian, 2004).

4. Tabaco como planta modelo

Plantas modelo sdo utilizadas em engenharia genética como uma ferramenta que
permite estudar genes e desenvolver novas tecnologias para geracdo de plantas mais
tolerantes aos diversos tipos de estresses abidticos e bidticos, como baixo pH do solo,
salinidade, seca, pragas e até a geracdo de antibidticos a firmacos especiais para uso na
indastria e medicina (Ganapathi et al., 2004). Nicotiana tabacum € uma planta
alotetrapldide formada pela hibridizacio de dois diploides N. tomentosiformis e N.
sylvestris. Ela possui uma geracdo rdpida em torno de trés meses e produz uma ampla
quantidade de sementes por cada geracdo. A primeira planta transgénica foi produzida em
tabaco, assim como os primeiros avangos em engenharia genética foram majoritariamente
obtidos através desta planta. O protocolo para transformacdo de tabaco estd bem
estabelecido permitindo gerar ao final uma planta contendo um gene de interesse para

estudos genéticos com finalidades comerciais e econdmicas (Ganapathi et al., 2004).
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I1. Hipotese

A comparacdo de plantas cultivadas em solo corrigido com o de plantas cultivadas
em solo dcido contendo niveis toxicos de Al permitiu a identificacdo de diversos genes que
tém expressao aumentada no dltimo tratamento. Nossa hipdtese € que alguns desses genes
possa ser parte de uma via importante do mecanismo de defesa da planta sob estresse e que
a superexpressdo deles em plantas transgénicas de tabaco confere maior tolerancia ao

aluminio.
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II1. Objetivos gerais

Ampliar o conhecimento dos mecanismos genéticos e fisiologicos que permitem que as

plantas se desenvolvam em solos acidos.

Objetivos especificos

- Avaliar funcional e fisiologicamente um gene candidato a resisténcia/tolerancia ao
aluminio superexpressando-o em plantas de tabaco.

- Determinar o local onde a proteina de interesse € expressa, através do ensaio de
localizagdo subcelular.

- Determinar quais sdo as possiveis proteinas que interagem com o gene estudado neste

trabalho.
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IV. Apresentacao do trabalho

O primeiro capitulo descreve o gene Zmwrky69, que codifica uma proteina com alta
identidade com fatores de transcri¢do da familia wrky, presente em mono e dicotiledoneas,
bem como alguns organismos unicelulares como Giardia lamblia e Dictyostelium
discoideum. Foi realizado ensaio de localizacdo subcelular utilizando a fusdo com a
proteina verde fluorescente (Green Fluorescent Protein) para verificar a localizagdo desta
proteina dentro da célula. Uma andlise filogenética baseada no método de NJ (Neighbour
joining) foi produzida para determinar o grupo ao qual pertence a proteina. Ensaios de
interagdo com outras proteinas, utilizando a técnica de duplo hibrido em levedura,
permitiram uma inspec¢do inicial das proteinas com as quais interage a proteina
ZmWRKY69. Ensaios em hidroponia empregando plantulas de tabaco transgénicas super-
expressando o gene Zmwrky69 foram realizados para verificar se o referido gene confere
tolerancia ao aluminio.

O texto foi escrito em inglés, uma vez que pretendemos publicar os dados em

revistas cientificas de circulag@o internacional.
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V. CAPITULO1

Molecular characterization of Zmwrky69, a member of the
WRKY transcription factor family that is induced by aluminum

in maize
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Abstract

The WRKY transcription factor members are involved in many biological processes
such as pathogen defense, hormone signalization, seed development and abiotic stresses,
like freezing, salinity, cold, heat and oxidative stress. This study is the first to access the
role of a maize WRKY factor, ZmWRKY69, in aluminum tolerance. Sequence analysis
showed that the ZmWRKY69 transcription factor shares high similarity to the A\WRKY41
transcription factor and with others monocot factors, all members of the WRKY III group.
Subcellular localization using ZmWRDKY69 fused to the green fluorescent protein showed
that this protein is nuclear according to its biological role as a transcription factor. In
addition, analyses of protein-protein interactions using the yeast two-hybrid system were
done. By using the ZmWRKY69 transcription factor as bait against a cDNA library from
Al-stressed roots, we identified 100 positive interacting clones. Among the proteins that
interact with the WRKY protein we found a gibberellin receptor, a lipoxygenase, an auxin-
repressed protein and a protein with unknown function. The root length from tobacco plants
overexpressing Zmwrky69 was not affected by the presence of 50 and 150 uM Al in
hydroponic medium, while the wild type plants presented reduced root. Taken all together,
these results probably reflect the role of this transcription factor in conferring tolerance to

aluminum in maize.

Keywords: WRKY transcription factor, aluminum, maize, yeast two hybrid
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1. Introduction

The phytotoxicity of aluminum is one of the major abiotic stresses in tropical and
subtropical area and represents impairment in plant development as well as productivity in
acid soil (Yin et al., 2010). The primary symptom is reduced root area and consequently
deficiency in water and nutrient uptake from the soil (Delhaize et al., 2004). Among the
attempts to solve this problem is the overexpression of organic acid transport gene
(ALMT1) from wheat in barley (Delhaize et al., 2004), citrate synthase from Pseudomonas
aeruginosa in tobacco and papaya (Carica papaya); in both cases, transgenic plants
presented increased tolerance to aluminum (de la Fuente et al., 1997). Another family
associated to aluminum tolerance is the MATE family. They were first identified by fine
mapping in sorghum and barley and are present in both eukaryotes and prokaryotes, where
they function as secondary transporters. Maron et al. (2010) found that the maize gene
ZmMATE] is localized in a telomeric region of chromosome 6 and that it is a functional
homologous of sorghum SOPMATE, a major Al tolerant gene responsible for the exudation
of citrate from root tips. The expression of ZmMATEI in Arabidopsis conferred aluminum
tolerance due to increased citrate release from roots (Maron et al., 2010).

The constitutively greater expression of TaALMTI in an Al-tolerant wheat is
associated to a series of cis mutations in its promoter and several alleles possess tandem
repeats that enhance the expression of TaAMLT1, conferring tolerance to API’* (Delhaize et
al., 2012). Insertion of a transposable element in the 5’UTR upstream of the coding region
of another protein involved in aluminum tolerance in barley (HvAACTI), increases
transcript abundance and alters gene expression in the root apices, the principal location of

AI’* activity, protecting plants to the toxic effects of the metal on acid soils (Delhaize et al.,
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2012). For TaMATE, a transposable element inserted 11.1kb upstream of the start codon
enhances the protein expression in root apices and the constitutively citrate efflux (Delhaize
et al.,2012).

Nevertheless, plants like maize, possess a complex genetic structure concerning to
aluminum tolerance, with more than one gene acting together in the tolerance mechanism
(Kochian et al., 2004). This scenario makes aluminum stress a challenging area for plant
breeding programs.

Transcription factors can be classified according to their characteristic DNA-
binding domains (Maeo et al., 2001). There are many kinds of DNA-binding domains, such
as the AP2 domain controlling plant development, the B3 domain involved in seed
maturation, NAC domain important in meristem establishment (Jofuku et al., 1994;
McCarty et al., 1991; Sablowski and Meyerowitz, 1998) and the WRKY domain involved
in many physiological and developmental processes (Ulker and Somssich, 2004). The
WRKY domain is identified in transcription factors which mediate gene expression in plant
physiological process like plant hormones, response to pathogens and to light (Maeo et al.,
2001). Generally, transcription factors function in network and controls directly or
indirectly the gene expression in a time and spatial manner (Wyrick and Young, 2002).

Despite the fact that these family members are eminently found in plant kingdom,
the WRKY transcription family members were also found in the protist Giardia lamblia
and in the slim mold Dictyostelium discoideum, showing an early origin (Ulker and
Somssich, 2004). The first WRKY cDNAs cloned were SPF1 from sweet potato (Ipomoea
batatas), ABF1, 2 from wild oat (Avena fatua), PcWRKY1, 2, 3 from parsley
(Petroselinum crispum) and ZAP1from Arabidopsis (de Pater et al., 1996; Ishiguro and

Nakamura, 1994; Rushton, P.J. et al. 1995; Rushton, P.J. et al. 1996;). A common feature
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among the WRKY transcription factors is the conserved amino acid sequence WRKY at the
N-terminus and a putative zinc-finger motif, Cxs—5Cx3—3HxH or Cx;CxysHxC,
comprising a region of 60 amino acids in length at the C-terminus (Rushton et al., 1995).

The WRKY proteins play a role either as repressors or activators during
transcriptional process (Xie et al., 2005). Robatzek and Somssich (2002) showed that a
member of the WRKY family, ArtWRKY®6, positively regulates genes involved in leaf
senescence and pathogen defense. WRKY factors can also act as repressors, as observed for
the OsWRKY71 protein, that represses the Amy32b promoter during GA signaling pathway
(Zhang et al., 2004).

Many physiological and developmental processes are regulated by genes encoding
WRKY proteins. These transcription factors are involved in disease response signaling
through hormonal pathway by salicylic acid (SA) (Eulgem et al., 2000). It was also found
that AfWRKY70 mediates SA and jasmonic acid cross-talk during plant defense response
(Li et al., 2004). This family members also participates in response to abiotic stresses like
freezing (Huang and Duman, 2002), drought, salinity, cold, heat (Pnueli et al., 2002;
Rizhsky et al., 2004; Seki et al., 2002), wounding (Hara et al., 2000) and oxidative stress
(Rizhsky et al., 2004). They can also control seed germination and post-germination growth
through ligation at box2/W-box of GA a-Amy2 promoter site (Rushton et al., 1995).

Phylogenetic analysis allowed the division of these transcription factors into seven
subfamilies: I, Ila + IIb, Ilc, IId + Ile, and III (Rushton et al., 2010). Family III members
are known to act as key regulators in processes like SA signalization during pathogen
infection in a time dependent and host specific manner (Kalde et al., 2003).

In a previous work we compared the transcriptome of maize roots grown in a

control soil without free Al with acidic soil containing toxic levels of Al (Mattiello et al.,
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2010). In this work two different maize inbred lines were tested for aluminum tolerance
Cat100-6 (aluminum tolerant) and S1587-17 (aluminum sensitive). After one day and three
days of exposition to acid soil conditions and based on microarray analysis it was possible
to group genes accordingly to their expression (Mattiello et al., 2010) and a candidate gene
of the Cat100-6 inbred line treated during three days in acid soil was selected for posterior
experiments and analysis. In this work we have characterized the ZmWRKY69 gene. The
overexpression of ZmWRKY69 increased the tolerance of transgenic tobacco plants in a
nutrient solution containing Al as well as in plants grown in acid soil. We also observed
that ZmWRKY69 is located in the nucleus and found several proteins that interact with this

transcription factor.

2. Materials and Methods

2.1 Sequence alignment

The complete coding region of ZmWRKY69 (Genbank Accession number:
NM_001153907.1) was obtained from the sequence Zm.10017.1.A1_at from the maize
Affymetrix Gene Chip array (Affymetrix, USA).

The ZmWRKY69 protein sequence was aligned with sequences of other plants
using the ClustalX2 program (Larkin et al., 2007). The phylogenetic tree was constructed
using the MEGA 5.0 program via the neighbor-joining algorithm. The phylogenetic tree
was visualized using the Tree View program (Page, 1996). Bootstrap values of 1000

replicates were used to confer the reliability of each node.
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2.2 Subcellular localization of ZmWRKY 69

The coding region of the Zmwrky69 gene was cloned in frame upstream of the green
fluorescent protein (GFP) gene sequence (Siemering et al., 1996) under the control of the
constitutive CaMV35S promoter in the pRT104 expression vector (Topfer et al., 1987) for
the construction of the 35S::ZmWRKY69-GFP. The oligonucleotides used to clone the
fusion protein were: forward 5° CCATGGATGGCTGAAGCCGTGGAG 3’ (Ncol site
underlined), and reverse primer 5° GGTACCTGGATAGTAGAGGCTTGGCATTG 3’
(Kpnl site underlined). The PCR product was subcloned into pGEM®—T Easy Vector
(Promega, USA). Then, the resulting vector was digested with Ncol and Kpnl and the insert
was ligated into the pRT104 vector containing the GFP gene to create recombinant
plasmids for transient expression analysis. Constructs were confirmed by both restriction
analysis and sequencing.

Onion epidermis was peeled out and the inner part was used for a transient
expression assay. Tungsten M10 particles (Bio-Rad, USA) were carried with Sug of
plasmid DNA, 20 ul 0.1 M spermidine and 50 pl 2.5 M CaCl,_ Eight pl of the mixture were
used to load the macrocarrier. Particle bombardment was performed using a biolistic
helium particle accelerator system (Biomics, Brasilia, Brazil) at a pressure of 1000 psi.

Images were observed with a fluorescent microscope Leica DMI4000B (Leica, Germany).

25



2.3 Yeast two-hybrid analysis

Total RNA from maize root tips submitted to aluminum stress for three days was
used to synthesize a cDNA library using the SMART technology (SMARTer™ PCR cDNA
Synthesis Kit, Clontech, USA). This cDNA was able to recombine with the AD cloning
vector (pGADT7-Rec) in vivo to yield a complete GAL4-AD expression vector. This
construct expressed the cDNA insert as a GAL4-AD fusion protein. The complete coding
sequence of Zmwrky69 gene was amplified with the oligonucleotides 5’
CATATGATGGCTGAAGCCGTGGAG 3° (Ndel site underlined) and 5’
CCATGGTCATGGATAGTAGAGGCTTGGC 3’ (Ncol site underlined) and cloned into
pGBKT7 in frame with the GAL4-BD domain (Clontech, USA). The screening was done
by co-transformation in the yeast strain Y2HGold (MATa, trp1-901, leu2-3, 112, ura3-52,
his3-200, gal4A, galS80A,LYS2::GALIUAS-GallTATA-His3, GAL2UAS-Gal2TATA-Ade2
URA3::MELIUAS—MellTATA AURI-C MELI) including the cDNA, the pPGADT7-Rec and
the construction pGBKT7::Zmwrky69, according to Clontech's Matchmaker™ System
(Clontech, USA). Positive clones were screened using SD/-Ade/-His/~Leu/~Trp medium
(QDO, quadruple drop-out medium), as described in Matchmaker™ Gold Yeast Two-
Hybrid System user manual (Clontech, USA).The co-transformation efficiency and number
of clones screened were calculated by plating appropriate dilutions in selective media.
Positive colonies appeared within 5 days of the screen and reporter genes were
subsequently tested for a-galactosidase activity. The interactions were confirmed by re-

streaking the positive clones onto QDO medium containing x-oa-gal to verify the
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maintenance of the correct phenotype and to test the strength of the interaction. After that,

the interactions were re-tested on QDO medium with aureobasidin A (500 pg/ml).

2.4 Isolation and identification of interacting proteins

After phenotype confirmation, plasmids of positive clones were isolated using a
lyticase protocol, with minor modifications (Philippsen et al., 1991). Escherichia coli cells
were chemically transformed and plated onto LB medium containing ampicillin to select
for the AD plasmid only. The cDNA inserts were amplified using the BD Matchmaker AD
LD-Insert Screening Amplimer Set (Clontech, USA) and the BD Advantage 2 PCR kit
(Clontech, USA). The PCR product was sequenced and then compared with different

databases.

2.5 Transformation of tobacco plants

The complete coding sequence of Zmwrky69 was amplified by RT-PCR using High
Capacity RNA-to-cDNA Kit (Life Technologies, USA) with gene specific primers:
Zmwrky69 forward, 5° GGATCCCCATGGCTGAAGCCGTGGAGAG 3’ (BamHI site
underlined) and Zmwrky69 reverse 5’TCTAGATCATGGATAGTAGAGGCTTGGC 3’
(Xbal site underlined). The insert was cloned into pGEM®—T Easy Vector (Promega, USA).
Subsequently, a BamHI and Xbal insert comprising the Zmwrky69 coding region was
cloned into pRT104 linearized with the same enzymes. The cassette 35S::Zmwrky69::T35S

was then recovered with HindIII and cloned into pPCAMBIA 2301(Cambia, Australia) also
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cleaved with HindIll, giving rise to the pPCAMBIA2301_ Zmwrky69. Leaf discs of aprox. 1
cm’ were excised from four months-old tobacco plants (Nicotiana tabacum var SR1) and
inoculated with 200 ul of Agrobacterium (GV3101 strain) containing the pPCAMBIA2301_
Zmwrky69 and left at 25°C for 48 hours in petri dishes with INFTAB medium (composed
of 100 mg/L inosytol, 50 mg/L pantothenic acid, 50 mg/L nicotinic acid, 50 mg/L
pyridoxine hydrochloride, 50 mg/L tiamin and 0.5 mg/L biotin, pH 5). Leaves were
transferred to solid INFTAB medium containing BAP (6-benzylaminopurine) and timentin.
Finally, plants were then transferred to a root induction medium containing timentin and
kanamycin and once the root development was complete plants were transferred to a
greenhouse (Brasileiro et al., 1998). A S-glucuronidase histochemical assay was performed
in tobacco leaves overnight at 37°C to detect positive transformation events using X-Gluc

as a substrate (Jefferson et al., 1987).

2.6 Aluminum tolerance assay

Tobacco seeds harboring the cassette 35S::Zmwrky69:: T35S (T1 transgenic lines)
were surface sterilized in 1.5% sodium hypochlorite for twenty minutes and then rinsed five
times in distilled water. Approximately thirty seeds were germinated in MS medium
(Murashige et al.,, 1962) containing kanamycin and maintained in 16/8 h light/dark
photoperiod during twenty days. Primary tobacco transformants positive for GUS activity
using X-Gluc and selected by kanamicyn medium were used in hydroponic experiment.
Seedlings with root length of approximately 1.0 cm were transferred to erlenmeyer flasks
containing hydroponic solution composed of MS medium (250 uM NH4NO;, 11 uM
H3;BO3, 2 uM MgCl, , 0.2 uM CuS0.4.5H,0, 0.35 uM ZnSOy4, 250 uM NH4NO;3 , 2 uM
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Na,-EDTA, 125 uM MgSOy, 125 uM MgS0.4.H,0, 0.2 uM Na;MoOQOy4, 500 uM KNOs3, 500
uM KNOs, 2 uM KH,PO4, 0.35 uM ZnSO4.7H,0, 500 uM Ca(NOs3),.4H,0, 2 uM
Fe(NH4),.6H,0 pH 5.8) kept at 90 rpm during seven days. Seedlings were then transferred
to a new medium containing CaCl, medium [1 uM] pH 4.4 supplied with AICl3 50 uM and
150 uM, kept under constant shaking at 90 rpm for 3 days. Concomitantly, seedlings were
also germinated in acid soil with pH 4.1 containing 10 mmol/dm® of Al and in control soil
with pH 5.0. Relative root length was calculated as [(root elongation at a certain

concentration of Al)/(root elongation at 0 Al)] x 100.

2.7 Quantification of Al in root apices

Approximately 10 root apices of tobacco maintained in acid soil pH 4.1 Al content
of 10 mmol/dm® were cleaned with acidified water with HCI (pH 4. 1 — 4. 3). Roots were
put in microtubes with Iml nitric acid (pH 2.0) for 24 hours. The supernatant was
maintained at -20°C for posterior analysis. The aluminum concentration in root apices was
measured using a spectrofluorometer with 1 ml 8-hidroxiquinoline (1% (w/v) 8-
hidroxoquiniline, 2.5% de acetic acid (v/v) in deionized water), 3 ml acetic acid/ammonium
hydroxide pH 5.7 and 10 ml butilic acetate (Bloom et al., 1978). The reagents were mixed
and the organic part (superior) was separated for analysis in a Cary Eclipse
spectrofluorometer (Agilent, USA), with lamp intensity of 10 A, excitation wavelength 390
nm and emission wavelength was 515 nm. For each sample 4 measurements were done
using a quartz cuvette (optical length of 1 cm). A standard curve was made with serial

dilutions of AICIs.
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3. Results

3.1 Molecular characterization of ZmWRKY69

The coding sequence of ZmWRKY69 was obtained using the NCBI database
(GenBank accession EU968283). The deduced protein contains 320 amino acids, molecular
mass of 34 kD and a pl of 5.92 (ProtParam tool, Expazy). ZmWRKY69 has a core domain
known as wrky domain composed by the amino acid sequence WRKYGKQ and a zinc-
finger portion composed by a cysteine and a histidine in position 173 and 175, respectively
(Rushton et al., 2010). WRKY proteins are divided in three well characterized WRKY
family groups: I, II and III (Eulgem et al., 2004). The ZmWRKY69 protein was classified
in the group III (Figure 1) and it is composed by only one wrky domain and the
characteristic zinc-finger structure Cx;Cx,3HxC (Suttipanta et al., 2011).

As these factors appear throughout the plant kingdom, a sequence alignment was
performed using ClustalW2 (EMBL-EBI European Bioinformatics Institute) to search for
homologous sequences among other monocots and also dicot plants. The deduced amino
acid sequence showed similarity to monocot sequences of Hordeum vulgare (HYWRKY30)
with 47% similarity, of wheat (TaWRKY1B) with 50% similarity, of Oriza sativa
(OsWRKY73) with 17% and of the dicot AfWRKY30 with 19% similarity (Figure 1).
These results are in accord to our phylogenetic tree made using the neighbor-joining
method (Figure 2). This means that the WRKY domain is shared between monocot and
dicotyledonous plants, showing an early origin during evolution. The high similarity
observed between the proteins from monocots in the alignment is also supported by a

subgroup containing all the monocots proteins inside the group III (Figure 2). We also
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annotated in Figure 2 distinct types of regulation of genes encoding WRKY proteins, but no

clear correlation with their phylogeny could be found.

3.2 Subcellular localization of ZmWRKY 69

Transcription factors are elements localized in the nucleus and they are responsible
for the regulation of gene expression by ligating to its own promoter or to another promoter
sequences (Rushton et al., 1996). This transient assay using onion epidermis showed that
ZmWRKY69 was found in the nucleus, as expected for a transcription factor (Figure 3).
The control construct, the ScTFIIA transcription factor from sugarcane (Gentile et al.,

2010), was used as a positive control for nuclear localization (Figure 3).

3.3 Yeast two-hybrid assay

We used a construct containing the ZmWRKY69 transcription factor as bait (Figure
4A) to screen a cDNA library obtained from roots of Cat100-6, an Al-tolerant maize line
that was exposed to Al stress. A total of 100 positive interacting clones were obtained.
Positive clones were selected in QDO medium with x-o-gal and aureobasidin A (Figure
4B). Among the proteins that interact with the WRKY protein we found a gibberellin

receptor, an auxin-repressed protein, a lipoxygenase, and an unknown protein (Table 1).
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3.4 Effects of ZmWRKY69 overexpression in transgenic tobacco

Tobacco plants were transformed with pPCAMBIA2301_ Zmwrky69, containing the
ZmWRKY69 under the control of the 35S promoter. T1 tobacco transformants were
accessed for GUS gene expression for confirmation of plasmid transformation. Leaves were
placed in a buffer solution containing X-Gluc as substrate. A blue color was observed as a
result of the f-glucuronidase enzyme activity and representative positive events containing
the Zmwrky69 gene are shown in Figure 5. Seeds from GUS positive T1 plants were
germinated in MS medium containing kanamycin. Seedlings with pale yellow coloration
were considered as not transgenic and were discarded, while seedlings with green leaves
and normal development were used for further studies. Wild type seedlings were grown in
media without kanamycin. Plants were accessed for aluminum tolerance using either
hydroponic or soil conditions. In the hydroponic experiment, 30 seedlings of each of the
three events previously selected on media with kanamycin and wild type plants were grown
for three days in a CaCl, solution containing AlCl; in three different concentrations (0 uM,
50 uM and 150 uM) pH 4.4. Overexpression of Zmwrky69 reduced root growth, because
wild type plants had 1.65 common average, while Zmwrky69 overexpressors had only 0.95
cm (Figure 6). In the presence of 50 uM AICls, roots from wild type seedlings had a
significant reduction in length (1,1 cm on average). This inhibitory effect of Al was more
evident at 150 pM AICl;, (root length of 0.85 cm on average). The two events
overexpressing the gene Zmwrky69 had no changes in their root development after

exposure to both aluminum concentrations (Figure 6).
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4. Discussion

WRKY proteins participate in many biological processes like seed development,
pathogen response, oxidative stress and hormone signalization. The maize ZmWRKY69
protein has the typical WRKY domain (Figure 1) and the proteins containing this domain
are distributed among different types of plants (Figure 2). Analyzing the sequence of
ZmWRKY69 it was possible to classify this transcription factor into group III (Figure 2),
which possesses one WRKY core (WRKYGKQ) in the N-terminus and a characteristic
zinc-finger motif Cx;Cx,3HXC in C-terminus (Figure 1). As a transcription factor, this
protein was localized in the nucleus in accordance to our results of subcellular localization
(Figure 3). Members of this subfamily participates in many developmental programs of
plant immune system and knockout or overexpression changes this web of signaling (Qiu,
2009). It is a difficult task unraveling WRKY function in abiotic stresses, due to a crosstalk
and redundancy that exist behind this process (Rushton et al., 2010). To our knowledge,
this is the first work investigating the role of a gene encoding a WRKY factor in plant
responses to acid soil containing toxic levels of Al.

The majority of works related to aluminum tolerance uses the ability of plants to
grow in hydroponic medium containing Al and there was a clear correspondence between
the concentration of the metal and a physiological change in root development, as observed
in plants like maize (Cangado, 2008) and tobacco (Yin, 2010). A reduction in root length
and root area decrease plant capacity to absorb nutrients in solution, and this is a primary
symptom of aluminum toxicity (Yin et al., 2010). We observed that Zmwrky69 caused a
reduction in the root length of seedlings grown in nutrient solution compared to wild type
plants (Figure 6). Regarding tolerance to Al, the experiment in hydroponics clearly showed

that the root length of the transgenic plants was not altered due to the presence of Al
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(Figure 6). This indicates that ZmWRKY69 might activate genes that help to protect plants
against Al toxicity.

A more accurate measurement was done using a spectrofluorometer to evaluate
aluminum content in roots. Because we did not observed differences in the levels of Al
present in the roots of both wild type and transgenic plants grown in acidic soil (data not
shown), the protective role of ZmWRKY69 probably is not related to the ability to exclude
Al from the rhizosphere, a common strategy to overcome Al toxicity (Kochian, 1995).
Other works also have reported genes that protect plants but do not cause differences in
aluminum accumulation between wild type plants and overexpressing lines. This was the
case of Arabidopsis thaliana overexpressing a gene encoding a cytosolic dehydroascorbate
reductase (DHAR) involved in antioxidative system in tobacco (Yin et al. 2010a). Tobacco
plants overexpressing a gene encoding a 2-alkenal reductase and control plants also did not
show differences in the Al content in the roots when grown in nutrient solution containing
AICls. Hence, there are strategies other than the avoidance of aluminum accumulation that
are triggered by the presence of a transgene.

The yeast-two hybrid approach also was done to search for possible targets in
ZmWRKY69 signaling pathway present in the roots of the Cat100-6 inbred line exposed to
Al. Among the targets we identified a gibberellic acid (GA) receptor GID1L2 (Table 1).
Upon binding to GA, GID1 is able to interact with DELLA proteins and trigger their
degradation, allowing GA to perform its role in many aspects of plant development like
growth, seed germination, leaf expansion, pollen maturation and induction of flowering
(Ueguchi-Tanaka et al., 2007). DELLA proteins are key regulatory elements in GA action,
being able to block the DNA binding activity of transcription factors (Gao et al., 2011).

Recently He et al., (2012) found that the balance among the hormones GA, abscisic acid
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(ABA) and indole acetic acid (IAA) is modulated by nitric oxide (NO). Together, these
hormones influence Al tolerance in rye and wheat. Therefore, the maize GID1L2 homolog
could interact with ZmWRKY69, modulating its action in a GA dependent way. Further
work on the GID1L?2 expression pattern in response to Al in maize would help to increase
our knowledge on the role of hormone in Al tolerance.

Another interesting target found in our yeast two-hybrid essay was a lipoxygenase.
Lipoxygenases (LOX) are widely distributed in animal and plant kingdom (Chateingner,
1999). These enzymes are involved in oxylipin biosynthesis pathway by adding oxygen to
polyunsaturated fatty acids. These oxylipins are involved in plant defense responses to
pathogens and pests (Rosahl and Feussner, 2005). Plant LOX are also involved in several
physiological processes such as senescence (Paliyath and Droillard, 1992), wounding
(Farmer and Ryan, 1992), growth and mobilization of storage lipids (Feussner and Kindl,
1992). The LOX gene expression is controlled by hormones like JA (jasmonic acid)
(Creelman and Mullet, 1997), abscisic acid (Melan et. al., 1993) and also by biotic and
abiotic stresses like pathogen attack (Melan et al., 1993) and water deficiency (Porta et al.,
1999), respectively. In maize two lox genes ZmLOXI10 and ZmLOX11 share 90% identity
and control a range of biologically important processes (Nemchenko et al., 2006).
ZmLOX10 1s expressed in leaves and induced by cold stress, defense hormone jasmonic
acid (JA), salicylic acid (SA) and abscisic acid (ABA). This indicates its role in plant
defense against pathogens and pests. ZmLOX11 is expressed in silks and controls only
ABA. This possibility indicates that is a gene involved in response to osmotic stress
(Nemchenko et al., 2006). This work is also the first to characterize a plant LOX gene
(ZmLOX10) regulated transcriptionally based on circadian clock. An in silico analysis

using pSORT (Nakai and Keneshisa, 1992) and subnuclear (Lei and Dai, 2005) indicated
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that ZmLOX11 protein is located in the nucleus. In humans, the arachidonate 5-
lipoxygenase (5-LOX) is located in the nucleus and is able to alter the nuclear localization
of the p53 protein, a key transcription factor that regulates apoptosis (Catalano et al., 2004).
Interestingly, 5-LOX blocks p53 association with another nuclear protein, PML, but the
mechanism remains unknown. Therefore, we can speculate that ZmLOX10 could interact
with ZmWRKY69 regulating its action by an unknown mechanism, that could involve the
localization in the nucleus.

A third target identified in the yeast two-hybrid encoded an auxin-repressed protein (ARP).
This class of protein is not well understood yet and most studies relates the expression of
the corresponding genes in response during plant development, such as bud dormancy in
pea (Stafstrom, 1998), fruit maturation in strawberry (Reddy and Poovaiah, 1990) and
pollen maturation in tobacco (Steiner et al., 2003). ARP genes also have been associated
with plant responses to water stress in poplar roots (Kohler et al., 2003), but we are not
aware of any report on plants exposed to Al stress. The putative interaction of the ARP
protein with ZmWRKY 69 suggests that a mechanism of action of this class of protein
might be through the regulation of the activity of transcription factors. A protein with
unknown function (NP_001144110.1) was also identified in our yeast two-hybrid essay. At
this stage we are not able to provide any hypothesis on its role in Al tolerance nor on its

effects on ZmWRKY69 and further studies will be needed in these directions.

Acknowledgements
This work was supported by grant 07/50993-5 from the Fundacdo de Amparo a Pesquisa do
Estado de Sdo Paulo (FAPESP) to MM. DF received a fellowship from CNPq (National

Council for Scientific and Technological Development)

36



Figure legends
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Figure 1. Alignment of ZmWRKY69 with other plant proteins. Identical amino acid
residues are shown in black and grey background. Dashed lines indicate gaps. The WRKY
domain is indicated by a blue square. Highly conserved residues within group III are shown
in red square. In all cases, the ClustalW2 program was used. Triticum aestivum (Ta)
ABC65846.1; Triticum aestivum (Ta) ABC65847.; Hordeum vulgare (Hv) ABI13396.1;
Zea mays (Zm) NP_001147379; Hordeum vulgare (Hv) ABI13394.1; Arabidopsis thaliana
(At) NP_192845.1; Arabidopsis thaliana (At) NP_568439.1; Arabidopsis thaliana (At)
NP_181607.1
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Figure 2. Phylogenetic tree of WRKY proteins. Sequences used for the alignment were
from Zea mays (Zm) NP_001147379.1, Sorghum (Sg) XP_002444278.1, Oryza sativa (Oz)
DAAO05138.1; Hordeum vulgare (Hv) ABI13394.1; Triticum aestivum (Ta) ABC65846 and
ABC65847.1; Brassica napus (Bn) ACQ76808.1; Arabidopsis thaliana (At) NP_192845.1
and NP_568439.1; and Physcomitrella patens (Pp) AAL78681.1. The phylogenetic tree
was constructed using the MEGA 5.0 program with a consensus of 1000 bootstraps
replicates using the neighbor-joining (NJ) method. [1] (Mattiello et al., 2010); [2]
(Mangelsen et al., 2008); [3] (Kalde et al., 2003); [4] (Scarpeci et al., 2008); [5] (Yu et al.,
2001); [6] (Pandey et al., 2010); [7] (Lippok et al., 2007).
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Figure 3. Subcellular localization of ZmWRKY69. A construct carrying the target gene
ZmWRKY69 fused to the GFP protein under the control of the CaMV 35S was used in a
transient assay using onion epidermal cells. A control construct carrying the ScTFIIA
transcription factor was used (Gentile et al., 2010). Epidermal cells were observed with a

fluorescence microscope (Leica, Germany). Left: green fluorescence, right: merged image.
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Figure 4. Yeast two hybrid assay using ZmWRKY69 as bait.. A: pGBKT?7 vector carrying
the coding sequence from Zmwrky69 in frame after the GAL4 DNA-Binding Domain
(DNA-BD). B: Positive clones indicating the interaction between the WRKY protein with
other maize proteins. Left: QDO/X/ selective medium QDO containing X-a-Gal. Right:

Selected clones in medium QDO with aureobasidin A.
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Figure 5. f-glucuronidase hystochemical assay on tobacco leaves. A) Positive control
control containing a p35S::GUS::3'NOS (Modolo, 2009), B) Negative control (wild type
Nicotiana tabacum SR1),. (C-H) Independent transgenic events (T1 generation) for
Zmwrky609: 3, 18, 20, 22, 24 and 16, respectively. All the images were captured using the
LEICA DMI400B (Leica, Germany).
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Figure 6. Effect of aluminum in the root length under hydroponic conditions. Wild
type and T1 transgenic seedlings were grown during 10 days in CaCl, medium without
aluminum and then transferred to a medium supplied with 0, 50 and 150 uM of aluminum
and CaCl, [1 uM] pH 4.4. After 3 days under aluminum exposure, the main root was
measured using a ruler (cm scale). Bars presented the average of 30 seedlings. Data were
analyzed using the analysis of variance (ANOVA) and different letter indicates significant
differences. Error bars indicate the SEM of three replications and each replication

comprised 10 roots.
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Table 1. Positive clones found in the yeast two- hybrid assay. The protein ID (NCBI) is

indicated in the left column and annotation of the interacting protein in the right column.

PROTEIN ID INTERACTING PROTEIN
EU959343.1 Zea mays clone 217231 gibberellin receptor GID1L2 mRNA
NP_001105981.1 Zea mays lipoxygenasell (lox11), mRNA
NP_001150581.1 auxin-repressed protein
NP_001144110.1 uncharacterized protein LOC100276950
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Conclusoes

Este projeto teve como principal finalidade a caraterizacdo funcional de um gene

diferencialmente expresso sob tratamento em solos dcidos da linhagem de milho Cat100-6

(tolerante). As principais conclusdes sao:

As andlises filogenéticas indicam que o gene codifica um fator de transcri¢do da
familia WRKY, sendo denominado ZmWRKY69, sendo classificado na
subfamilia dos fatores WRKY tipo III.

A andlise de localizacdo subcelular indica que ZmWRKY69 é uma proteina
nuclear, como esperado para um fator de transcrigdo.

O experimento de duplo hibrido em levedura indicou possiveis mecanismos de
regulacdo da proteina ZmWRKY69, que envolvem um receptor de giberelina,
uma proteina reprimida por auxina, uma lipoxigenase e uma proteina
desconhecida.

Os experimentos envolvendo plantas de tabaco que superexpressam o gene

ZmWRKY69 mostraram que esse gene confere tolerancia ao aluminio;
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