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LISTA DE ABREVIATURAS

bar: gene marcador que confere resisténcia ao herbicida glufosinato de amonio

bp: pares de bases do DNA

CaMV: do inglés Cauliflower mosaic virus, virus do mosaico da couve-flor

cDNA: DNA complementar

cv: cultivar

DNA: Acido desoxirribonucléico

EgfpER: gene reporter que codifica altos niveis da proteina fluorescente verde

FR: fator reprodutivo

GFP: do inglés green fluorescent protein, proteina fluorescente verde

GS1: Glutamina sintetase citosolica

HNO:s: acido nitrico.

hpt: gene marcador que codifica a higromicina fosfotransferase

JBU: urease majoritaria da semente de Canavalia ensiformis

JBUREIL: urease secundaria de Canavalia ensiformis

J2: segundo estadio juvenil

J3: terceiro estadio juvenil

J4: quarto estadio juvenil

kb: Kilobases

kDa: kiloDaltons
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N: nitrogénio

NH4: amonia

NG: sementes que ndo germinaram

NT: ndo transgénica

ORF: do inglés open reading frame

PCR: do inglés polymerase chain reaction

Pi: populacdo inicial

pH: potencial de hidrogénio

P35S promotor do gene 35S do CaMV

RNA: acido Desoxirribonucleico

RT-qPCR: transcricdo reversa associada a PCR quantitativa em tempo real

To: plantas transgénicas recuperadas da cultura in vitro

Ti: progénie das plantas transgénicas recuperadas da cultura in vitro

T> progénie das plantas transgénicas da progénie T

T; progénie das plantas transgénicas da progénie T>

T358S: terminador do gene 355 do CaMV

UTR: regido ndo-traduzida das bordas do mRNA

VE: estadio fenoldgico da planta correspondente ao desenvolvimento vegetativo

com os cotilédones acima da superficie do solo

VC: estadio fenoldgico da planta correspondente ao desenvolvimento vegetativo

com os cotilédones completamente abertos.
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V1: estadio fenoldgico da planta correspondente ao desenvolvimento vegetativo

com as folhas unifolioladas completamente desenvolvidas

V2: estadio fenoldgico da planta correspondente ao desenvolvimento vegetativo

com a primeira folha trifoliolada completamente desenvolvida

V3: estadio fenoldgico da planta correspondente ao desenvolvimento vegetativo

com a segunda folha trifoliolada completamente desenvolvida.
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RESUMO

Ureases sdo tradicionalmente conhecidas por catalisar a hidrolise da ureia em amonia e
didxido de carbono. Em soja, trés isoformas de urease foram descritas: 1) urease ubiqua,
codificada pelo gene Eu4; 2) urease embrido especifica, codificada pelo gene Eul; 3)
urease SBU-III, codificada por Eu5. O nitrogénio (N) é o nutriente mais limitante para o
crescimento e desenvolvimento da planta. Portanto, mecanismos eficientes para capturar
o N nas suas diversas formas, e realoca-lo, sdo necessarios para otimizar o uso do
nutriente pela planta. O produto N da atividade da urease - a amonia ¢ incorporada em
compostos organicos, principalmente, pela atividade da glutamina sintetase. Assim, a
urease estd envolvida na remobilizacdo do N, bem como na assimilagdo do N primario.
Um estudo anterior foi realizado por nossa equipe com o objetivo de superexpressar o
gene Eu4 em plantas de soja. Inesperadamente, as plantas transgénicas exibiram co-
supressao do transgene Fu4 e de todos os genes endogenos que codificam as isoformas
de urease. Foi verificada também, uma diminuicdo da atividade ureolitica. Visando
determinar o papel das ureases no desenvolvimento da soja, foram comparadas plantas
transgénicas co-suprimidas, plantas mutantes e seus respectivos controles. O
desenvolvimento das plantas foi avaliado 7, 14, 21 e 30 dias apo6s a semeadura. As plantas
co-suprimidas apresentaram um atraso no desenvolvimento durante o primeiro més apos
a germina¢do. Um desenvolvimento mais lento foi observado para o duplo mutante eu /-
a/eu4- e o mutante simples eu3-a (este gene codifica uma proteina acessdria inativa). A
absorc¢ao de N nas plantas transgénicas foi significativamente menor do que a das plantas
ndo transgénicas. Entre os mutantes, eu3-a apresentou o menor € eu/-a o maior conteudo
de N. Um numero significativamente menor de sementes foi obtido para as plantas
transgénicas. Em conjunto estes resultados indicam que o acontetido da urease ou da
atividade ureolitica desempenham um papel importante no desenvolvimento da planta.

A soja (Glycine max) ¢é afetada por varios estresses biodticos e abidticos, que limitam a
distribuicdo geografica das culturas e levam a redugdes significativas de crescimento e
produtividade. No Brasil, as doencas causadas por nematoides sdo um dos estresses
bidticos mais prejudiciais para a soja. As principais espécies encontradas no Brasil sdo
Meloidogyne spp. (formadores de galhas), Heterodera glycines (cisto), Pratylenchus
brachyurus (lesdes radiculares) e Rotylenchulus reniformis (reniforme). Nematoides
formadores de galhas e de cisto (nematdides sedentérios), os patogenos mais prejudiciais

a soja, sao muito dificeis de controlar. Neste estudo, foi identificado um peptideo derivado
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da urease de soja (nomeado Soyuretox), que exerce efeito toxico contra fitonematoides
formadores de galhas (M. javanica). Soyuretox foi expresso em raizes de plantas
compostas plantas transgénicas estaveis de soja. Raizes de plantas compostas e plantas
transgénicas estaveis superexpressando Soyuretox exibiram uma redugdo significativa
(50% e 37.5%, respectivamente) no nimero médio de nematoides e ovos, quando
comparado com raizes ndo transformadas, 45 dias apds a inoculagdo. Este € o primeiro
relato de resisténcia a nematdides causada por um peptideo derivado de uma urease.
Soyuretox pode representar uma ferramenta Util bem como uma nova e eficiente

alternativa para o controle de pragas e doencas em culturas economicamente importantes.
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ABSTRACT

Ureases are traditionally known for catalyzing the hydrolysis of urea to ammonia and
carbon dioxide. In soybean, three urease isoforms have been described: 1) ubiquitous
urease, encoded by the Eu4 gene; 2) embryo-specific urease, encoded by Eulgene; 3)
SBU-III urease, encoded by EuS5. Nitrogen (N) is the most limiting nutrient for plant
growth and development. Therefore efficient mechanisms both to take up N in its various
forms, and to reallocate it, are necessary for optimal N use efficiency. The N product of
urease activity- ammonia- is incorporated into organic compounds mainly by glutamine
synthase activity. Thus, urease is involved in N remobilization, as well as in primary N
assimilation. A previous study was performed by our team aiming to overexpress Eu4
gene in soybean plants. Unexpectedly, the transgenic plants exhibited endogenous (for all
three genes) and introduced Eu4 transgene co-suppression and decreased ureolytic
activity. Here, we sought to determine urease roles in soybean development by silencing
all urease isoforms. Analyses were performed using transgenic co-suppressed and mutant
plants. Plant development was evaluated 7, 14, 21 and 30 days after sowing. The co-
suppressed plants presented a developmental delay during the first month after
germination when compared with control. A slower development was observed for the
double eul-a/eu4-a mutant and the eu3-a (this gene codify an inactive accessory protein)
single mutant. The N uptake in transgenic plants was significantly lower than that
captured by non-transgenic plants. Among mutants, eu3-a presented the lowest and eu -
a the highest N content. A significantly lower number of seeds was obtained for
transgenic plants. Altogether, these results indicate that the urease content and/or
ureolytic activity play an important role in plant development.

Soybeans (Glycine max) are affected by several abiotic and biotic stresses that limit the
geographical distribution of cultures and lead to significant reductions in growth and
productivity. In Brazil, the diseases caused by nematodes are one of the most damaging
biotic stresses for soybeans.. The main species found in Brazil are Meloidogyne spp.
(root-knot), Heterodera glycines (cyst), Pratylenchus brachyurus (root lesion) and
Rotylenchulus reniformis (reniform). Root-knot and cyst nematodes (sedentary
nematodes), the most damaging soybean pathogens, are very difficult to control. In this
study, we identified a soybean urease-derived peptide (named Soyuretox) that exerts toxic

effects against the root-knot phytonematode (M. javanica). Soyuretox was expressed in
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soybean roots of composite plants and complete stable transgenic plants. Roots of
composite plants and stable transgenic plants overexpressing Soyuretox exhibited a
significant reduction (50% and 37.5%, respectively) in the average number of nematodes
and eggs when compared with non-transformed roots, 45 days after inoculation. This is
the first report of nematode resistance caused by a urease-derived peptide. Soyuretox may
represent a useful tool as a new and efficient alternative to control pests and diseases in

economically important crops.
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Capitulo I
INTRODUCAO GERAL
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1 Introducao Geral

1.1 Soja

A soja [Glycine max (L.) Merri.] ¢ uma espécie de planta diploide (2n=40),
pertencente a familia Fabaceae (Leguminosa), de autofecundagdo e com ciclo de vida
anual. O seu surgimento como cultura alimentar ocorreu no nordeste da China em torno
de 1700 —-1100 a.C., sendo uma das mais antigas plantas cultivadas (Hartman et al. 2011).

No Brasil o seu plantio em larga escala so6 teve inicio em 1960 (Reetz et al. 2008).

A semente da soja composta por 38% de proteina e 18% de Oleo. Essas
caracteristicas fazem da soja um dos principais componentes da racdo animal e uma
importante matéria prima para producdo de biocombustiveis. Seus produtos sdo também
bastante utilizados na alimenta¢do humana e na produ¢ao de cosméticos (Liu, 2008). O
consumo mundial da soja vem aumentando gradativamente nos ultimos anos (Liu, 2008;

CONAB, 2016).

A oleaginosa ¢ uma cultura de grande importancia para o agronegdcio do nosso
pais, sendo responsavel por grande parte do aumento das exportacdes (Liu, 2008;
CONAB, 2016). Segundo os dados do USDA (Departamento de Agricultura dos Estados
Unidos), na safra mundial de soja em graos 2015/2016 os Estados Unidos, o Brasil e a
Argentina foram responsaveis por 31,95%, 31,82% e 17,61% respectivamente, o que
representa 81,37% de toda a producdo mundial do grao (CONAB, 2016). De acordo com
os dados da CONAB e USDA (2016), na safra de 2015/16 foram produzidas 312.362
milhdes de toneladas de soja no mundo. O Brasil aparece como o segundo maior produtor
mundial de soja, com 95.631 milhdes de toneladas na safra 2015/16, atrds apenas dos
EUA. Nos ultimos 10 anos obteve-se um incremento de 74,8% no nosso pais, como
resultado de um aumento de 40,4% na area plantada e de 24,5% na produtividade. Os
estados que apresentaram maior producdo no periodo de 2014/15 foram: Mato Grosso
com 29,2%, Parana com 17,8%, Rio Grande do Sul com 15,4% e Goias com 9,1% da
produgdo. Estima-se para a safra 2016/17, uma produ¢do mundial aproximada de 324
milhdes de toneladas e que o Brasil continue sendo o segundo maior produtor, com 103
milhdes de toneladas de soja em grdos, ou seja, 6,19% maior que na safra 2015/16

(CONAB, 2016).
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Devido a sua importancia, a soja vem sendo alvo de constantes esforgos para o
seu melhoramento genético. Tal fato levou a comunidade cientifica internacional que
trabalha com leguminosas a recomendar a soja como planta modelo para estudos
genéticos e moleculares (Gepts et al. 2005). A soja teve seu genoma completamente
sequenciado em 2010 (Schmutz et al. 2010), o que tem permitido grandes avangos em
estudos de gendmica funcional e engenharia genética, que representam ferramentas
importantes para estudos basicos, visando contribuir para os programas de melhoramento

desta cultura.

Apesar do cenario mundial da soja ser bastante positivo, principalmente para o
Brasil, diversos estresses biodticos (fungos, bactérias, nematoides, virus, ervas daninhas,
insetos) e abidticos (seca, alagamento, temperaturas extremas, salinidade, toxicidade de
minerais) limitam a distribuicdo geografica das culturas e acarretam redugdes
significativas no desenvolvimento das plantas e na produtividade (Dita et al. 2006). Um
dos principais limites impostos pelo ambiente € a suscetibilidade das plantas a inimeras
doengas causadas por fungos, bactérias, virus e nematoides. A cada ano a severidade de
certas doencas vem aumentando devido a expansdo da érea agricola e a utilizacdo de

cultivares com pouca variabilidade genética (Barros & Borges, 2007; Barros, 2009).

Os nematoides sdo parasitas que representam uma ameaga significativa para a
producdo global de alimentos, com perdas anuais estimadas em mais de 80 bilhdes de
dolares (Nicol et al. 2011). No Brasil diferentes espécies de nematoides atacam as
plantagdes de soja. Dentre estas espécies de fitonematoides destacam-se: formadores de
galhas (Meloidogyne spp.), de cisto (Heterodera glycines), de lesdes radiculares
(Pratylenchus brachyurus) e o reniforme (Rotylenculus reniformis) (Pazhavarical, 2009;
Dias et al. 2010). Os fitonematoides formadores de galhas apresentam vida sedentéria e
sdo de dificil controle pois estabelecem locais de alimentagdo complexos dentro de suas
plantas hospedeiras (Jones et al. 2013). Plantas que sdo infestadas por esses parasitas
apresentam drésticas mudancas morfologicas e fisioldgicas, como atraso no crescimento,
clorose e baixo rendimento, além do favorecimento da instalagdo de outros parasitas,

como fungos, virus e bactérias (Bird & Kaloshian, 2003; Williamson et al. 2003).

Os fitonematoides de galhas possuem ampla distribuigdo geografica e uma grande
disseminagdo, além de parasitarem quase todas as espécies de plantas vasculares (Sasser,

1979; Moens et al. 2009). Esses fitonematoides no seu estadio juvenil (J2, fase infectante)
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sao atraidos pelas raizes em crescimento. Através do aparelho bucal em forma de estilete
os individuos J2 injetam enzimas celuloliticas e proteoliticas que quebram a parede
celular, o que auxilia na sua penetracdo (Moens et al. 2009). Os fitonematoides migram
através do cilindro vascular da raiz até encontrarem um local favoravel para o seu sitio de
alimentag¢do, induzindo a formac¢do de um conjunto de células gigantes, cuja funcdo ¢ a
produgdo de alimentos para os parasitas. Devido a multiplicagdo dessas células, ocorre
um aumento da estrutura das raizes, formando as galhas (Fuller et al. 2008). Os estadios
subsequentes de desenvolvimento dos nematoides formadores de galhas sdo J3, J4 e,
finalmente, adulto. Em condi¢des ambientais favoraveis, ocorre a formacao das fémeas
que apresentam vida sedentaria e, em condi¢des adversas, os machos sdo formados. Estes
deixam a raiz em direcdo ao solo onde permanecem até sua morte. Os machos nio sdo
necessarios para completar o ciclo de vida dos nematoides. Ovos viaveis podem ser
produzidos pelas fémeas sem que ocorra a fertilizacao, ou seja, a reprodugdo ocorre por
partenogénese (Chitwood & Perry, 2009). As fémeas podem depositar até 1.000 ovos, 0s
quais permanecem em uma massa gelatinosa protetora incorporada nas galhas ou na

superficie da raiz (Figura 1) (Moens et al. 2009).
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Os individuos J2 migram através do Através do aparelho bucal em forma
cilindro vascular da raiz até de estilete injetam enzimas que

encontrarem um local favoravel para quebram a parede celular.
Formam wum local de

alimentacdo, induzindo a
formacdo de uma célula
gigante.

Os nematoides se
desenvolvem em
I3, J4 e adulto.

Infectantes J2 sdo atraidos
por raizes em crescimento.

T Ciclo de vida
As fémeas maduras
colocam seus ovos em

Meloidogyne spp.
Estadio —
infectante J2.
uma massa gelatinosa

¥ & y
Primeiro estadio de A " protetora, que pode
desenvolvimento J1 | i € ! conter até 1.000 ovos.
ocorre dentro do ovo.

Figura 1. Ciclo de vida de Meloidogyne spp. Os estadios de desenvolvimento sao
divididos em ovo, juvenis: J1(dentro do ovo), J2, J3, J4 ¢ fase adulta. A fémea permanece
na planta onde ovopositam em uma massa gelatinosa protetora, que pode conter até 1.000
ovos. Os ovos sdo liberados e o ciclo inicia-se novamente. As fémeas produzem ovos por
dois ou trés meses e, apds este periodo, podem viver por mais algum tempo naquele local.

(Adaptado a partir de Proite, 2007).

Considerando que o prejuizo causado por nematoides em plantas de soja e que o
uso dos nematicidas ¢ extremamente prejudicial ao ambiente e ndo totalmente eficaz no
controle desses patdgenos (Jeyaratnam et al. 1990; Urwin et al. 2000; COODETEC, 2002;
Embrapa Soja, 2016), destaca-se a importancia da identificacdo e do desenvolvimento de
cultivares resistentes. Nesse contexto, estratégias biotecnoldgicas apresentam-se como
ferramentas promissoras, destacando-se a prospeccao de genes que irdo contribuir para a

producdo de variedades mais resistentes.

1.2 Transformacio genética

A transformacao genética ¢ descrita como a introducdo de um DNA recombinante

na célula da planta, usando técnicas de engenharia genética. A condi¢cdo bdsica para a
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introducdo de genes exdgenos em plantas ou para estudos funcionais de genes ¢ o
desenvolvimento de sistemas eficientes de transformacao, que atendam as caracteristicas
de cada espécie (Wiebke-Strohm et al. 2012). Dois diferentes sistemas tém sido
desenvolvidos para regenerar plantas in vitro: a organogénese de tecido meristematico e
a embriogénese somatica (Somers et al. 2003). A organogénese ¢ uma via de regeneragao
que utiliza tecidos oriundos de meristemas, nodulos cotiledonares ou folhas primarias
imaturas (Thorpe, 1994). A embriogénese somadtica consiste na obtencdo de células
totipotentes a partir de tecidos somaticos diferenciados (Sato et al. 1993).
Independentemente do método de transformagdo utilizado, embrides somaticos
secundarios (originarios a partir de outros embrides somaticos que tendem a ter origem
unicelular) s3o com frequéncia utilizados para a transformacao de soja (Finer 1988; Finer
& McMullen, 1991; Merkle et al. 1995).

Para a transformagdo estavel de vegetais dois métodos tém sido utilizados com
sucesso: bombardeamento de particulas (Sanford, 1988; Droste et al. 2002; Homrich et
al. 2012; Wiebke-Strohm et al. 2012) e o sistema Agrobacterium (Horsch et al. 1985;
Wang & Xu, 2008; Wiebke-Strohm et al. 2011). O método de bombardeamento de
particulas consiste em introduzir o DNA adsorvido a superficie de microparticulas, que
podem ser de ouro ou tungsténio (pesadas e inertes para a célula vegetal), num tecido
alvo. As microparticulas sdo aceleradas a uma certa velocidade, atravessam a parede
celular, as membranas plasmatica e nuclear, e no nucleo o DNA ¢ liberado, podendo ser
integrado ao DNA cromossomal (Droste et al. 2002; Homrich et al. 2012; Wiebke-Strohm
et al. 2012).

Agrobacterium ¢ uma bactéria aerobica, gram-negativa, fitopatogénica da familia
Rhizobiaceae, que naturalmente infecta diferentes plantas (DeCleene & DeLey, 1976).
Esses fitopatogenos causam uma variedade de neoplasias incluindo a doenga da galha-
da-coroa (crown-gall- A. tumefaciens) e formagao de raizes adventicias (hairy root- A.
rhizogenes) nos locais de infec¢ao (Gelvin, 2010). A. tumefaciens é amplamente utilizada
para transferir de forma estavel sequéncias de DNA desejadas para o genoma de células
vegetais. Uma das vantagens deste método ¢ o fato de que um menor nimero de copias
do T-DNA (parte do plasmideo) sdo introduzidas no tecido vegetal (Kohli et al. 2003;
Wiebke-Strohm et al. 2011).

A. rhizogenes também ¢é capaz de co-transferir o T-DNA de vetores plasmidiais
binarios para as células hospedeiras, permitindo assim, integrar construgdes génicas de

interesse de forma estavel no genoma vegetal (Christey, 2001; Broothaerts et al. 2005).
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Este método tem sido bastante utilizado, pois permite a obtengdo de plantas compostas,
que apresentam somente raizes transformadas, reduzindo significativamente o tempo
necessario para gerar eventos transgénicos, quando comparado aos métodos tradicionais
de transformacgdo de soja. As raizes transformadas apresentam crescimento rapido, sdo
altamente ramificadas e capazes de crescer na auséncia de reguladores de crescimento
(Sevon et al. 1998; Collier et al. 2005). Construgdes gé€nicas contendo genes reporteres,
tais como gfp, que codifica a proteina verde fluorescente (GFP-green-fluorescent
protein), tem auxiliado bastante no uso desta técnica, para a selecdo das raizes
transformadas (Collier et al. 2005). O uso da A. rhizogenes tem sido bastante importante
para aplicacdes biotecnoldgicas, tais como a identificacdio de genes, que quando
superexpressos em raizes, apresentam potencial toxico a patdogenos que atacam este orgao

(Guillon et al. 2006).

1.3 Ureases

Sdo enzimas multifuncionais, com diferentes dominios de atividade (Carlini e
Polacco, 2008). Em 1926, Sumner cristalizou pela primeira vez uma urease da semente
de feijdo de porco, Canavalia ensiformis (Jack Bean urease-JBU), provando
definitivamente a origem protéica desta enzima. A urease foi a primeira molécula
organica a ser sintetizada em laboratorio (Wohler, 1828). Estudos realizados com a
proteina JBU demonstraram pela primeira vez que se trata de uma metaloenzima
dependente de niquel (Dixon et al. 1975).

As ureases sdo conhecidas tradicionalmente por catalisar a hidrdlise da ureia,
produzindo amoénia e carbamato. Em pH fisioldgico, o carbamato ¢ hidrolisado
espontaneamente para formar gas carbonico e uma segunda molécula de amonia (Mobley
et al. 1995) (Figura 2). A planta somente pode aproveitar o nitrogénio presente na ureia
apos ser catalisada pela urease (Follmer, 2008). Portanto, a urease esta envolvida na

remobilizacdo do nitrogénio, bem como na assimilagdo de nitrogénio primario (Cao et al.

2010).
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Figura 2. Reacdo de hidrolise da ureia catalisada pela enzima urease. (Fonte:

Adaptado a partir de Witte CP, 2011).

Viérios grupos de organismos sintetizam ureases, dentre eles bactérias, fungos e
plantas. Estas enzimas sdo ubiquamente presentes em todos os tecidos das plantas, mas
ndo sdo encontradas nos animais (Mobley & Hausinger, 1989; Ligabue-Braun et al.
2013). Nas plantas e fungos as ureases sdo proteinas homo-oligoméricas, formadas por
trimeros ou hexameros de subunidades idénticas de aproximadamente 90-kDa. No entanto,
as ureases de bactérias sdo multimeros formados por duas ou trés subunidades designadas .,
B e vy. Independente do organismo as ureases apresentam alto grau de similaridade entre
as sequéncias de aminoacidos (maior que 50% entre bactérias e plantas e maior que 70%
dentro de cada grupo) (Figura 3) (Mobley et al. 1995; Follmer, 2008, Krajewska, 2009,
Ligabue-Braun et al. 2013). A comparacdo estrutural das ureases de plantas com as ja
conhecidas das bactérias Klebsiella aerogenes (Jabri et al. 1995), Bacillus pasteurii
(Benini et al. 1999) e Helicobacter pylori (Ha et al. 2001) foi possivel devido a resolucao
da estrutura tridimensional da urease de C. ensiformis (JBU) (Balasubramanian &
Ponnuraj, 2010), permitindo assim a confirmacao do alto grau de similaridade entre as

ureases de diferentes organismos.
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Urease de feijao de porco | N- 90.77 kDa -C
(Canavalia ensiformes)

Urease de soja

(Glycine max) 93.5 kDa

Urease de bactéria

(Klebsiella aerogenes) 11.1 kDa 11.7 kDa 60.3 kDa

Urease de bactéria

(Helicobacter pylori) 26.5 kDa 61.0 kDa

840 aa

840 aa

101/106/567 aa

238/569 aa

Figura 3. Comparag¢do esquematica dos dominios das ureases de diferentes

organismos. Ureases de plantas (Canavalia ensiformes e Glycine max) sdo formadas por

subunidades idénticas. Ureases bacterianas podem ter trés subunidades (Klebsiella

aerogenes) ou duas (Helicobacter pylori). (Fonte: Adaptado a partir de Krajewska, 2009).

A comparacao entre as sequéncias de aminoacidos de 41 ureases sugere que todas

as ureases divergiram de uma proteina ancestral comum em Viridiplantae, contudo as

ureases de monocotiledoneas e eudicotiledoneas tem evoluido independentemente ao

longo do tempo (Figura 4) (Wiebke-Strohm et al. 2016).
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Figura 4. Analise filogenética de ureases de plantas, musgos e algas. Clado em
azul consiste em ureases de monocotiledoneas, em vermelho de plantas eudicotiledoneas
e em preto clado basal. Asterisco e as caixas representam as ureases de soja. (Fonte:

Wiebke-Strohm et al. 2016).

A ativacdo das ureases ¢ um processo complexo. Nas plantas e bactérias requer a
participagdo de chaperonas chamadas de proteinas acessorias das ureases, para que ocorra
a incorporagdo de dois ions de niquel (Ni) a enzima. Essa ligacdo ¢ precisa e forte
(Follmer, 2008; Balasubramanian & Ponnuraj, 2010). Nas bactérias, quatro proteinas
acessorias sao necessarias: UreD, UreF, UreG, UreE, que formam um complexo que se
liga a0 metalocentro, sendo UreE uma chaperona de Ni que facilita a entrega desse metal
para o sitio ativo da urease (Mobley et al. 1995; Zambelli et al. 2011). Em plantas e fungos

o processo de incorpora¢do do niquel € pouco conhecido. Foram identificadas para soja
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trés proteinas acessorias (UreD, UreF, UreG) (Figura 5) (Freyermuth et al. 2000;
Bacanamwo et al. 2002; Polacco et al. 2011).

Urease inativa Urease ativa

dpoureasc

GTP GDP+Pi

Figura 5. Modelo da ativacdo de urease de planta envolvendo a ligagdo das trés
proteinas acessorias (UreD, UreF e UreG) a apourease: modificagdo covalente de um sitio
ativo de lisina e incorporacao especifica de dois ions de niquel por sitio ativo. As proteinas
acessorias se dissociam da urease ap0s a ativagao. (Fonte: Adaptado a partir de Witte CP,

2011).

1.4 Ureases em Plantas

Grande parte dos estudos com ureases vegetais foram realizados com C.
ensiformis ¢ G. max. As ureases de C. ensiformis (feijdo de porco) sdo melhor
caracterizadas em nivel bioquimico (Sirko & Brodzik, 2000; Carlini e Polacco, 2008;
Follmer, 2008).

Em C. ensiformis sdo encontradas trés isoformas estruturais da urease: JBU foi a
primeira enzima a ser cristalizado por Summer em 1926. A segunda isoforma foi isolada
e caracterizada em 1981 e denominada canatoxina (CNTX), sendo menos abundante na
semente do que JBU (Carlini e Guimaraes, 1981; Follmer et al. 2001). Uma terceira
proteina desta familia (JBUREII) foi encontrada em diferentes etapas de desenvolvimento

das flores, dos embrides e da plantula (Pires-Alves et al. 2003; Demartini et al. 2011;
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Mulinari et al. 2011). Até o presente momento apenas JBU e JBUREII tém as sequéncias
completas de DNA/aminoacidos elucidadas (Mamiya et al. 1985; Riddles et al. 1991;
Pires-Alves et al. 2003; Mulinari et al. 2011).

Em soja sdo descritas trés isoformas, codificadas por trés genes estruturais
independentes. A urease ubiqua, codificada pelo gene Eu4 (Glymal1g248700; GenBank
acesso AJ276866), expresso em niveis baixos em todos os tecidos vegetais, € responsavel
pela reciclagem da ureia derivada do metabolismo (Polacco et al. 1985; Torisky et al.
1994; Goldraij et al. 2003). A urease embrido-especifica, codificada pelo gene Eul
(Glyma05g146000; GenBank acesso NM001249869), ¢ altamente expressa em embrides
em desenvolvimento e acumulada em sementes maduras (Polacco & Havir, 1979; Polacco
& Winkler, 1984; Polacco & Holland, 1993). Um terceiro gene codificando uma urease
foi recentemente identificado no genoma da soja (Polacco et al. 2011; Polacco et al.
2013). Este gene foi denominado Eu5 (Glyma08gl103000) e seu produto SBU-III,
apresenta uma maior similaridade com a urease embrido-especifica (Figura 4). Baixos
niveis de transcritos foram detectados em sementes apds um dia da quebra da dorméncia,

raizes jovens e sementes em desenvolvimento (Wiebke-Strohm et al. 2016).

Afim de definir o papel das ureases de soja, experimentos foram direcionados para
a obtencdo de mutantes nulos por bombardeamento com néutrons rapidos cuja cole¢do
pertence a Universidade de Missouri, EUA. Mutantes nulos para a urease embrido-
especifica (eul-a) foram obtidos com sucesso. Esses mutantes ndo exibem nenhuma
alteracdo fisiologica na planta (Polacco et al. 2011). Mutantes missense para urease
ubiqua foram denominados eu4-a e eu4-b, produzem uma proteina inativa e exibem
substancial redugdo na atividade ureolitica em folhas, raizes e hipocotilos, devido a
mutagdo ser na regido de inser¢do do niquel (Torisky & Polacco, 1990; Stebbins et al.
1991; Witte et al. 2002; Goldraij et al. 2003; Polacco et al. 2011). Por outro lado, mutantes
nulos para a urease ubiqua nunca foram obtidos. Os duplos mutantes (eul-a/eu4-a),
obtidos através do cruzamento entre os mutantes para urease ubiqua e embrido-especifica,
sdo praticamente desprovidos de atividade ureolitica (Stebbins e Polacco, 1995; Goldraij
et al. 2003). Mutante nulo para o gene Eu3 que codifica a proteina acessoria UreG,
necessaria para a incorporacao do niquel e ativagao da urease, também foi obtido € nao

apresenta atividade ureolitica (Freyermuth et al. 2000).
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1.5 Papel das Ureases

1.5.1 Papel das Ureases em relacio a atividade ureolitica

As ureases desempenham diferentes fungdes bioldgicas nas plantas (Follmer et al.
2004; Carlini e Polacco, 2008; Carlini e Ligabue-Braun, 2016). A primeira fun¢do
atribuida ¢ a atividade ureolitica. Grande parte do nitrogénio (N) utilizado pela planta
para seu crescimento e desenvolvimento s6 pode ser aproveitada a partir da ureia, que €
uma importante fonte interna e externa de N (Follmer, 2008; Wang et al. 2008). A
arginina, o principal armazenador de N, ¢ convertida pela enzima mitocondrial arginase
em ureia e ornitina. A ureia é transportada para o citoplasma e pela agdo da urease ¢é
convertida a dioxido de carbono e amdnia, que ¢ incorporada em compostos organicos,
principalmente pela atividade da glutamina sintetase (Figura 6) (Mobley et al. 1995;
Goldraij e Polaccoc, 1999, 2000; Sirko e Brodzik, 2000). Portanto, a urease exerce um
papel importante na remobilizacdo e assimilagdo do N necessario para o desenvolvimento

(Cao et al. 2010).

Degradagéo
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arginina
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Figura 6. Metabolismo da uréia em plantas. O aminodacido arginina proveniente

da degradagdo de proteinas (1). A arginina ¢ hidrolisada na mitocondria pela arginase,
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produzindo ureia e ornitina (2). A ureia deixa a mitocondria e € hidrolisada pela urease
(3). O produto da atividade da urease, a amonia, € liberado e re-assimilado pela glutamina
sintetase citosolica (GS1) (4). O glutamato gerado a partir da ornitina é exportado da
mitocondria e serve como substrato para a reacdo citosolica (GS1) (5). A urease ¢
requerida para mobilizar metade do nitrogénio da arginina. (Fonte: Adaptado a partir de
Witte CP, 2011 e Laprotox: Disponivel em http://www.ufrgs.br/laprotox/>Acesso em
setembro de 2016).

Devido a importancia do nutriente N para o crescimento da planta, torna-se
necessario um mecanismo eficiente para capturar e realocar fontes de N para sua
utilizagdo em processos essenciais da planta como a germinagdo de sementes e
senescéncia (Witte CP, 2011). Em Arabidopsis thaliana a importancia da urease é
destacada pelo fato de que quando suas sementes sao tratadas com um inibidor para esta
enzima sua germinacdo ¢ atrasada (Zonia et al. 1995). Os mutantes de soja eu3-a eu2-a,
eud-a e eud-b, que exibem atividade ureolitica nula, apresentam acimulo de ureia ¢ a
presenga de manchas necrdticas na ponta das folhas (Polacco & Holland, 1993; Goldraij

et al. 2003).

1.5.2 Papel de defesa das ureases

As ureases nao estao envolvidas apenas na remobiliza¢do e assimilagdo do N
necessario para o desenvolvimento da planta, mas também na defesa de plantas contra
patogenos tais como fungos e insetos (Carlini e Polacco, 2008; Stanis¢uaski e Carlini,
2012). Os dominios da atividade fungicida e inseticida sdo independentes da capacidade
de hidrolise da enzima, devido as funcdes de defesa continuarem agindo mesmo apds as
ureases serem tratadas quimicamente com um inibidor da atividade ureolitica (Polacco e

Holland, 1993; Follmer et al. 2004; Becker-Ritt et al. 2007).

Estudos evidenciaram que as ureases purificadas a partir de plantas apresentam
uma toxicidade contra insetos e fungos, com atividade independente da catalitica. Alguns
trabalhos (Carlini et al. 1997; Ferreira da Silva et al. 2002) mostraram que duas isoformas
de Canavalia ensiformis, Canatoxina (CNTX) e Jack bean urease (JBU), e a urease
embrido especifica de soja (Follmer et al. 2004) sdo toxicas para insetos que apresentam
no seu trato digestivo enzimas proteoliticas do tipo catepsinas, que degradam a proteina
e liberam um peptideo téxico. Para JBU o peptideo liberado apresenta aproximadamente

~10 kDa, ndo sendo toxico para insetos com digestdo baseada em enzimas serinicas do
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tipo tripsina (Carlini et al. 1997; Staniscuaski et al. 2005; Piovesan et al. 2008;
Stanisguaski e Carlini, 2012).

A funcao inseticida das ureases parece restrita a urease de plantas, o que
provavelmente se deve ao fato de pelo menos parte do peptideo entomotdxico
corresponder ao gap presente entre os dominios a e 3 das ureases bacterianas (Figura 3)
(Follmer et al. 2004). O peptideo entomotoxico de ~10 kDa isolado a partir da canatoxina
¢ denominado pepcanatox (Carlini et al. 1997; Carlini et al. 2000). Posteriormente, a
regido correspondente a um outro peptideo toxico foi identificada, isolada e clonada a
partir do gene jburell, outra isoforma de urease da C. ensiformis. O peptideo resultante
foi denominado jaburetox-2Ec (Mulinari et al. 2007) ou jaburetox (Postal et al. 2012).

O jaburetox recombinante mostrou atividade inseticida contra ninfas de
Dysdercus peruvianus e Rhodnius prolixus (Stanisguaski et al 2005, 2009).
Curiosamente, o peptideo ndo mostrou somente toxicidade a esses insetos, mas também
a insetos que ndo eram afetados por ingestdo da urease intacta como a lagarta Spodoptera
frugiperda, que apresenta digestdo baseada em enzimas serinicas do tipo tripsina
(Mulinari et al. 2007). Por outro lado, mostrou-se indcuo se injetado intraperitonealmente
ou administrado por via oral em ratos neonatos e camundongos (Mulinari et al. 2004,
2007; Tomazetto et al. 2007). O peptideo toxico age diretamente sobre tubulos de
Malpighi isolados do inseto. Os polipeptideos inibem a diurese em doses abaixo do
nanomolar, sendo que as rotas de sinalizagdo recrutadas pela urease e pelo peptideo para

produzir o efeito antidiurético sdo diferenciadas (Stanisguaski et al. 2009).

Quanto a atividade antifingica, as ureases e jaburetox tém mostrado exercer forte
propriedades contra fungos fitopatogénicos filamentosos e leveduras na concentragdo de
10 M (peptideo) a 10 M (ureases), inibindo o crescimento vegetativo in vitro de fungos
filamentosos (Becker-Ritt et al. 2007; Postal et al. 2012; Wiebke-Strohm et al. 2012). O
polipeptidio afeta a permeabilidade da membrana e interfere no metabolismo energético

de leveduras (Becker-Ritt et al. 2007; Postal et al. 2012).
1.6 Efeito da superexpressao de genes que codificam ureases de soja

Embora investigagdes com ureases venham sendo realizadas hd quase um século,

estudos relacionados a sua fun¢ao e seu modo de agao merecem ainda atengdo, pois nao
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estdo totalmente compreendidos. O estudo da superexpressdo dos genes que codificam
ureases ¢ uma forma de auxiliar em uma melhor compreensdo de suas fungdes.

Experimentos de transformagdo de soja por bombardeamento com o objetivo
inicial de gerar plantas que superexpressassem a urease ubiqua (Eu4) e possivelmente
resistentes a adversidades bioticas foram conduzidos em nosso laboratério (Laboratorio
de Cultura de Tecidos e Transformacdo Genética de Plantas, do Departamento de
Genética da UFRGS). Varios eventos foram obtidos, mas ao contrario da superexpressao
prevista, houve uma co-supressdo do gene alvo na maioria das plantas. Os niveis de
mRNA da urease ubiqua de todas as plantas transgénicas eram menores que os observados
em plantas ndo transgénicas, submetidas as mesmas condi¢des de cultura. O mesmo foi
observado para a atividade ureasica, indicando um menor acumulo da enzima nas plantas
transgénicas. Bioensaios realizados no estudo com estas plantas mostraram que a falta da
urease ubiqua torna as plantas mais susceptiveis a diversos fungos (Wiebke-Strohm et al.
2012).

Algumas hipoteses foram levantadas para explicar o ocorrido: o grande niimero
de copias integradas ao genoma na transformac¢do por bombardeamento, a intolerancia
das plantas a altos niveis da urease ubiqua, a existéncia de um mecanismo endogeno de
auto-regulacdo dos niveis de mRNA ou a toxicidade da proteina (Wiebke-Strohm et al.
2011). Apds intmeras tentativas de transformacdo através do método que integra
bombardeamento e Agrobacterium (Wiebke-Strohm et al. 2011) foi obtida uma planta
transformada contendo um menor niimero de cdpias do transgene e com niveis de
expressao do gene aumentados. Contudo, estd planta apresentou desenvolvimento lento e
acabou morrendo (dados nao publicados). Tal fato, motivou a busca de outras alternativas
para superexpressdo das ureases em soja, sendo a op¢do mais oportuna, em funcdo do
nimero de estudos prévios, a expressao de partes dos genes que codificam os peptideos
tOXicos.

Tendo em vista que as ureases sdo potencialmente multifuncionais, as plantas co-
suprimidas sdo consideradas uma ferramenta importante para a determinagao das fungdes
adicionais a atividade ureéasica. Considerando que mutantes nulos para a urease ubiqua
(Eu4) nunca foram obtidos até o presente momento, as plantas transgénicas co-suprimidas
representam uma poderosa ferramenta para estudos funcionais que poderdo contribuir
para a elucidacao do papel das ureases de soja em outros processos bioldgicos, tais como o

desenvolvimento de plantas.
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1.7 Peptideo recombinante derivado de urease de soja

Mais recentemente a equipe da doutora Célia Carlini do Laboratorio de Proteinas

Toéxicas (Laprotox) da UFRGS, identificou a regido que corresponde ao peptideo toxico

da urease ubiqua de soja, que foi denominado Soyuretox (Kappaun, 2014). A

identificacdo da sequéncia interna da urease ubiqua de soja colinear com a sequéncia

interna do Jaburetox peptideo derivado de uma urease de C. ensiformis, foi realizada

através do alinhamento entre os aminodcidos componentes do Jaburetox e a sequéncia de

aminodacidos correspondente na urease ubiqua. O peptideo da urease ubiqua da soja foi

chamado de Soyuretox e apresenta 72% de identidade com o Jaburetox (figura 7)

(Kappaun, 2014).
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Figura 7. (A) Alinhamento da sequéncia de amino acidos de Soyuretox e
Jaburetox. (*) correspondem em ambos os peptideos. (:) forte similaridade; (.) fraca

similaridade. (B) Sequéncia de aminoacidos da urease ubiqua traduzida do gene Eu4 de
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Glycine max (Glymal1g37250;AJ276866), com sequéncia do peptideo interno Soyuretox

marcada em cinza. Fonte: (Kappaun, 2014).
1.8 Justificativa

Assim como 0s insetos, os nematoides também apresentam no seu trato digestorio
enzimas proteoliticas das classes cisteina e aspartico proteases, o que sugere um possivel
potencial toxico das ureases vegetais também contra nematdides. Até o presente momento
nenhum trabalho foi realizado para compreender a resposta das ureases frente ao ataque
desse patogenos.

O presente trabalho foi desenvolvido com o objetivo de testar o possivel efeito
toxico das ureases contra nematoides. Como mencionado acima, em nosso laboratorio
foram realizados experimentos de transformagao por bombardeamento com o objetivo
inicial de gerar plantas de soja que superexpressassem a urease ubiqua de soja (Wiebke-
Strohm et al. 2012). Tendo em vista a dificuldade de superexpressar a urease intacta,
utilizou-se a alternativa de isolar o peptideo toéxico denominado Soyuretox, derivado da
urease ubiqua da soja e superexpressa-lo na planta, visando maior resisténcia a

adversidades biodticas.
1.9 Objetivos
1.9.1 Objetivos gerais

Os objetivos gerais deste trabalho foram (1) caracterizar em nivel molecular a
progénie de plantas transgénicas com o gene Eu4 co-suprimido e investigar o papel das
ureases de soja durante o desenvolvimento das plantas. (2) caracterizar in vivo a
toxicidade do peptideo Soyuretox, codificado por parte do gene Eu4 da soja, contra
nematoides, usando como modelo o fitonematoide formador de galhas Meloidogyne

javanica.
1.9.2 Objetivos especificos

a) Caracterizar molecularmente a progénie de plantas transgénicas com 0s

genes que codificam ureases co-suprimidos.
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b) Determinar o perfil de expressdo das ureases codificadas pelos genes Eul,

Eu4 e Eu5 em plantas transgénicas e ndo transgé€nicas; mutantes (eul-a, eu4-a,

eul-a/eud-a, eu3-a) e ndo mutantes.

C) Avaliar o padrao temporal de desenvolvimento de plantas transgénicas e
ndo transgénicas, mutantes (eu!-a, eud-a, eul-a/eud-a, eu3-a) e ndo mutantes.

d) Obter plantas compostas através da transformacgdo por Agrobacterium
rhizogenes superexpressando nas raizes o peptideo Soyuretox.

e) Obter e regenerar plantas estavelmente transformadas, por

bombardeamento de particulas, superexpressando o Soyuretox.

f) Caracterizar em nivel molecular as plantas transgénicas obtidas pela

transformagao de raizes e por transformagao estavel.

g) Desafiar as raizes transgénicas das plantas compostas e das plantas

completamente transformadas com o fitonematoide formador de galhas, M.

javanica;

h) Comparar o fator reprodutivo do nematoide M. javanica nas raizes

transgénicas das plantas compostas, completas e raizes controles (plantas com raizes

nao-transformadas).

Os capitulos seguintes desta tese incluem um artigo ja aceito para a publicagdo na
revista Genetics and Molecular Biology, da Sociedade Brasileira de Genética, um
manuscrito submetido a revista Transgenic Research e o de Termo de Adicdo
encaminhado a um pedido de patente previamente depositado no INPI. Os resultados
destes trabalhos também foram apresentados de forma parcial a comunidade cientifica
em eventos nacional e internacional. Os resultados obtidos neste trabalho podem fornecer
uma alternativa para a obtencdo de plantas de soja mais resistentes a adversidades

bioticas.
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Capitulo 11
Effect of soybean ureases on seed germination and plant

development

Manuscrito aceito para a publica¢do na revista Genetics and Molecular Biology
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RESUMO

Ureases sdo tradicionalmente conhecidas por catalisar a hidrolise da ureia para
amonia e dioéxido de carbono. Trés isoformas sdo descritas para a soja: urease ubiqua,
urease embrido especifica e urease nova. Um estudo anterior realizado pelo nosso grupo,
teve como objetivo superexpressar a urease ubiqua em plantas de soja. Inesperadamente,
as plantas transgénicas exibiram co-supressdo do transgene ¢ dos genes enddgenos. O
objetivo deste trabalho foi determinar o papel das ureases no desenvolvimento da soja.
As andlises foram realizadas com plantas transgénicas, plantas mutantes e seus

respectivos controles.
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Abstract

Urease catalyzes the hydrolysis of urea to ammonia and carbon dioxide. The ammonia
(nitrogen (N) product of urease activity) is incorporated into organic compounds. Thus,
urease is involved in N remobilization, as well as in primary N assimilation. Two urease
isoforms have been described for soybean: the embryo-specific, encoded by the Eul gene,
and the ubiquitous urease, encoded by Eu4. A third urease-encoding gene was recently
identified, designated Eu5, which encodes the putative protein product SBU-III. The
present study aimed to evaluate the contribution of soybean ureases to seed germination
and plant development. Analyses were performed using Eul/Eu4/EuS-co-suppressed
transgenic plants and mutants of the Ful and Eu4 urease structural genes, as well as a
urease-null mutant (eu3-a) that activates neither the ubiquitous nor embryo-specific
ureases. The co-suppressed plants presented a developmental delay during the first month
after germination; shoots and roots were significantly smaller and lighter. Slower
development was observed for the double eul-a/eud-a mutant and the eu3-a single
mutant. The N content in transgenic plants was significantly lower than in non-transgenic
plants. Among the mutants, eu3-a presented the lowest and eu1-a the highest N content.
Altogether, these results indicate that increased ureolytic activity plays an important role

in plant development.

Keywords: Plant development, functional study, transgenic plants, mutants, urease
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Introduction

Nitrogen (N) is the most limiting plant nutrient, possibly after fixed carbon, for
plant growth and development (Marschner, 2012). Therefore, efficient mechanisms both
to take up N in its various forms and to reallocate it are necessary for optimal N use
efficiency (Witte, 2011). In plant cells, urea is an important internal and external source
of N that must be converted to ammonia for N assimilation (Wang et al., 2008). In nature,
two major biochemical processes lead to urea production: (1) arginase-catalyzed
production of urea (and ornithine) from arginine (a major N storage form); (2) purine
degradation to glyoxylate and urea. While arginases are active in plants, purine
degradation exclusively through urea, though occurring in many bacteria, fungi and algae,
does not occur in soybean and Arabidopsis. Rather, in these dicotyledonous plants, the
purine degradation product allantoin, which contains the four ring N atoms of purine, is
degraded to four ammonia molecules, bypassing a urea intermediate (summarized in

Witte, 2011).

Nonetheless, plant assimilation of arginine-derived urea is important for efficient
N use, both in mobilization of seed N reserves during germination, as well as in
remobilization of N in senescing tissues. In soybean, arginine is the major amino acid
repository of seed N (Micallef and Shelp, 1989), and one of the predominant amino acids
in angiosperm seed protein in general (Van Etten ez al., 1963). In soybean, arginase action
during germination releases much urea, which is hydrolyzed by urease action (Goldraij
and Polacco, 1999, 2000)

The importance of urease for recycling N was highlighted in aged Arabidopsis
thaliana seeds that failed to germinate when urease was chemically inhibited, but could
be rescued by an external N source (Zonia ef al., 1995). And, according to Bohner ef al.,

(2015) 13% of N exported out of senescing leaves of A. thaliana via the petiole is urea.
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Urease-negative soybean (mutants and nickel-deprived wildtype) accumulate urea in
necrotic leaf tips (Stebbins et al., 1991) to levels approaching 2.5% dry weight (Eskew et
al., 1983). We note that in Stebbins, (1991) and Eskew et al. (1983) available N was not
limiting.

Urea can be hydrolyzed by two different enzymes: urease and an ATP (and
biotin)-dependent urea carboxylase/allophanate hydrolase. The latter, found in some
fungi, algae and at least one bacterium (Kanamori et al., 2004), has never been reported
in plants. Rather, all plants appear to have a urease (Hogan et al, 1983 and our own
observations). In soybean and Arabidopsis, urea nitrogen is only available after urea
hydrolysis by urease (Goldraij et al., 2003; Witte, 2011; Polacco et al., 2013). Urease
(EC 3.5.1.5) was the first identified nickel-dependent metalloenzyme (Dixon et al., 1975),
and much has been learned of the construction and function of its metallocenter (Carter
et al., 2009). Urease catalyzes the hydrolysis of urea to ammonia and carbon dioxide. In
addition to plants, ureases are synthesized by bacteria, fungi and algae (Krajewska, 2009).
The N product of urease activity — ammonia - is incorporated into organic compounds
mainly by glutamine synthase activity (Mobley et al., 1995; Sirko and Brodzik, 2000).
Thus, urease is involved in N remobilization, as well as in primary N assimilation (Cao
etal., 2010).

In addition to the N assimilatory function of urease, plant ureases appear to have
defensive roles against herbivore and fungal attack (Carlini and Ligabue-Braun, 2016).
In soybean, three urease isoforms have been described. The ubiquitous urease, encoded
by the Eu4 gene, is expressed at low levels in all tissues and is responsible for recycling
both metabolically-derived and exogenous urea (Polacco et al., 1985; Torisky et al., 1994;
Goldraij et al., 2003). The embryo-specific urease, encoded by Eul, is highly expressed

in developing embryos and accumulates in mature seeds (Polacco and Havir, 1979;
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Polacco and Winkler, 1984; Polacco and Holland, 1993). A third urease-encoding gene
was recently identified in the soybean genome (Polacco et al. 2011, 2013). This gene was
designated EuS5, and its putative protein product was named SBU-IIIL. Eu5 is expressed in
the first stages of root development and during seed maturation. Its transcript levels are
lower than those of the other two soybean urease isoforms (Wiebke-Strohm et al 2016).
Urease-negative mutant soybean plants were examined to ascertain the role(s) of
the urease isoforms. An embryo-specific urease null mutant (eu/-a) seems not to exhibit
an altered physiology (Polacco et al., 2011). Ubiquitous urease missense mutants (eu4-a
and eu4-b) produce an inactive protein and display no ureolytic activity in leaves, roots
and hypocotyls (Torisky and Polacco, 1990; Stebbins et al., 1991; Witte et al., 2002,
Goldraij et al., 2003; Polacco et al., 2011). eu4 callus cultures cannot use 5 mM urea as
N source, but are resistant to 50 mM urea in the presence of a standard NH4" + NOs™ N
source, and show growth responses contrary to those of Eu4 cultures (Goldraij et al.,
2003). The eul-a/eud-a double mutants were considered virtually devoid of ureolytic

activity (Stebbins and Polacco, 1995; Goldraij et al., 2003).

A null mutant for the Eu3 gene, which encodes an accessory protein, UreG,
necessary for urease activation, has also been characterized (Freyermuth et al., 2000).
There is only a single copy of this gene in the soybean genome, and the deletion mutant
eu3-a exhibits a complete loss of urease activity (Stebbins and Polacco, 1995; Polacco et
al., 2011; Tezotto et al., 2016).

A previous study was performed by our team aiming to overexpress Eu4 in
soybean plants. Unexpectedly, the transgenic plants exhibited co-suppression of the
endogenous and the introduced Eu4 transgene, resulting in decreased ureolytic activity
(Wiebke-Strohm ef al., 2012). As null mutants for the ubiquitous urease have not been

obtained to date, the co-suppressed transgenic plants represent a powerful tool for

42



functional gene studies. Here, we sought to determine the roles of urease in soybean

development by elimination of all urease isoforms.

Material and Methods

Plant material and growth conditions

Homozygous eul-a, eud-a, eul-a/eud-a and eu3-a mutants have been described
previously. All, except eul-a, were recovered from EMS (ethyl methane sulfonate)
mutagenesis of cv. Williams, and were subsequently outcrossed to Wiliams 82. The
original eu1-a mutation was recovered from the ‘Itachi’ landrace and introgressed into
Williams by Dr Dick Bernard (University of Illinois-Champaign-Urbana) by five crosses.
Thus, the genetic background of these mutants is the Williams (eu1-a) and Williams82
(eud-a, eul-aleud-a and eu3-a) cultivars. Williams and Williams82 are supposedly
isogenic, except for a fungal resistance gene introgressed into Williams 82 (Bernard and

Cremeens, 1988).

Two independent transgenic events (A3 and A8) of soybean cultivar IAS5 that
presented co-suppression of eu4 were obtained from bombarded embryogenic tissue. The
vector used for transformation contained the Eu4 and the gfp-encoding sequences
(Wiebke-Strohm ef al., 2012). Plants derived from non-transgenic embryogenic tissues
submitted to the same culture conditions were recovered and used as a control.

Subsequent generations were obtained by self-fertilization of plants.

Transgenic seeds of A3 and A8 events (from Ti, T2 and T3) were placed in Petri
dishes containing sterile filter paper moistened with sterile distilled water for 24 h. Seeds
expressing the gfp reporter were selected under blue light using a fluorescence

stereomicroscope (Olympus®), equipped with a BP filter set with a 488 nm excitation
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filter and a 505-530 nm emission filter. GFP-positive and negative plants were also PCR-
screened to confirm presence/absence of the transgene using the protocol described by
Wiebke-Strohm et al. (2012). Positive transgenic, as well as non-transgenic seeds, were
sown in organic soil and maintained in a greenhouse until maturity at FUNDACEP-
CCGL (Cruz Alta, RS, Brazil) and supplemented with a nutrient solution containing

either NO3 or NHy (as N source).

For seed germination and developmental evaluation, GFP-positive transgenic
(T2), mutants, IAS5 non-transgenic and Williams82 seeds were sown in pots containing
vermiculite and maintained for one month in a growth chamber at 26 + 1° C with a 16/8
h light/dark cycle at a light intensity of 22.5 uEms™!. Plants were not supplemented with

any nutrient solution during the first 30 days of development.

RNA extraction, cDNA synthesis and guantitative real-time PCR (RT-qPCR)

Total RNA was extracted from roots with Trizol reagent (Invitrogen) and treated
with DNase I (Invitrogen) according to the manufacturers’ instructions. First-strand
cDNAs were obtained using 1 pg of DNA-free RNA, M-MLV Reverse Transcriptase
SystemTM (Invitrogen) and oligo(dT) primers.

RT-gPCR was performed on a StepOne Real-time Cycler™ (Applied
Biosystems). PCR-cycling conditions were implemented as described: 5 min at 94 °C,
followed by 40 cycles of 10 s at 94 °C, 15 s at 60 °C and 15 s at 72 °C. A melting curve
analysis was performed at the end of the PCR run, over the range of 55-99 °C, increasing
the temperature stepwise by 0.1 °C every 1 s. Each 25-uL reaction comprised 12.5 pL
cDNA (1:50 dilution), 1x PCR buffer (Invitrogen), 2.4 mM MgCl, 0.024 mM dNTPs,

0.1 uM of each primer, 2.5 pL of SYBR-Green (1:100,000, Molecular Probes) and 0.03

44



U of Platinum Taq DNA Polymerase (5 U/ul, Invitrogen). All PCR assays were
performed in technical quadruplicates and 10 biological samples. Reactions lacking
cDNA were used as negative controls.

Transcript levels of the three urease-encoding genes were evaluated. The F-box
protein and a metalloprotease were used as references for gene expression normalization
(Jian et al,. 2008; Libault et al., 2008). Primer sequences are presented in Table 1. The
expression data analyses were performed after comparative quantification of amplified

products using the 224t method (Livak and Schmittgen, 2001).

Ureolytic activity

Urease activity in transgenic (A3 and A8) and non-transgenic plants was
determined with a urease indicator solution: 6 g urea, 10 mL cresol red (1 mg/mL
ethanol), 10 mL KH>PO4/K>;HPO4/EDTA (10 mM KPi/1 mM EDTA pH 7.0) and 1 mL
sodium azide 20% (w/v) per liter (Meyer-Bothling and Polacco, 1987). Powdered leaves
and roots (£ 100 mg) of two-week old plants, were incubated in a 1 mL urease indicator
solution for 24 h at 60 °C, as well as mature seed slices that were incubated for 20 min at
room temperature. The eu3-a mutant was used as negative control. As urea is hydrolyzed
by urease, the ammonia released increases the pH and turns to pink the initial yellow

coloration of the cresol red pH indicator.

Germination

Germination capacity of seeds (T2) from two transgenic events (A3 and A8) was
compared with that of IASS5 non-transgenic seeds. For eu/-a, eud-a, eul-a/eud-a and eu3-
a mutant seeds germination capacity was compared with that of Williams82 non-mutant

seeds. Seed germination, defined as radicle protrusion, was recorded over one month.
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Developmental pattern

Seven, 14, 21 and 30 days after sowing, seedlings from all genotypes were
classified according to their developmental stage following the categories proposed by
Neumaier et al. (2000): VE = emergence of cotyledons; VC = completely opened
cotyledons; V1 = completely developed unifoliate leaf pair; V2 = completely developed
first trifoliate leaf, V3 = completely developed second trifoliate leaf. Eighteen plants
derived from each event (A3 and AS), 10 non-transgenic plants, 18 plants from each
mutant and 10 non-mutant plants were observed. In addition, the dry matter and length of

roots and shoots were also determined one month after sowing.

Grain yield

The number of seeds produced per plant in three generations of transgenic (T1, T2

and T3) and non-transgenic plants were compared.

Nitrogen content

Shoot nitrogen content (N mobilized from the cotyledons) was measured by the
Kjeldahl method according to the methodology described by Tedesco et al. (1995) one
month after sowing. This analysis evaluated 18 plants derived from each line A3 and A8
and 10 non-transgenic ones. Eighteen plants from each mutant (eul-a, eud-a, eul-a/eu4-

a and eu3-a) and non-mutant plants were also evaluated.

Statistical analysis
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A Student’s ¢ test was used to compare the expression levels (RT-qPCR) of urease-
encoding genes (Eu4, Eul, EuS) in roots of transgenic vs. non-transgenic plants and
mutant vs. non-mutant plants.

In order to compare developmental stages, a score was attributed to each
developmental category (VE =1, VC =2, V1 =3, V2 =4,V3 =5). A generalized linear
model for repeated measures was used to compare plant development among genotypes
(IASS transgenic vs. IAS5 non-transgenic plants; eu/-a or eu4-a or eu3-a or eul-a/eud-
a mutant vs. Williams82 non-mutant plants). ANOVA followed by Bonferroni’s post
hoc test were performed on dry matter, length and weight of roots and shoots data. A
Student’s ¢ test was carried out in order to compare the number of seeds produced per
transgenic and non-transgenic plant in different generations (T1, T2 and T3). Data on shoot
nitrogen content was compared among genotypes by ANOVA followed by Tukey’s post

hoc test. Analyses were performed using SPSS 18.0 software.

Results

Gene expression

Roots were chosen for gene expression analysis by RT-qPCR because Eu5
transcripts are mainly detected in this organ (Wiebke-Strohm et al., 2016). As expected,
the progeny of transgenic plants showed lower Eu4 transcript levels than non-transgenic
controls, suggesting that the co-suppressed phenotype was maintained. Additionally, it
was observed that the other urease-encoding genes, Eul and EuS, were also down-
regulated (Figure 1A).

The transcript levels of all three urease-encoding genes in the mutants plants
followed the predicted pattern: eud-a and eu3-a displayed normal mRNA levels of the

three genes; eul-a and eul-a/eud-a presented lower levels of Eul, but normal Eu4 and
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Eu5 expression levels (FigurelB). It is worth noting that although not affecting the
mRNA expression levels, the eud-a (and eud-b) mutant produces a non-functional

enzyme with a single amino acid replacement (Goldraij et al., 2003).

Ureolytic activity

Ureolytic activity in transgenic and non-transgenic plants was evaluated with
cresol red pH indicator by the seed chip assay of dried samples of leaves, roots and seeds.
As expected, samples containing non-transgenic tissues showed pink coloration,
indicative of urea hydrolysis. On the other hand, leaf and root samples of transgenic plants
showed no observable color change even after 24 h incubation at 60 °C, indicating
absence or drastic reduction of urease activity. Slices of mature seeds exhibited little or
no activity. Very low urease activity was confirmed comparing transgenic with eu3-a

seeds (used as a negative control) (Supplemental Figure S1).

Taken together, urease expression and activity assays indicate that transgenic
plants have had all three urease-encoding genes silenced in all tissues, reinforcing the

potential of these plants for functional studies.

Germination

The germination rate of T> seeds from the two independent transgenic events was
evaluated and compared to that of non-transgenic seeds. No differences were detected,
suggesting that the absence of all three ureases did not affect germination. The same result
was observed on germination of the eul-a, eud-a, eul-a/eud4-a and eu3-a mutants and
non-mutant Williams82. Germination rates were higher than 90% for all genotypes (data

not shown).
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Developmental pattern

Plant development was evaluated 7, 14, 21 and 30 days after sowing. T> transgenic
plants and non-transgenic plants, as well as eu/-a, eu4-a, eul-a/eud4-a and eu3-a mutant
and non-mutant plants were classified into developmental categories. Interaction among
genotype, developmental categories and time-course was highly significant (p<0.01). The
two independent transgenic events showed a significant delay in development when
compared with non-transgenic plants (Figure 2A and Figure 3). Size and dry weight of
shoots and roots were significantly lower in transgenic plants when compared with non-
transgenic (Table 2).

The developmental pattern of mutant plants was compared to non-mutants. The
eul-a single mutant showed a pattern similar to that of the non-mutant. The eu4-a mutant
developed faster than control plants. Slower development was observed for the eul-
a/eud4-a double mutant and the eu3-a single mutant when compared to the non-mutant
plants (Figure 2B). One month after germination, no differences were observed among
the shoot and root sizes of eu/-a and eu4-a mutants and non-mutant plants. The shoot
sizes of eul-a/eud4-a double mutants and eu3-a single mutants were significantly smaller
than those of the other genotypes. Regarding shoot and root weight, the eu/-a/eu4-a and
eu3-a mutants were lighter than the other two mutants, but did not differ significantly
from control. Total root length analysis showed that mutant eu3-a had the smallest root

system (Table 2).

Nitrogen content

The nitrogen content was measured in shoots of one-month-old plants. The N

content in transgenic plants of the two independent events was significantly lower than
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that present in non-transgenic plants (Figure 4A). The comparison among mutants

showed that eu3-a presented the lowest and eu1-a the highest N content (Figure 4B)

Grain yield

The number of seeds produced by three generations of transgenic plants was
compared with those produced by non-transgenic plants. A significantly lower number of

seeds was obtained for transgenic plants (Figure 5).

Discussion

The present study aimed to evaluate the contribution of soybean ureases to seed
germination and plant development. Analyses were performed using co-suppressed
transgenic plants and plants with mutations in urease-related genes. The transgenic plants
were the progeny (T2) of two independent events in which the Eu4 gene was down-
regulated as previously described (Wiebke-Strohm et al,, 2012). Molecular analyses
showed that Eu4 co-suppression was maintained in the transgenic progeny. In addition it
was verified that transgenic plants exhibited very low transcript levels of the other two
ureases encoded by the Eul and Eu5 genes. The phenomenon of co-suppression by
transgenic DNA has been observed in many organisms, with the introduction of
transgenic copies of a gene resulting in reduced expression of the transgene, as well as of
the endogenous gene. This effect depends on the sequence identity between transgene and

endogenous gene (Ketting and Plasterk, 2000).

Soybean plants with mutations in urease genes were also evaluated confirming the
expected expression pattern. Normal transcript levels of all three urease-encoding genes
were detected for eu4-a and eu3-a mutants. This result is consistent with the eu4-a allele

encoding G468E missense-altered ubiquitous urease (Goldraij et al., 2003). Eu3 is the
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only UreG-encoding gene in the soybean genome. UreG is essential for urease activation,
and the eu3-a mutant presents a complete loss of urease activity (Freyermuth ez al., 2000),
consistent with a >90% deletion of the UreG ORF (Tezotto et al.,, 2016). The eu3-a
mutation did not alter Eu4, Eul and Eu5 expression levels, indicating a lack of feedback
control on urease structural gene transcription by apo-urease(s). The mutants eu/-a and
eul-a/eud-a exhibited similar expression patterns: lower Eul, but normal Eu4 and Eu5
transcript levels. Since eu/-a is a null mutant (Polacco ef al., 1993), low levels of Ful
transcripts are expected, and indeed, Torisky et al. (1994) employing Eul-specific PCR

primers, recovered no detectable product from eu1-a embryo cDNA.

Ureolytic activity in transgenic and non-transgenic plants was evaluated by the
seed chip assay. As expected, leaf and root samples of transgenic plants showed no color
change even after 24 h incubation. The urease activity level can be inferred based on the
time change “yellow to pink” on the seed chip assay (Polacco et al., 2011). According to
the authors, 0.2% normal urease specific activity requires 10 hours for changing the
solution color. When the activity decreases to 0.15%, the time required for solution color
change is 48 hours. Based on these data, we conclude that the urease activity in leaves
and roots of transgenic plants was absent or less than 0.2%, since no change in color was
observed after a 24 hours incubation. The reaction catalyzed by urease is essential to allow
most organisms (those lacking urea carboxylase) to use external or internally generated
urea as a nitrogen source (Mobley and Hausinger, 1989; Mobley et al., 1995).

It has been demonstrated that aged A. thaliana seeds fail to germinate when urease
was chemically inhibited, but seed viability could be rescued by an external N source
(Zomia et al., 1995). In the present study no differences were detected in germination rates
of transgenic and mutant seeds. However, it is important to highlight that soybean seeds

were not aged and have a much higher protein content than A. thaliana seeds.
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An association between urease activity and developmental pattern was observed.
Transgenic plants, as well as eu3-a and the double eu/-a/eu4-a mutants, showed a delay
over the first month after sowing. The delay in development was maintained even in adult
transgenic plants and may be the cause of lower seed production. In A. thaliana, both
urease transcripts and ureolytic activity increased after germination, especially in 8/9-
day-old wild-type seedlings (Zonia et al., 1995). Embryo-specific urease (Eul) activity
in young soybean plants was also observed by Torisky and Polacco, (1990). Similarly,
high transcript level of Eu4 and moderate transcript levels of Eul and Eu5S were detected
in soybean seeds one day after dormancy break (Wiebke-Strohm et al., 2016). Taken
together, these results indicate that increased urease content and/or ureolytic activity play
arole in early stages of plant development.

A role in making nitrogen available during plant development has been attributed
to soybean ubiquitous urease due to its catalytic activity and tissue distribution (Stebbins
et al., 1991). However, our results indicate that £u1 and Eu5 have a contribution in the
developmental process as well. This is supported by the finding that transgenic A3 and
A8, mutant eul-a/eu4-a and eu3-a plants showed a delay in the first developmental
stages. In transgenic plants, the impairment in development was confirmed by the
significant reduction in size and weight of roots and shoots one month after germination.
These data are consistent with significantly lower nitrogen content detected in transgenic
plants. Regarding mutant plants, eu3-a tends to be smaller and lighter than the other
genotypes, although significant differences were only detected for roots and shoots size.
The reduction in dry matter is also reflected in the lowest nitrogen content. An unexpected
result was the significantly higher nitrogen content present in eu/-a. The differences in

nitrogen content might be due to differences in mutant genetic backgrounds. Williams is
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the background for eul-a, while Williams82 is the one for the other mutants. In our
experiment, non-mutant Williams82 was used as control.

Based on bioinformatics analyses, Eu5 has been suggested not to be a functional
ureolytic enzyme due to a number of mutations, including deletions (Witte, 2011).
However, according to our results the product of this gene might be involved in plant
development. Further studies are necessary to elucidate whether the ureolytic activity

and/or other non-enzymatic property of ureases are involved on plant development.
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Figure 1 Transcript levels (RT-qPCR) of urease-encoding genes (Eu4, Eul, EuS) in roots
of two-week-old plants. (A) Two independent transgenic events (A3 and AS8) and non-
transgenic plants (NT, control) from cv. IASS. (B) Williams82 non-mutant (NM, control)
and eu4-a, eul-a, eul-a/eud4-a and eu3-a mutants. The bars represent mean+SD of two
non-transgenic plants, 10 transgenic plants from each event, two non-mutant plants and
10 plants from each mutant. Transcripts level of Eu4, Eul and Eu5S detected in non-

transgenic or non-mutant plants were used to normalize transcript accumulation in
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transgenic or mutant plants, respectively. F-Box and Metalloprotease reference genes
were used as internal controls to normalize the amount of mRNA present in each sample.
* indicates that the mean of each gene is significantly different from the control (¢ -test,

p<0.05).
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Figure 2 - Plant developmental pattern over the first month after germination. (A)
Transgenic and non-transgenic plants were evaluated: 18 plants derived from each event
(A3 and AS8) and 10 non-transgenic plants. (B) eu4-a, eul-a, eul-a/eud4-a and eu3-a
mutant and non-mutant plants were evaluated: 18 plants from each mutant and 10 non-
mutant plants. Plants were classified according categories: VE= emergency of

cotyledons; VC= completely opened cotyledons; V1 = completely developed unifoliate
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leaf pair; V2= completely developed first trifoliate leaf; V3= completely developed
second trifoliate leaf. A generalized linear model for repeated measures was used to

compare the plant development among genotypes (p<0.01).
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Figure 3 - Transgenic and non-transgenic plants seven, 14, 21 and 30 days after

germination. Transgenic plants and non-transgenic plants are from cv. IASS.
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Figure 4 - Nitrogen content rate in shoot of soybean at one month after germination. (A)
Transgenic and non-transgenic plants were evaluated: 18 plants derived from each event
(A3 and AS8) and 10 non-transgenic plants. (B) eu4-a, eul-a, eul-a/eud4-a and eu3-a
mutant and non-mutant plants were evaluated: 18 plants from each mutant and 10 non-

mutant plants. ANOVA, p<0.0001. Means followed by the same letter did not differ by

Tukey’s post hoc test.
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Figure 5 - Relative percentage of seeds produced by transgenic plants in three generations
(Ty, T2 and T3). The mean number of seeds produced by non-transgenic plant was
considered 100%. Transgenic plants and non-transgenic plants are from cv. IASS. *
indicates that the mean of transgenic seeds is significantly different from non-transgenic

in each generation (¢ -test, p<0.05).
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Table 1 - Primer set designed for RT-qPCR

Target gene Primer sequence

5’-AAGAACAAGAGCAGGGGAACT-3’

5S’-CTTGCTTATTGTTTTTTGCCAAT-3"

5’-GAGAAATGTCACATGCACACTG-3’

5’-GGCATTAAGGCAGCTCACTCT-3’

5’-CTAATGGCAATTGCAGCTCTC-3’
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Table 2 - Dry matter and length of roots and shoots one month after germination.

Shoot Root
12.58 a 0.63a 21.46a 0.37%
9.61b 0.39b 14.66b 0.28b
13.65A 0.69A 47.97A 0.58?
eul-a/eu4-a 10.02B 0.51B 45.30AB 0.31B

ANOVA, p<0.05. Means followed by the same letter did not differ by Bonferroni’s test.
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Figure S1- Ureolytic activity in transgenic and non-transgenic plants. (A) powdered
leaves and roots of two-week old plants (B) slices of mature seeds were incubated in a
pH-indicator reagent containing cresol red and weakly buffered 10 mM urea. As the
ureolytic activity proceeds, the released NH4" increases the pH, turning the solution from
yellow to pinkish. SWS = solution without sample; non-transgenic plant from cv. IASS;
eu3-a mutant (used as negative control) and two transgenic plants from each event (A3

and AS).
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RESUMO

Nematoides formadores de galhas, sdo um dos patdogenos mais prejudiciais a soja,
sendo de dificil controle. Neste trabalho, foi identificado um peptideo derivado de uma
urease de soja, denominado Soyuretox, que exerce efeito toxico contra o fitonematoide
formador de galha Meloidogyne javanica. O Soyuretox foi expresso em raizes de plantas
compostas e em plantas transgénicas estaveis de soja. O fator reprodutivo do nematoide
foi avaliado tanto em raizes de plantas compostas como em plantas estavelmente

transformadas.
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Abstract

Nematodes are pathogens of many important agricultural crops, including soybeans. The main species
found in Brazil are root-knot (Meloidogyne spp.), cyst (Heterodera glycines), root lesion (Pratylenchus
brachyurus) and reniform (Rotylenculus reniformis) nematodes. Ureases are traditionally known for
catalyzing the hydrolysis of urea to ammonia and carbon dioxide. Besides the main function they present
other independent biologically active domains, which ascribe among other activities toxicity against insects
and fungi. It has been shown that toxicity against insects involves the proteolytic activity of digestive
enzymes resulting in the release of toxic peptides. In the current study, we produced soybean stable
transgenic plants and soybean composite plants with hairy roots overexpressing a soybean urease-derived
peptide (named Soyuretox) and characterized their response to Meloidogyne javanica. This is the first report
to demonstrate the potential of Soyuretox to confer resistance against nematodes. Thus, Soyuretox may

represents a new and efficient alternative to control pests and diseases in economically important crops.
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Introduction

Soybeans (Glycine max) are affected by several abiotic and biotic stresses that limit the
geographical distribution of cultures and lead to significant reductions in growth and productivity.
Nematodes represent a significant threat to global food production, causing losses greater than 80 billion
dollars annually due to lower yields of economic crops worldwide (Nicol et al. 2011). In Brazil, the diseases
caused by nematodes are one of the most damaging biotic stresses for soybeans (Dias et al. 2010).

Various nematode genera infect and parasitize soybeans. The main species found in Brazil are
Meloidogyne spp. (root-knot), Heterodera glycines (cyst), Pratylenchus brachyurus (root lesion) and
Rotylenchulus reniformis (reniform) (Dias et al. 2010). Root-knot and cyst nematodes are obligate biotrophs
sedentary nematodes. This group of nematodes are the most damaging, because they induce the formation
of complex feeding sites within the roots hence they are very difficult to control (Jones et al. 2013).

The root-knot nematode life cycle, which can be completed in approximately 30 days under
optimal conditions, includes six stages: the egg, four juvenile stages and the adult (Moens eta al. 2010).
Upon infection, pre-parasitic second-stage juveniles (J2) penetrate the roots and migrate toward the vascular
cylinder where they induce the growth of a multinuclear feeding site, which consists of several giant cells
(Moens eta al. 2010). The expansion and proliferation of neighboring cortical and pericycle cells leads to
gall formation (Fuller et al. 2008). After feeding, the larvae develop into third-stage juveniles (J3) and
fourth-stage juveniles (J4) and finally into adults. Adult males are vermiform and leave the root. Females
continue to feed and grow, and they become pear-shaped (Chitwood and Perry 2009). Mature females lay
eggs in a protective gelatinous matrix, forming an egg mass, which are found on the root surface or are
incorporated into galls, and can contain up to 1,000 eggs (Moens eta al. 2010).

Plants infested by root-knot nematodes exhibit drastic morphological and physiological changes
such as retarded growth, chlorosis and low yields. In addition, the infection facilitates attack by other pests,
such as fungi, viruses and bacteria (Bird and Kaloshian 2003; Williamson and Gleason 2003).

Genetic engineering has the advantage of incorporating genes from any species for any crop that
could provide resistance against pathogens. Chitinase and glucanase-encoding genes have been used to

produce fungal-resistant transgenic plants (Ceasar and Ignacimuthu 2012). Studies on the effects of
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candidate molecules against nematodes are scarce. Only a few reports have shown toxicity of some Bacillus
thuringiensis isolates against several species of nematodes. Genes encoding Cry proteins efficient against
Lepidoptera are quite common, whereas those with nematicidal properties are rare (Gongalves et al. 2014).

Plant ureases are multifunctional enzymes (Carlini and Ligabue-Braun 2016) that are traditionally
known to catalyze the conversion of urea to ammonia and carbon dioxide (Mobley et al. 1995). More
recently, it has been demonstrated that ureases are toxic to fungi and insects (Carlini and Polacco 2008;
Stanisguaski and Carlini 2012). The domains conferring the insecticidal and fungicidal properties are
independent of the enzyme activity (Follmer et al. 2004; Becker-Ritt et al. 2007).

Insecticidal activity is mostly mediated through a proteolytic activation process that depends on
the profile of the insect’s digestive enzymes, which release toxic peptides (Carlini et al. 1997; Ferreira-
DaSilva et al. 2000). Canavalia ensiformis (jack bean) and soybean ureases are particularly toxic to
Coleoptera and Hemiptera, whose digestive tracts rely on proteolytic cathepsin-like enzymes (cysteine and
aspartic proteases) (Stanisguaski and Carlini 2012).

An insecticidal peptide of ~10 (kDa) was isolated from canatoxin, one of the isoforms of jack bean
urease (Carlini and Ferreira-Da-Silva 2000; Ferreira-DaSilva et al. 2000). Subsequently, the corresponding
DNA sequence was identified for another C. ensiformis urease-encoding gene (jbure-II) and the encoded
peptide, called jaburetox-2Ec (Mulinari et al. 2007) or simply jaburetox (Postal et al. 2012), was expressed
in Escherichia coli. The recombinant jaburetox exhibited toxicity against insects such as Dysdercus
peruvianus and Rhodnius prolixus, including some species that were not affected by native ureases, such
as the fall armyworm Spodoptera frugiperda (Stanisguaski and Carlini 2012).

In soybeans, two urease isoforms have been described: the ubiquitous urease encoded by the Eud
gene (Glymal1g37250; GenBank accession AJ276866) and the embryo-specific urease encoded by the Ful
gene (Glyma05g27840; GenBank accession NM001249869) (Holland et al. 1987; Goldraij et al. 2003). A
third urease-encoding gene was recently identified, designated Eu5 (Glyma08g103000), and its putative
protein product SBU-III (Wiebke-Strohm et al. 2016).

In the present study, the DNA sequence corresponding to jaburetox was identified as part of the
soybean Fu4 gene, and the resulting peptide was named Soyuretox. The effect of Soyuretox against the
root-knot nematode Meloidogyne javanica was tested. This is the first report providing evidence that the
overexpression of Soyuretox in hairy roots and stable transgenic plants can be used to increase resistance

against nematodes.
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Materials and Methods

Identification of Soyuretox
The internal sequence of the soybean ubiquitous urease (Glymal 1g37250; AJ276866) collinear

with jaburetox was identified by amino acid alignment using ClustalW (Larkin et al. 2007) (Fig. 1).

Construction of transformation vector

The 242 bp Soyuretox-encoding sequence was amplified from a previously cloned pET23a::Eud
construct using a specific primer pair (Table 1). Start (ATG) and termination (TGA) codons and the CACC
sequence (necessary for directional GateWay cloning) were added to the primer sequences. The PCR
mixture was prepared with 10 ng of recombinant plasmid, 1X PCR buffer, 2.5 mM MgCl,, 0.4 mM dNTP,
0.4 uM of each primer, 1 U Taq DNA polymerase (5 U/ul - Invitrogen) and autoclaved distilled water in a
final volume of 25 pL. Reactions were hot-started (3 min at 94 °C) and subjected to 32 cycles as follows:
1 min at 95 °C, 1 min at 52 °C and 2 min at 72 °C.

The Gateway® system (Invitrogen) was used to recombine the PCR product into the pH7WG2D
plant overexpression vector (Karimi et al. 2002). The T-DNA region of the resulting pH7WG2D::Soyuretox
vector contained the Soyuretox-encoding sequence under the control of the CaMV 35S promoter (P35S),
the hygromycin-phosphotransferase marker gene (4pf) and the green fluorescent protein reporter gene (gfp)
(supplementary Fig. S1). The amplicon identity was confirmed by sequencing using the P35S forward
primer and Soyuretox reverse primer (Table 1). The pH7WG2D::Soyuretox and empty-pH7WG2D

(control) plasmids were independently transformed into the Agrobacterium rhizogenes K599 strain.

Soybean root transformation by A. rhizogenes

Single colonies of A. rhizogenes K599 harboring pH7WG2D::Soyuretox or empty-pH7WG2D
were inoculated in 10 mL of Yeast Extract Peptone (YEP) liquid medium containing 100 mg/L rifampicin
and 100 mg/L spectinomycin and incubated overnight with shaking at 28 °C. The pre-inocula were
inoculated in 500 mL of the same medium and incubated for an additional 24 h. The cultures were
centrifuged at 500 rpm at 4 °C for 10 minutes, and the pellets were resuspended in 8 mL of autoclaved

Milli-Q water.
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The soybean composite plants presenting transgenic roots were obtained as previously described
(Kuma et al. 2015) with minor modifications. Briefly, the radicle of plants (Williams82 cultivar) were
inoculated with 0.1 mL of 4. rhizogenes culture using a syringe. The seedlings were transferred to a medium
containing 15 ug/mL of hygromycin-B. After 10 days, the first selection of transformed roots was carried
out by observing GFP expression under a fluorescence stereomicroscope Leica MZIII (Leica Microsystems
GmbH, Wetzlar, Germany). GFP-negative roots were removed. Plants were recovered in a hydroponic
system for 10 days, follow by a new procedure of GFP-positive selection under microscope. Composite
plants that presented only transformed roots were transplanted into tubes containing autoclaved sand for

bioassays with root-knot nematodes.

Transformation by particle bombardment

Somatic embryogenesis was induced from IASS5 cultivar immature cotyledons. Proliferation,
transformed embryo selection, maturation and plant regeneration were carry out according to protocol
previously described (Droste et al. 2002; Wiebke-Strohm et al. 2012). After three months in hygromycin-
B selection medium, resistant embryogenic soybean tissues were visually selected and individually cultured

for the establishment of transgenic lines.

Molecular analysis of transgenic hairy roots and plants

The extraction of total DNA from roots and leaves was performed (Doyle and Doyle 1987).
Putative transgenic roots (composite plants) and leaves (stable transgenic plants) were PCR-screened for
the presence of the P35S-Soyuretox chimeric gene using the primer pair described in Table 1. The PCR
mixture contained 200-300 ng DNA, 1X PCR buffer, 2.5 mM MgCl,, 0.4 mM dNTP, 0.4 uM each primer,
1 U Taq DNA Polymerase (Invitrogen), and autoclaved distilled water to a final volume of 25 pL. Reactions
were hot-started for 3 min at 94 °C and subjected to 32 cycles as follows: 1 min at 95 °C; 1 min at 52 °C
and 2 min at 72 °C.

Total RNA was extracted from roots and leaves using Trizol (Invitrogen) and treated with DNAse
I (Invitrogen) according to the manufacturer’s instructions. First-strand cDNAs were obtained using 1 pg
of DNA-free RNA, the M-MLV Reverse Transcriptase System™ (Invitrogen) and oligo (dT) primers.

Real Time quantitative PCR (qPCR) was performed on a StepOne Applied Biosystem Real-time

Cycler™. PCR-cycling conditions were implemented as described: 5 min at 94 °C, followed by 40
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repetitions of 10 s at 94 °C, 15 s at 60 °C and 15 s at 72 °C. A melting curve analysis was performed at the
end of the PCR run, over the range of 55-99 °C, increasing the temperature stepwise by 0.1 °C every 1 s.
Each 25-pL reaction comprised 12.5 pL of ¢cDNA (1:50 dilution), 1x PCR buffer (Invitrogen), 2.4 mM
MgCl, 0.024 mM dNTPs, 0.1 uM each primer, 2.5 uL of SYBR-Green (1:100,000, Molecular Probes) and
0.03 U of Platinum Taq DNA Polymerase (5 U/uL, Invitrogen). All PCR reactions were performed in
technical quadruplicates. Reactions lacking cDNA were used as negative controls. Primers for the
Soyuretox transcript detection were designed using Primer3 software (Table 1). The F-box protein and a
metalloprotease were used as references for gene expression normalization (Jian et al. 2008; Libault et al.
2008). The expression data analyses were performed after comparative quantification of amplified products

using the 224 method (Livak and Schmittgen 2001).

Root-knot nematode assays

Eggs from M. javanica were placed in a hatching chamber to obtain the infective juvenile stage
(J2). After 2 days, J2 larvae were separated from unhatched eggs and adjusted to a final concentration of
500 J2s/mL. In the assay using composite soybean plants, 500 nematodes were inoculated in the root system
of each plant through a hole in the sand. Eleven composite plants transformed with pH7WG2D::Soyuretox,
ten with empty-pH7WG2D and nine non-transformed plants were inoculated. In the bioassay using stable
transformed events T, transgenic plants, derived from the same transformation event, were inoculated with
5000 J2/plant. Ten T, plants transformed with pH7WG2D::Soyuretox and six non-transformed plants were
used in the test.

Forty-five days after inoculation, all roots of individual plants were collected, washed and divided
into two sets: one was used for molecular analyses and the second to estimate the nematode reproduction

factor.

Confirmation of M. javanica infection

Primers that amplify a partial sequence of the nematode 18S rRNA encoding-gene (Table 1) were
used to confirm the nematode presence in root tissue. Female nematode DN A was used as a positive control.
The PCR mixture was prepared as described above in the “Molecular analysis of transgenic hairy roots and
plants” section. The conditions used were a hot-start for 1 min at 94 °C and 30 cycles as follows: 30 s at 95

°C, 30 s at 64 °C and 1 min at 72 °C.
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M. javanica reproduction factor

To determine the nematode final populations, roots were processed as previously described
(Boneti and Ferraz 1981). The infected roots were weighted, cut in pieces, placed in a blender, immersed
in a 0.5% sodium hypochlorite solution and crushed. The resulting suspension was filtered through 60 and
500-mesh sieves, successively. The material caught in the 500-mesh sieve (which included eggs and J2
larvae) was washed with distilled water to remove the excess of hypochlorite and resuspended in 80 mL of
distilled water.

To count the numbers of eggs and J2 individuals, 1 mL of the suspension was placed on a Peters
slide and analyzed under an optical microscope (40x). The reproduction factor [RF = number of eggs and
J2 in roots/Pi (initial population)] was obtained from the average of three counts/plant. The resulting value

was divided by the root fresh weight of each plant (Wilcken et al. 2010).

Statistical analysis

A non-parametric ¢ test was carried out to compare the Soyuretox transcript levels in transformed
vs. non-transformed hairy roots and transformed vs. non-transformed plants.

The nematode RF values were compared among: (1) pH7WG2D::Soyuretox, empty-pH7WG2D
transformed roots and non-transformed hairy roots, and (2) transformed vs. non-transformed plants. One-
way ANOVA followed by Tukey's test was used. Analyses were performed using SPSS 18.0 software.

Results with p<0.05 were considered statistically significant.

Results
Generation and characterization of composite and transgenic plants

In order to access whether Soyuretox overexpression would enhance resistance to nematodes,
composite plants and stable transgenic plants were obtained by A. rhizogenes and bombardment
transformation, respectively.

After the selection period, hairy roots transformed with pH7WG2D::Soyuretox (expressing
Soyuretox and GFP) and empty-pH7WG2D vector (expressing only GFP) were screened for the presence
of GFP. Strong green fluorescence was evident in roots of the 21 obtained composite plants (11 carrying
pH7WG2D::Soyuretox and 10 empty-pH7WG2D), indicating the insertion and expression of the gfp gene

harbored by the vector (Fig. 2). The transformation efficiency (number of positive composite plants/number
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of seedlings subjected to transformation) obtained was 54 and 47% for seedlings transformed with
pH7WG2D::Soyuretox and empty-pH7WG2D, respectively.

The presence of 35S promoter and Soyuretox-enconding sequences in the genome of the ten
transgenic plants and in the hairy roots of 11 composite plants was confirmed by PCR (data not shown).
The Soyuretox relative expression varied from 2 to 42-fold in transformed hairy roots, comparing to the
non-transformed roots (Fig. 3a). Soyuretox transcript levels were also significantly higher in transgenic
plants (2 to 21-fold) when compared with non-transformed plants (Fig. 3b). Basal transcript levels were

detected in non-transformed hairy roots and plants, corresponding to endogenous Fu4 gene expression.

Soyuretox effects on nematode infection

Two bioassays were carried out to evaluate the potential of Soyuretox in conferring resistance
against nematodes. Composite plants containing only GFP-positive roots were inoculated with M. javanica
J2. After 45 days, 80 and 70% of roots transformed with Soyuretox or empty-pH7WG2D, respectively, still
exhibited GFP fluorescence. Roots overexpressing Soyuretox exhibited a significant reduction (50%;
2<0.05) in the average number of nematodes and eggs when compared with non-transformed roots (Fig.
4a). Transgenic plants overexpressing Soyuretox also exhibited significant reduction (37.5%; p<0.05) on
the number of eggs and nematodes when compared with non-transformed plants (Fig. 4b) 45 days after
inoculation. These results indicate that the increased resistance is attributable to Soyuretox overexpression.

All developmental stages of nematodes were found inside both Soyuretox-overexpressing and
non-transformed roots (supplementary Fig. S2). The nematodes were almost exclusively detected in the

root cortex.

Discussion
Characterization of Soyuretox

Although ureases are highly conserved molecules, one of the regions that exhibit remarkable
variation in amino acid sequence corresponds to the N-terminal domain of jaburetox (Mulinari et al. 2007).
This portion of the polypeptide was later identified as the jaburetox insecticidal domain (Martinelli et al.
2014). Jaburetox has also been described as fungitoxic to filamentous fungi and yeasts (Postal et al. 2012),
although the structure-activity relationships implicated in this biological activity are not yet known. It is

reasonable to expect that peptides collinear to jaburetox that are derived from other plant ureases might
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possess different biological properties due to differences in the primary sequences of their N-terminal
domains; for this reason, this is a topic worth investigating. Of 101 amino acid residues, 74 (71.8%) are

identical in Jaburetox and Soyuretox, and out of the 27 that are different, 20-21 are in the N-terminal region.

Resistance of transformed soybean against M. javanica

Given the very specialized feeding habits of root-knot nematodes, bioassays aimed at identifying
compounds with nematicidal properties often require a transformed plant expressing this compound in its
roots. In the present study, Soyuretox-expressing roots were challenged with M. javanica.

The A. rhizogenes-mediated transformation method allows the high-throughput production of
transgenic roots. This system has been widely used because it significantly reduces the time required to
generate transgenic events compared with traditional methods of soybean transformation (Weber and
Bodanese-Zanettini 2011; Lin et al. 2013). This characteristic has facilitated the use of composite plants
for biotechnological applications (Guillon et al. 2006). The transformation efficiency obtained (54 and
47% for seedlings transformed with pH7WG2D: :Soyuretox and empty-pH7WG2D, respectively) is similar
to those obtained in other studies using A. rhizogenes transformation (Cho et al. 2000; Weber and Bodanese-
Zanettini 2011).

The increased resistance exhibited by Soyuretox-expressing hairy roots was validated using a
stable transgenic line. To Soyuretox plants with a range of transgene expression also showed highest
resistance when confronted with M. javanica.

Studies of soybean-nematode interactions have focused mainly on the number of galls and cysts
(Ibrahim et al. 2011; Youssefet al. 2013a; Youssef et al. 2013b: Matthews et al. 2014). In the current study,
the reproduction factor of M. javanica was determined by counting the number of eggs and nematodes after
one cycle of replication (45 days). This approach is widely used in traditional nematological studies
(Carneiro et al. 2000; Wilcken et al. 2010). Because the number of eggs inside a gall varies, the reproduction
factor provides a more precise result. A 50% and 37.5% reduction in the reproduction factor was observed
in hairy roots and roots of stable transgenic plants overexpressing Soyuretox respectively. Interestingly, the
reduction did not exhibit a direct correlation with transgene transcript levels, indicating that a low amount
of Soyuretox is sufficient to hinder nematodes.

Considering the injury caused in soybeans by nematodes and the occurrence of resistance breakage

in current varieties, the identification of genes with the potential to confer resistance and the development
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of biotechnological strategies that will contribute to the production of highly resistant varieties are
mandatory. It is well documented that ureases and their derived peptides exhibit toxic activity against
insects and fungi (Carlini et al. 1997; Staniscuaski et al. 2005; Becker-Ritt et al. 2007; Defferrari et al.
2011; Wiebke-Strohm et al. 2012; Martinelli et al. 2014). This is the first study to investigate the
nematicidal activity of a urease-derived peptide.

In conclusion, the overexpression of Soyuretox in hairy roots and solid transgenic plants was found
to increase the soybean resistance to root-knot nematodes. The use of Soyuretox-like urease-derived
peptides may represent a useful tool as a new and efficient alternative to control pests and diseases in
economically important crops, thus reducing the use of chemical pesticides and consequently contributing
to a reduction in environmental impact. In addition, the employment of a peptide derived from a soybean

protein, as Soyuretox, would facilitated to access GM crop safety prior commercialization.
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Fig. 1 Soyuretox amino acid sequence. (a) Alignment of the amino acid sequences of Soyuretox and
jaburetox using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). (*) identity in both peptides. ()
strongly similar; (.) weakly similar. (b) Amino acid sequence of ubiquitous urease translated from the G.

max Eu4 gene (Glymal1lg37250; AJ276866) with the internal Soyuretox sequence shown in gray.
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Fig. 2 Detection of GFP in transformed and non-transformed roots. (a) Soybean roots transformed with
pH7WG2D::Soyuretox. (b) Soybean roots transformed with empty-pH7WG2D. (¢) Non-transformed roots.
GFP expression was detected under blue light using a fluorescence stereomicroscope Leica MZIII (Leica
Microsystems GmbH, Wetzlar, Germany) equipped with a BP filter set containing a 488-nm excitation

filter and a 505-530 nm emission filter. Bar = 1mm.
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transcript levels detected in non-transformed hairy roots and leaves were used to normalize transcript
accumulation in transgenic samples. The bars represent the means of four technical replicates. A non-
parametric t test (p<<0.05) was carried out to compare the Soyuretox transcript levels in transformed vs.
non-transformed hairy roots and transformed vs. non-transformed plants. The symbol * indicates that values

are significantly different from control sample (NT).
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Fig. 4 Reproduction factor of M. javanica per gram of roots 45 days after inoculation. The bars represent
the average number of eggs and nematodes +SD present in: (a) hairy roots of 11 composite plants
transformed with pH7WG2D::Soyuretox (overexpressing Soyuretox), 10 composite plants transformed
with empty-pH7WG2D and 9 non-transformed (NT) plants from cv Williams82. (b) Ten transgenic plants
transformed with pH7WG2D::Soyuretox (overexpressing Soyuretox) and six non-transformed plants (NT)

from cv IASS. Bars with different letters differ according to ANOVA and Tukey's test at p<0.05.
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Table 1 Primer set designed for PCR and sequencing

Target gene Orientation Sequence Reference
Isolation of the coding  Forward 5’-CACCATGGGTCCAGTTAATGAT-3’ This study
sequence of Soyuretox ~ REVerse 5>-TCAGACTTTCCCACCTCCAAA-3’

(PCR)
Confirmation of the Forward 5’-CGCACAATCCCACTATCCTT-3’ This study
condition of transgenic  Reverse 5’-TCAGACTTTCCCACCTCCAAA-3’

roots (PCR)

Confirmation of the ~ Forward 5’-CAAAACCACGCGGCTTCGGC-3’ This study
presence M. javanica  Reverse 5’-TGGGGGTGCCCTTCCGTCAA-3°
in roots (PCR)
Soyuretox (RT-qPCR)  Forward 5’-ATTGCAGAGCAGCCATGAA-3’ This study
Reverse 5’-TGGCCCTACAACTGGTGAC-3’
Actin II Forward 5’-CGGTGGTTCTAT CTTGGCATC-3’ Jian et al. 2008

(RT-gPCR) Reverse 5’-GTCTTTCGCTTCAA TAACCCTA-3’

Metalloprotease Forward 5’-ATGAATGACGGTTCCCATGTA-3’ Libault et al. 2008

(RT-gPCR) Reverse 5’- GGCATTAAGGCAGCTCACTCT -3°

Fbox protein Forward 5’-AGATAGGGAAATGTTGCAGGT-3’ Libault et al. 2008

(RT-gPCR) Reverse 5’-CTAATGGCAATTGCAGCTCTC-3’
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Supplementary Fig. S1 T-DNA region of the binary vector pH7WG2D::Soyuretox used for soybean
transformation. RB — T-DNA right border, LB — left border, Apt — hygromycin phosphotransferase gene,
P35S — cauliflower mosaic virus (CaMV) 35S promoter, T35S — CaMV 35S terminator, EgfpER — enhanced
green fluorescent protein, Prol/D — root loci D promoter of Soyuretox, attB1 and attB2 — LR reaction site,
kb — kilobase pairs (1,000 bp). Arrows and boxes represent primers and PCR reaction products used for

transgene screening.
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Supplementary Fig. S2 Developmental stages of M. javanica in infected roots. (a) Eggs of nematodes.
Arrow indicates one egg. (b) Second-stage juvenile (J2) hatching from an egg. Arrow indicates one J2. (c)
Infective J2. Arrow indicates one J2 (d). Mature female with white-pearly color and globular body. Egg
mass is pink stained with acid fuchsin. Arrows indicate mature female and egg mass (gall). (¢) Gall releasing

the eggs. (f) Eggs outside the gall. Images were captured by an optical microscope (40x). Bar = Imm.
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Relatorio Descritivo de Patente de Invencao

TOXINA PRAGUICIDA, CONSTRUCAO GENICA, PROCESSO DE PRODUCAO
DE PRAGUICIDA, COMPOSICAO PRAGUICIDA, METODO DE CONTROLE DE
PRAGAS

Pedidos de Patentes Correlatos

[1] O presente ¢ um texto com o objeto de certificado de adigao ao pedido de patente

PI0403435-0, depositado em 08/04/2004.

Campo da Invencao/Adicao

[2] A presente invengdo refere-se genericamente a praguicidas. Mais
especificamente, a presente invenc¢do se refere a uma toxina praguicida derivada de um
polipeptideo ndo natural obtido através da truncagem da(s) sequéncia(s) génica(s) da
familia da urease. A presente Adi¢do, a qual ora se busca certificacdo, ¢ a Invengao objeto
do pedido de patente PI 0403435-0, que proporciona uma toxina praguicida, uma
construcdo génica, um processo de producdo de praguicida, uma composi¢do praguicida
e um método de controle de pragas.

[3] Na presente adig¢ao sdo providos dados adicionais sobre a toxicidade das ureases
e peptideos derivados, para a protecdo de plantas contra nematdides. As plantas
modificadas geneticamente com a constru¢cdo génica da invencdo comprovam que ha

efetivo controle de pragas com o uso da invengao.
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4. Conclusoes e Perspectivas

4.1 Analise das plantas transgénicas com o gene Eu4 co-suprimido

A andlise das plantas transgénicas obtidas por Wiebke-Strohm et al. (2012),
confirmou que a co-supressdo do gene Eu4 (urease ubiqua) foi mantida ao longo das
geragdes. Além disto, a redugdo dos niveis de mRNA foi também observada para os genes
Eul (urease embrido especifica) e Eu5 (SBU-III). Portanto, a co-supressdo ocorreu para
todas as ureases da soja, resultado que pode ser atribuido ao fato de existir um alto grau
de similaridade entre as sequéncias (Follmer, 2008; Krajewska, 2009). Mesmo
apresentando o silenciamento de todas as ureases, as plantas co-suprimidas representam
variantes genéticas importantes para o avanc¢o no estudo funcional das ureases, uma vez
que mutantes nulos para urease ubiqua nunca haviam sido obtidos.

O papel das ureases quanto ao padrao de desenvolvimento da planta de soja foi
analisado no presente trabalho. Esse processo biologico foi investigado em plantas
transgénicas e comparados com plantas ndo transgénicas. Para fins de estudo funcional
de genes individuais os mutantes simples eu/-a, eu4-a e eu3-a, duplo eul-a/eu4-a, foram
utilizados e comparados com plantas ndo mutantes. As plantas mutantes foram também
caracterizadas quanto ao nivel de expressdo das trés ureases. Para os mutantes eu4-a ¢
eu3-a, foram observados niveis normais de transcritos d¢ mRNA para todas as ureases.
Estes resultados eram esperados j& que eu4-a produz uma proteina inativa (Torisky e
Polacco, 1990; Stebbins et al. 1991; Witte et al. 2002; Goldraij et al. 2003; Polacco et al.
2011) e eu3-a codifica a proteina acessoria UreG (Freyermuth et al. 2000). Estas
mutagdes, portanto, ndo alteram o nivel de expressao dos genes Eu4, Eule EuS, quando
estimado pelo perfil de transcritos. Os outros mutantes, eu/-a e eul-a/eud-a, exibiram
apenas niveis menores para Eu1, uma vez que eu/ ¢ um mutante nulo para urease embrido
especifica (Polacco et al. 1993).

Os resultados obtidos indicaram que as plantas com co-supressao dos genes que
codificam ureases apresentaram um comprometimento no seu desenvolvimento, com
redugdo do peso, do tamanho da parte aérea e do sistema radicular, além de menor
contetdo de nitrogénio, se comparadas com as plantas controles. O mutante simples eu3-
a ¢ o duplo mutante eul-a/eu4-a apresentaram um pequeno atraso no desenvolvimento

durante o primeiro més. O conjunto de dados resultante deste trabalho indicam que a
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urease embrido especifica e urease SBU-III possam também estar contribuindo em
processos que estejam relacionadas ao desenvolvimento.

Esse conjunto de plantas apresentando as urease co-suprimidos representam,
também, uma ferramenta importante para a elucidagao das fungdes adicionais a atividade
ureolitica. No trabalho realizado por Wiebke-Strohm et al. (2012) utilizando essas
mesmas plantas, foi demonstrado que a urease ubiqua de soja estd envolvida no
mecanismo de resisténcia ao fungo Phakopsora pachyrhizi (causador da ferrugem
asiatica), pois mostraram maior numero de lesdes e pustulas, quando comparadas com
plantas ndo transformadas. Essas plantas também poderdo ser utilizadas em futuros
bioensaios in vivo utilizando nematoides de importancia agrondmica, a fim de comparar
a resposta das plantas silenciadas com plantas superexpressando o peptideo soyuretox.
Além disto teste nos quais as referidas plantas serao desafiadas com insetos alvo e nao-
alvo para a soja, poderdo servir como prova de conceito para a capacidade inseticida desta

enzima.

4.2 Transformacio de soja mediada por Agrobacterium rhizogenes e bombardeamento

de particulas

A transformacdo genética ¢ uma ferramenta potencial para o aumento da
qualidade das culturas e para a superagao dos limites impostos pelo ambiente ao aumento
da producdo (Popelka et al. 2004). Portanto, torna-se necessario o desenvolvimento de
sistemas eficientes de transformagdo e regeneracao de plantas para cada espécie vegetal,
bem como a realizacdo de estudos funcionais, visando identificar genes que possam
conferir caracteristicas de interesse.

Tanto o bombardeamento de particulas quanto o sistema Agrobacterium t€m sido
utilizados para introdu¢do de genes em diversos tecidos da soja e regeneracao de plantas
completamente transformadas (Somers et al. 2003; Mello-Farias e Chaves, 2008;
Wiebke-Strohm et al. 2011; Kuma et al. 2015). Cabe ressaltar que o método de obtencdo
de raizes transformadas por A. rhizogenes ¢ também uma ferramenta bastante util para
testar o efeito de genes de interesse em um curto espago de tempo. Isso € especialmente
importante em estudos envolvendo caracteristicas do sistema radicular, tais como doengas
causadas por patogenos de raiz (Cho et al. 2000).

Conforme resultados apresentados no Capitulo 3, foram regeneradas com sucesso

plantas de soja totalmente transgénicas e férteis expressando o peptideo soyuretox e
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plantas compostas expressando o peptideo somente na raiz. As plantas compostas foram
obtidas em algumas semanas, enquanto que as plantas completamente transformadas,
apds pelo menos um ano (contando a obtencdo de embrides somaticos, etapas de
transformagao, sele¢do e regeneracdo dos transformantes primarios).

E importante salientar que independentemente do método utilizado, a
transformagao de soja ndo é um trabalho trivial, exigindo muita experiéncia e habilidade
do pesquisador. A “arte” de regenerar plantas a partir da cultura de tecidos transformados
¢ um ponto crucial para o sucesso dos programas de transformacdo genética. Por isso,
torna-se importante o treinamento ¢ desenvolvimento de habilidades dos pesquisadores
para gerar plantas suficientes, tanto em trabalhos de estudos funcionais de genes como

para a obteng¢ao de plantas de interesse agronomico (Trick et al. 1997; Somers et al. 2003).

4.3 Analise da toxicidade do peptideo Soyuretox contra o ataque do fitonematoide

M. javanica.

Em nosso laboratorio, como ja mencionado anteriormente, foram realizados
experimento de transformagdo visando a superexpressdo da urease ubiqua. Embora um
nimero consideravel de eventos tenha sido obtido, apenas uma planta foi capaz de
superexpressar o gene moderadamente (4 vezes mais do que a controle), enquanto as
demais plantas transgénicas apresentaram co-supressdo (Wiebke-Strohm et al. 2012).
Entretanto, a planta que superexpressava o gene ndo deixou descentes. Com o intuito de
obter plantas transgénicas superexpressando a urease ubiqua, novos experimentos de
transformagao foram conduzidos em nosso laboratorio, porém novamente nao foram
obtidas plantas com esta caracteristica. Devido a dificuldade de superexpressar a urecase
ubiqua completa, a alternativa mais promissora e vidvel no momento foi estudar a
expressao de partes do gene que codifica esta urease de soja, correspondente ao peptideo
toxico.

Recentemente, a equipe da doutora Célia Carlini do Laboratério de Proteinas
Toéxicas (Laprotox) da UFRGS, identificou a regido que corresponde ao peptideo toxico
da urease ubiqua de soja, que foi denominado Soyuretox (Kappaun, 2014). Este resultado
possibilitou investigar as propriedades de defesa da urease ubiqua, adicionais a atividade
ureolitica.

Os resultados obtidos no padrio de expressdo do peptideo Soyuretox

demonstraram ser possivel superexpressar o peptideo tanto nas raizes obtidas através da
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transformagdo por A. rhizogenes, quanto nas plantas totalmente transformadas, obtidas
por bombardeamento. Em bioensaios as plantas compostas e completamente
transformadas revelaram ser mais resistentes a M. javanica do que as plantas controle,
mostrando uma redu¢do na reprodugdo deste nematdide em torno de 50% e 37.5%,
respectivamente.

As plantas transgénicas superexpressando o Soyuretox representam uma
alternativa promissora para fornecer um controle eficaz contra esse tipo de patdgeno,
diminuindo assim o gasto com nematicida e, consequentemente, contribuindo com uma
melhor qualidade do meio ambiente.

Esse trabalho tem fundamental importancia para o avango do conhecimento das
propriedades toxicas do Soyuretox sobre nematdides por dois motivos principais: (1) este
¢ o primeiro relato de um peptideo derivado de uma urease que apresenta atividade
nematicida e (2) comprova que esse peptideo contribui para fungdo de defesa da planta in
vivo, mesmo na presenca de outras proteinas de defesa. Assim, os dados obtidos destacam
o potencial do Soyuretox para uma aplicagao biotecnologica.

Novos experimentos de transformag¢do visando a superexpressdao do Soyuretox
pela técnica de bombardeamento foram realizadas, usando um novo vetor de
superexpressao, o pEarleyGate100, que tem o promotor CaMV 35S controlando o gene
de interesse, além do gene marcador bar, que confere resisténcia ao herbicida glufosinato
de amonio. Do ponto de vista de estudos basicos, este vetor facilita a selecao das plantas
transgénicas em populacdes segregantes. As andlises moleculares destas plantas
confirmardo o estado transgénico, o grau de expressdo ¢ a estabilidade do transgene nas
geragdes descendentes.

Os resultados obtidos até o presente momento sdo altamente promissores, pois
demostraram expressiva resisténcia das plantas transgénicas ao ataque do nematoide M.
Jjavanica. As plantas resultantes desses dois experimentos de transformagdo poderdo ser
utilizadas ndo apenas em bioensaios in vivo com outros nematdides de importancia
agrondmica, mas também testadas contra insetos alvos e ndo-alvos e fungos como por
exemplo o P. pachyrhizi (causador da ferrugem asiatica). Esses dados servirdo como
prova de conceito para a capacidade toxica do peptideo e confirmardo seu potencial para

geracdo de um futuro produto biotecnologico.
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Phakopsora pachyrhizi Infection Bioassay in Detached Soybean Transgenic Leaves
for Candidate Gene Validation
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[Abstract] Soybean (Glydne max) is one of the most important crops in the world.
Phakopsora pachyrhizi is a plant pathogenic basidiomycete fungus that infects soybean,
causing Asian Soybean Rust (ASR) disease and affecting production. Here, we describe how
to prepare the plant material and the uredospore suspension (from spores harvested from
leaves exhibiting sporulating uredinia) for in vitro leaf infection. Plant material is sprayed with
the uredospore suspension and incubated for 12 days. During the incubation period, the
presence of lesions and pustules is visually verified. After this incubation period, the leaves are
classified according to the lesion type. The number of uredospores per cm? of leaf was also
estimated. The detached-leaf assay is routinely used to test fungicide efficiency (Scherb and
Mehl, 2006). Detached-leaf, greenhouse and field results have been shown to be significantly
correlated (Twizeyimana et al, 2007). The present protocol was adapted from the two
publications cited above. The usefulness of this approach for studying P. pachyrhyzi infection
on transgenic soybean was previously demonstrated by our research team (Wiebke-Strohm et
al., 2012; Bencke-Malato et al., 2014).
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In plants, wreases have been related 1o urea degradation. to defense agaimst parhogenic fungi and
phytophagous insects, and to the svybean - Bradyrhisbienm jopomicem symblosis. Twoe urease jsoforms
have been described for soybean: the embryo-specific, encoded by Ful gene, and the whiguitoes wreass,
encoded by Fued. A thind wrease-enooding lecus exists in the completed soylsean genome. The gene was
designated EuS and the putative product of its DRF as SEUHIL Phylogenetic analysis shows that 41 plant,
moss and algal ureases have diverged from a common ancestor protein, but weases from monocos,
eudicots and anclent species have evolved inde pen dently. Genemes of anclent organisms present a single
urease-encoding gene and uease-encoding gene duplication has ocoured independently along the
evolution of some ewdicot species. SEU-N1 has a shorter aming ackd sequence. since many gaps are fownd
when compared to other sequences A mutation in a highly conserved amine acid residue suggests
absence of weolytic activity, but the overall profein architechure remains very similar to the other
ureases. The expression profile of wease-encoding genes in different organs and developmental stages
was determined by RT-gPCOR EuS transcr pts were detected in seeds one day after d ormancy break, roots
of young plants and embryos of developing seeds. Ful and Eud transcrpis were found in all analyzed
organs, but Eud expression was more prominent in seeds one day after dormancy break whereas Eul
predominated in developing seeds. The evidence suggests that SEU-I may not be imolved in nitrogen
availability to plants, but it could be invelhved in other biclgical mlas)
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