UNIVERSIDADE ESTADUAL PAULISTA

u nesp “JULIO DE MESQUITA FILHO”

Campus Botucatu — Instituto de Biociéncias

Caracterizacao funcional da via miR159/SlyGAMYB-like ao longo do

processo de frutificagdo em tomateiro (Solanum lycopersicum L.)

Eder Marques da Silva

Tese apresentada ao Instituto de
Biociéncias, Campus de Botucatu,
UNESP, como parte dos requisitos
para obtencao do titulo de Doutor, pelo
Programa de Po6s Graduacdo em

Ciéncias Biologicas/AC: Genética.

Orientador: Prof. Dr. Fabio Tebaldi S. Nogueira

Botucatu

2016



Caracterizacgéo funcional da via miR159/SlyGAMYB-like ao longo do

processo de frutificagdo em tomateiro (Solanum lycopersicum L.)

Eder Marques da Silva

Tese apresentada ao Instituto de
Biociéncias, Campus de Botucatu,
UNESP, como parte dos requisitos
para obtencao do titulo de Doutor, pelo
Programa de Pdés Graduacdo em

Ciéncias Biologicas/AC: Genética.

Orientador: Prof. Dr. Fabio Tebaldi S. Nogueira



FICHZ CATALOGRAFICA ELABCRADE PELA SEGAC TEC. AQUIS. TRATAMENTC DR INFORM,
DIVISAO TECNICA DE BIBLIOTECA E DOCUMENTAGAQ - CAMPUS DE BOTUCATU - UNESP
BIBLIOTECARIZ RESPONSAVEL: ROSEMEIRE APRRECIDA VICENTE-CRB 8/5651

5ilva, Eder Marques.

Caracterizagdo funcicnal da via miR159/S1yGAMYB-like ao
longo do processo de frutificagio em tomateiro (Solanum
lycopersicum cv Micro Tom) / Eder Marques Silva. -
Botucatu, 2016

Tese (doutorado) - Universidads Estadual Paulista
"Jilio de Mesquita Filho", Instituto de Biociéncias de
Botucatu

Orientador: Fabio Tebaldi 3. Nogueira

Capes: 20100000

1. Plantas - Reguladores.

Plantas - Reprodugao.
3. Giberelina. 4. Tomateiro.

Partenccarpia. 6. Frutas.

[N %]

Palavras-chave: ARFs; Giberelina; Ovario; Partenocarpia;
miR16&7.




AGRADECIMENTOS

A minha familia, meu pai Odilon, minha mae Vilma, meu irm&o mais velho Fabio
Margues e meu irmao mais novo Evandro.

Minha outra familia: Professor Dr. Luiz Eduardo Grassi e a professora Msc. Maria de
Fatima Mattos Grassi (Fatinha), por todos os conselhos e principalmente pela
confianca depositada em mim desde o momento que eu tive o privilégio de ambos

fazerem parte de minha histéria.

Ao senhor Silvio Albano Moreira Campos, por ter sido um bom exemplo em um
momento muito determinante em minha adolescéncia, pelo apoio ao longo de minha
formagdo, mas principalmente, por me encorajar a “correr atras” dos meus sonhos e

também por me ensinar a nunca desperdicar a chance de aprender algo novo.

Ao meu grande amigo Renato (kéku), pela paciéncia durante o tempo em que
dividimos republica, por sempre me encorajar durante momentos dificeis e por sempre

ter deixado claro que é um amigo que eu posso contar.

Aos meus companheiros Fernando e Tobias, porque sei que sempre estao torcendo

pelo meu sucesso.

Ao meu amigo Juan, pela ajuda quando cheguei a Botucatu.

Aos meus amigos de infancia Jodo Paulo e Bruno Bezerra, porque sei que ainda nao
tenhamos muito contato, posso contar com eles em qualquer momento e também

porque seguramente estédo torcendo pelas minhas conquistas.

Ao meu orientador pela confianca depositada ao longo do desenvolvimento do

trabalho.

Ao pessoal do Departamento de Genética de Botucatu, em especial a Valquiria pela

paciéncia e por sempre ter me auxiliado em todos 0s momentos que precisei.



A Gicela, ex-companheira de laboratério, pela amizade e pela paciéncia durante o

tempo em que trabalhamos juntos.

A Cris, também ex-companheira de laboratério, pela amizade paciéncia e pela ajuda
depois que me mudei para Piracicaba.

Aos amigos Rafael Takahiro e Marcos Geraldo, pelo companheirismo e por que sei

que também torcem pelo meu sucesso.

Ao amigo Geraldo, pelo apoio na realizacdo do trabalho, pela revisdo do presente
trabalho, pelas discussfes cientificas muito proveitosas e também por todas as vezes
gque ele me deu carona quando fomos para os bares e churrascos.

Ao meu amigo Mateus Henrique (Parceiro de casa vegetagdo, futebol e truco), por
todas as discussdes cientificas (sempre muito proveitosas), por ter feito
consideracdes, correcdes e sugestdes na revisdo de literatura e introdugdo do meu

trabalho.

Aos alunos de pos-graduacao: Frederico, Maisa, Eloisa, Mariana pelo auxilio e por

todas as dicas ao longo da realizacdo do trabalho.

A minha ex-estagiaria Debora Bidoia, pelo auxilio e dedicacdo durante a realizac&o

deste trabalho.

Ao companheiro e colega de laboratério: Jodo por ter revisado o presente trabalho.

Aos colegas Carlos e Pollyana.

Ao amigo Antoine Gady, por todas as revisfes e sugestbes no artigo da tese e pela

parceria no laboratorio.

Ao meu amigo Airton, pela paciéncia durante o convivio no laboratorio, por ter revisado

e feito sugestdes no texto do presente trabalho.

A CAPES pela concesséo da Bolsa de Doutorado.



A FAPESP, pela concesséo da Bolsa de doutorado e também pela bolsa de doutorado

Sanduiche.

As Pesquisadoras Isabel Lopes e Esther Carrera da UPV (Universitat Politécnica de
Valéncia), pela colaboracdo no presente trabalho.

A técnica de laboratorio Teresa (UPV (Universitat Politécnica de Valéncia) sua ajuda

foi fundamental nos experimentos de quantificagdo hormonal.

As amigas, Suzana, Sarah e o amigo Artur de Valéncia, ainda que estejam longe,

sempre estéo torcendo pelo meu sucesso.
Ao amigo Aitor pela ajuda no laboratério durante o tempo que passei na UPV.

Ao pessoal do departamento de botanica de Botucatu, em especial ao professor Luiz

Fernando e ao seu orientado Danilo.

Muito Obrigado!


https://www.upv.es/
https://www.upv.es/
https://www.upv.es/

RESUMO

O processo de frutificacdo € definido como a transicdo de um ovario em
estagio quiescente para estagio de iniciagdo de formacdo do fruto. Esta
transicdo € iniciada em resposta aos eventos de polinizacao e fertilizagéo, os
quais induzem o inicio dos processos fisioloégicos e moleculares, que, ao final,
irdo originar o fruto. A frutificacdo € fundamental para reproducédo nas plantas
com flores (Angiospermas). J& foi demonstrado que horménios (tais como
auxina e giberelina) podem atuar em paralelo com fatores de transcricao
durante o desenvolvimento do fruto. Alguns desses fatores de transcricdo séo
pos-transcricionalmente regulados por microRNAs. MicroRNAsS, sdo pequenos
RNAs (20-22 nt) que regulam poés-transcricionalmente a expressédo de genes
enddgenos, modelando o transcriptoma e a producdo de proteinas.Entretanto,
vias genéticas orgquestradas por microRNAs associadas com o0
desenvolvimento de ovario, e consequentemente, do fruto em tomateiro
(Solanum lycopersicum L.), permanecem pouco exploradas. Neste trabalho, foi
investigada a contribuicdo da via SlymiR159/GAMYB-like durante o processo
de desenvolvimento do ovario e frutificagdo em tomateiro. O miR159 e seus
alvos (SIlyGAMYB1 e 2) sdo dinamicamente expressos durante 0s estagios de
desenvolvimento do ovério e consequentemente do fruto. Eventos transgénicos
de tomateiro (cv. Micro-Tom) apresentando super-expressdo do precursor
SIyMIR159 (denominados OE-159) exibiram frutificacdo precoce quando
comparadas aos controles. Notavelmente, todos os eventos OE-159
apresentaram formacao de frutos partenocarpicos. Tal alteracdo no padrao de
frutificacdo pode estar correlacionada a repressdo do gene SIyGAMYB1 em
periodos pré-antese de desenvolvimento do ovario, é possivel que a atividade
do fator de transcricdo SIyGAMYB1 seja importante para prevenir o inicio da
frutificacdo antes da polinizacdo. Além disso, a via regulada pelo
mMiR167/SIyARF8A mostrou-se desregulada em ovarios pré-antese de plantas
transgénicas OE-159. Adicionalmente, mesmo com o fenétipo de partenocarpia
e frutificacdo precoce, ndo houve altera¢cdes na quantidade de hormdnios (e.g.
giberelina, acido abscisico e auxina) relacionados a formacéo de frutos nas

plantas transgénicas OE-159. Contudo, a via miR159/GAMYB-like encontra-se



reprimida nos primeiros estagios da frutificacédo (apos polinizacao e fertilizacédo)
e a expressdao do SIyARF8A (alvo do miR167) encontra-se induzida na
presenca de auxina. Em conjunto, nossos dados sugerem que o crosstalk entre
as vias moduladas pelos microRNAs miR159 e miR167, integrados com a via

de sinalizacdo de auxina, é importante para a frutificacdo em tomateiro.

Palavras chave: ARF, Giberelina, Ovario, Partenocarpia, auxina e miR167.



ABSTRACT

Fruit set, defined as the shift from quiescent ovary to a fast-growing
young fruit, is a key process for fruit production in flowering plants. It has been
shown that hormones (such as auxin and gibberellin) act in parallel with
transcription factors during fruit set. Some of these are post-transcriptionally
regulated by microRNAs (miRNAS). MiRNAs are a group of small non coding RNAs
(21-22 nt) that act by regulating post-transcriptionally genes in plants and animals
However, microRNA-regulated genetic pathways associated with tomato
(Solanum lycopersicum L.) ovary development and fruit set remain poorly
exploited. Here, we investigated the functional role of miRNA159/SlyGAMY B-
like in tomato ovary development and fruit set. MiR159 and its targets were
dynamically expressed in developing flowers, ovaries and fruit tissues.
Transgenic tomato (cv. Micro-Tom) plants over-expressing the SlyMIR159
(termed OE-159) exhibited fruit set earlier when compared with control plants.
Strikingly, all transgenic lines presented parthenocarpy fruits. Such
developmental modification may be a result of the repression of SyGAMYBL1 in
pre-anthesis ovaries, our data suggest that SlyGAMYBL1 activity is important to
prevent fruit set before pollination. In addition as a consequence of this
repression, the miR167 node (MiR167/SIyARF8 pathway) was mis-regulated in
OE-159 ovaries. In addition, we observed that levels of auxin, gibberellin (GA)
and abscisic acid (ABA) in pre-anthesis ovaries of several transgenic lines over-
expressing the SlyMIR159 were similar to those of the control. Moreover, our
experiments suggested that auxin and GA may act repressing the miR159 node
during fruit set initiation, in order to release the miR167-targeted SIyARF8A
expression during fruit set. Our data show how two microRNA nodes (miR159
and miR167) integrated with hormone signalling into a circuit that coordinates

successive steps along ovary and fruit development.

Key words: ovary, parthenocarpy, Solanum lycopersicum, gibberellin, Auxin.
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1 - Introducéo Geral

O inicio do processo de frutificacdo é definido como a transicdo de um
ovario que estava em estagio quiescente de desenvolvimento, que em resposta
aos eventos de polinizacdo e fertilizacdo, da inicio as etapas posteriores de
formacao do fruto (Jong et al., 2009). Apesar de a maioria dos frutos nas
plantas terrestres serem secos e deiscentes, as pesquisas visando entender o
desenvolvimento de frutos estdo focadas nos frutos carnosos, devido a
relevancia dos mesmos na dieta humana. Importancia tem sido dada ao fruto
do tomateiro, que vem sendo muito utilizado como modelo para estudos
fisiolégicos, genéticos e moleculares que visam conhecer a biologia dos frutos
carnosos (Giovanoni, 2001).

Em tomateiro, assim como em todas as Angiospermas, a frutificacdo e
desenvolvimento de sementes sdo dependentes dos eventos de polinizacdo e
fertilizacdo. Mesmo que todos os verticilos florais estejam completamente
formados, na auséncia de fertilizacdo, h4 uma tendéncia de abortamento foral
(O’Neill e Nadeau, 1997). Uma vez ocorrida a fertilizagéo, inicia-se as etapas
de divisdo e, subsequentemente, expansao celular que sdo fundamentais na
determinacao do tamanho final do fruto.

As etapas de divisdo e expansdo celular da frutificacdo sdo controladas
principalmente pelos horménios auxina, citocinia e giberelina (GA). Ao final,
uma série de eventos genéticos, fisioldégicos e bioquimicos atuam de maneira
coordenada com o hormdnio etileno no amadurecimento do fruto (Gilaspy et al.,
1993).

O efeito da polinizagéo e fertilizagdo na indugéo da frutificagdo pode ser

substituido pela aplicacdo de horménios vegetais (i.e. Auxina e GA) (Vivian-



Smith e Koltunow, 1999; Serrani et al., 2007). No entanto, os frutos
provenientes de ovarios tratados com hormdnios ndo apresentam o
desenvolvimento de sementes.

Mecanismos que induzem a formacao de frutos sem sementes ja foram
demonstrados em algumas espécies vegetais, dentre 0s quais se destaca a
partenocarpia, no qual o fruto se desenvolve na auséncia de fertilizagdo, como
€ 0 caso de culturas algumas cultivares de Citrus e banana. Além da
partenocarpia, frutos sem sementes podem ser formados por estenospermia,
onde a polinizacao e fertilizacdo sdo necessarias para frutificacdo, porém, o
embrido nédo se desenvolve. Frutos de uva sdo exemplos onde ocorre
estenospermia (Bouquet et al., 1996; Stout, 1936).

Frutos partenocarpicos sao tidos como uma caracteristica de interesse
econbmico (Varoquaux et al., 2000). Alguns mutantes e transgénicos de
tomateiro possuem capacidade de gerar frutos partenocarpicos. Geralmente
estes mutantes e/ou transgénicos possuem vias de sintese e ou sinalizacao de
horménios alteradas (Fos et al., 2000, 2001; Olimpieri et al., 2007; Jong et al.,
2009; Wang et al., 2005a).

Ja foi demonstrado que horménios podem agir em paralelo com alguns
fatores de transcricdo durante as diferentes etapas de frutificagdo, sugerindo
que o controle da expressédo dos genes que codificam fatores transcricionais €
importante para o processo de frutificacdo (Ma et al., 2014, Silva et al., 2014).
Alguns fatores de transcricdo que s&do ativos durante o desenvolvimento do
fruto sdo regulados por microRNAs. MicroRNAs sdo pequenos RNAs néo
codantes de 19 a 22 nucleotideos codificados por genes MIRNAs (MIRs) que

regulam pos-transcricionalmente a expressao génica.



Em tomateiro, ja foi demonstrado que as vias miR164/SIyGOBLET e
mMiR156/SlySPLs sdo importantes para o desenvolvimento do fruto (Berger et
al.. Silva et al.,, 2014). Adicionalmente, também j& foi explorado a via
mMiR167/ARFs durante o desenvolvimento do fruto de tomateiro (Liu et al.
(2013). Entretanto, ha poucos exemplos demonstrando o papel funcional de
vias reguladas por esses pequenos RNAs no processo de frutificacdo dos
vegetais.

O miR159 regula negativamente alguns fatores de transcricdo GAMYB-
like (Schwab et al., 2005;Tsuji et al., 2006). Em arabidopsis, foi demonstrado
que a via miR159/GAMYB-like esta envolvida com o tempo de florescimento,
pois, plantas de arabidopsis que superexpressam o0 MIiR159 apresentam
florescimento tardio. Também foi demonstrado que a via miR159/GAMYB-like é
importante no estabelecimento de alguns verticilos florais, uma vez que plantas
de arabidopsis que superexpressam o miR159 apresentam escurecimento do
cone de anteras (Achard et al., 2004; Blazquez e Weigel 2000; Gocal et al.,
2001). Nesse contexto, pode-se dizer que os genes GAMYB-like, bem como
sua regulacao pelo miR159, possuem papéis relevantes em varios aspectos do
desenvolvimento vegetal.

Em tomateiro, com a utilizacdo e analise do mutante 7B-1 (mutante de
tomateiro macho estéril que é dependente de foto-periodo), foi sugerido que a
via miR159/GAMYB-like possa estar relacionada com o desenvolvimento das
anteras (Omidvar et al., 2015). Adicionalmente, foi demonstrado que o0 miR159
e seus alvos GAMYBL1 e 2 sao expressos ao longo do desenvolvimento de fruto
(Gong e Bewley, 2008, Mohorianu et al., 2011; Lopez-Gollomon et al., 2012;
Karlova et al., 2013), o que levanta a questédo sobre a participagdo da via do

mMiR159 durante as etapas de desenvolvimento e formacéo do fruto e se ela



atua interagindo com outros fatores moleculares e fisiologicos durante as
diferentes etapas de frutificacéo.

Ainda que tenha sido demonstrado que o miR159 e seus alvos séo
expressos em ovario e frutos de tomateiro, até o momento, ndo ha trabalhos
descrevendo a importancia funcional da via orquestrada por esse microRNA
durante o desenvolvimento reprodutivo desta cultura que possui grande
relevancia econdmica.

Desta forma, o objetivo principal deste trabalho foi avaliar
funcionalmente a via regulada pelo miR159 durante o processo de frutificagéo
em tomateiro (cv. Micro-Tom), e a possivel correlagdo desta via
(miR159/GAMYB-like) com outras vias moleculares e vias hormonais durante

as etapas de desenvolvimento do ovario e do fruto.



2- Revisao bibliografica

2.1 - Consideracgfes gerais em relacdo a organizacéao e classificacdo dos

frutos

Os frutos séo definidos como estruturas provenientes do ovario maduro
gue armazenam sementes (Seymour et al., 2013), sendo assim, modificagdes
no desenvolvimento do ovario podem acarretar em alteracbes no padrdo de
formacéo dos tecidos que compdem o fruto.

Existem frutos nos quais a regido carnosa € originada de outra regidao da
flor que ndo o ovario (ex. morango, maca), os quais sdo denominados frutos
nao verdadeiros. Frutos verdadeiros séo, portanto, aqueles que se derivam do
gineceu (6rgdo reprodutor feminino proveniente da fusdo dos carpelos). Frutos
sdo frequentemente classificados como: secos ou carnosos, sendo 0s
considerados secos, aqueles que apresentam o pericarpo seco (ex. milho,
arroz), os quais representam a maioria dos frutos das plantas terrestres
(Giovanoni, 2004). Aqueles que apresentam o0 pericarpo macio Ssao
classificados como frutos carnosos (ex. tomate, abobora). Nos frutos secos, o
endocarpo possui papel crucial na dispersdo de sementes, 0 que permite
classifica-los em frutos deiscentes (aqueles que quando maduros se abrem,
permitindo assim, a liberacdo das sementes ex. feijao, soja) e frutos
indeiscentes (sendo estes 0s que ndo se abrem quando maduros, ex. aveld,
noz) (Raven 2006; Vidal e Vidal 2006).

Além disso, os frutos carnosos podem ser classificados como bagas e
drupas. Bagas sao frutos que possuem em seu interior uma ou Varias

sementes (ex. tomate, mamao, melancia). As drupas geralmente apresentam



uma unica semente no endocarpo, sendo este, na maioria das vezes, duro e
espesso (ex. abacate, azeitona, manga) (Raven 2006; Vidal e Vidal 2006)

Com relacdo aos mecanismos que governam o amadurecimento, frutos
podem ser divididos em dois grupos: (1) frutos climatéricos, aqueles em que o
processo de amadurecimento € estreitamente ligado a respiracéo, producao e
resposta ao hormonio etileno (ex. tomate, abacate); (2) frutos n&do climatéricos,
gue sao caracterizados por um processo de amadurecimento nao relacionados
com picos de respiragcdo e pouca alteracdo na producdo de etileno (ex.
pimenta, uva) ( Biale, 1964; McMurchie et al., 1972).

Os frutos, independente de como séo classificados, possuem a fungao
de armazenar as sementes e sdo muito importantes para sua disperséo
(Gillaspy et al., 1993), sendo assim, sdo 6rgaos primordiais para 0 sucesso

reprodutivo de varias espécies vegetais.

2.2 —Importancia agronémica do tomateiro e sua utilizacdo como espécie
modelo em estudos genéticos e moleculares associados ao

desenvolvimento dos frutos

Os frutos possuem papel extremamente relevante para a dieta humana.
Humanos consomem frutos de uma ampla faixa de espécies, tais como:
Solanaceae (tomate, berinjela, pimenta), Rutaceae (citrus), Rosaceae (peras),
Cucurbitaceae  (meldo, abdbora) Vitaceae (uva), entre outros.
Consequentemente, os humanos passaram a domesticar espécies vegetais
com o intuito de consumo de seus respectivos frutos (Tanksley 2004; Monforte
et al., 2014 ). Nesse contexto, o tomateiro (Solanum lycopersicum, antes
denominado como Lycopersicon esculentum Mill.) se destaca como um desses

vegetais que foi domesticado com o intuito de consumo.



O tomateiro € uma espécie originaria da regido Andina, onde atualmente
se encontram parte do Chile, Bolivia, Equador, Coldmbia e Peru. Ainda que ja
se saiba que a domesticacéo do tomateiro se deu nas Américas, a regido exata
permanece em debate (Peralta e Spooner, 2007). Acredita-se a sua localizacdo
mais provavel de sua domesticacao seja no México (Larry e Joanne, 2007).

A cultura do tomateiro € muito praticada devido ao seu fruto ser
extremamente apreciado na dieta humana, principalmente em decorréncia do
seu valor nutricional e das varias formas em que é possivel consumi-lo.
Atualmente, o fruto do tomateiro figura como umas das hortalicas de maior
consumo em nivel mundial (FAOSTAT, http://faostat3.fao.org/home/index.html),
sendo o0 seu consumo inferior apenas ao consumo de batata (Solanum
tuberosum), o que demonstra sua grande importancia econémica (UNITED
STATES. Department of Agriculture, 2009). A producdo mundial de tomate é
liderada pela China, seguida dos EUA, sendo o Brasil o oitavo maior produtor.

Além do valor comercial do tomateiro, este também vem adquirindo um
valor muito relevante como espécie modelo para diversos estudos relacionados
ao desenvolvimento vegetativo e reprodutivo dos vegetais. Tal fato é
consequéncia de algumas caracteristicas que contrastam a planta do tomateiro
com plantas modelo como Arabidopsis thaliana, Antirrhinum majus e Oryza
sativa. Dentre essas caracteristicas do tomateiro destacam-se: habito de
crescimento simpodial, desenvolvimento de folhas compostas, insensibilidade a
foto-periodo, genoma relativamente pequeno (950Mb), facilidade de
transformacao genética e formacgéo de frutos carnosos, sendo esta ultima uma
caracteristica com grande interesse agrondémico ausente nas plantas modelos
citadas anteriormente (Carvalho et al, 2011; Ranjan et al, 2012; Bergougnoux,

2013; Pino et al., 2011). Também vale destacar que a caracterizacdo de



mutantes (sejam naturais ou gerados em laboratério) para varias vias de
desenvolvimento de tomateiro tem contribuido significativamente para a sua
utilizacdo como organismo modelo para estudos genéticos e moleculares (Saito
et al., 2011).

A cultivar de tomateiro Micro-Tom (MT) vem sendo cada vez mais
adotada como ferramenta para estudos de gendmica funcional. Essa cultivar
apresenta algumas mutacdes em seu background genético que faz com que a
mesma possua ciclo de vida relativamente curto. A presenca do alelo sp para o
l6cus SELF-PRUNING (proteinas moduladoras da familia CETS) resulta em
crescimento determinado da cultivar (Macgarry e Ayre, 2012; Lifschitz et al.,
2014). Ja o alelo d para o l6cus DWARF que codifica uma proteina da familia
P450 envolvida na biossintese de brassinoesteréides proporciona o fenotipo
ando do MT (Bishop et al., 1999). Além disso, essa cultivar possui outra
mutacdo que induz a reducdo no comprimento do entrend, ao qual afeta a
altura da planta sem alterar os niveis de giberelina (GA) (Marti et al., 2006)

A presenca de mutacdes ndo € exclusividade da cultivar MT, uma vez
que todas as cultivares de tomateiro apresentam alelos mutantes quando
comparado a qualguer outro genotipo, e esta variacdo genética € exatamente o
qgue define a cultivar como tal (Campos et al., 2010). Adicionalmente, a cultivar
MT é sugerido como um 6timo modelo para estudos de regulacdo do
desenvolvimento de frutos (Meissner et al, 1997; Eyal y Levy, 2002; Serrani et

al, 2007b).



2.3 — Aspectos hormonais e moleculares do desenvolvimento e formagéo

de frutos

O inicio do processo de frutificacdo (Figura 1) pode ser definido como a
modificacdo de um ovario quiescente para ovario em desenvolvimento, dando
origem ao fruto jovem (Gillaspy et al., 1993). Assim, pode-se dizer que o
desenvolvimento do fruto pode ser dividido em diferentes estagios, sendo que
cada estagio possui caracteristicas morfologicas e moleculares especificas.
Estdgio 1: nesse periodo a identidade dos verticilos florais € determinada,
ocorrendo entre duas a trés semanas apoés a iniciacado floral e a geracédo de
uma flor considerada madura, onde a divisdo celular € temporariamente
reduzida até que a fertilizacdo ocorra, uma vez que as vias de sinalizacao
hormonal encontram-se reprimidas antes da fertilizagdo. Uma caracteristica
molecular nessa etapa é a expressdo de genes AuxlAAs, os quais codificam
proteinas que atuam inibindo a resposta a auxina, através da formacdo de
heterodimeros com proteinas codificadas por alguns genes ARFs (Auxin
Response Factors), fatores de resposta a auxina (Wang et al., 2005).

Estagio 2: Periodo de intensa divisédo celular, que comeca na antese, ou
seja, 0 ato de abertura da flor, e continua por aproximadamente duas semanas
apos a fertilizacdo. A fertilizacdo € primordial para a transicdo do segundo para
o terceiro estadgio, uma vez que a mesma desencadeia a sintese do
fitohormdnio auxina, o que qual induz a degradacdo das proteinas AuxIAAs e
consequentemente favorece a expressao de alguns genes ARFs que estéo
relacionados com o inicio da frutificacdo. Adicionalmente, foi demonstrado que
o nivel de citocinina também aumenta em ovarios de tomateiro em estagio de

pos-antese, e que 0s niveis de etileno reduzem depois da polinizacao,



demonstrando que esses fitohormbnios podem atuar no processo de
frutificacdo (Matsuo et al., 2012; Shinozaki et al., 2015).

Estagio 3: Periodo de rapida expanséo celular que comec¢a com o fim da
divisdo celular e permanece até aproximadamente uma semana antes do inicio
do amadurecimento. As células podem se expandir em até 20 vezes nesse
periodo. Nesta etapa os genes de biossintese de GAs biologicamente ativas
Sa0 Muito expressos.

Estagio 4. Fase de amadurecimento, ou seja, nesta etapa o etileno esta
intimamente relacionado com a indu¢do do amadurecimento, o qual se inicia
apos o crescimento ter cessado e envolve rapidas modificacbes quimicas,
fisiolégicas e estruturais que determinam o aroma, cor, textura, sabor entre
outras caracteristicas organolépticas do fruto. Também foi demonstrado que o
acido abscisico (ABA) pode exercer papel indireto no processo de
amadurecimento, uma vez que, o tratamento de frutos de tomateiro com ABA
induz a expressao de genes de biossintese de etileno e, consequentemente,

induz o amadurecimento (Zang et al., 2009).

Polinizacao

l Etileno
GA

Figura 1. Representac@o temporal resumida dos estdgios de frutificagdo do tomateiro, do
periodo de antese até o amadurecimento. Seta vermelha representa o evento de polinizacao.
Os periodos em que os hormdnios (auxina, GA e etileno) atuam estéo na regido superior da

Figura. Modificado a partir de Karlova et al., 2014.
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24 - Consideragbes gerais sobre os microRNAs ao longo do

desenvolvimento e formacéao de frutos

MiRNAs em plantas foram primeiramente descritos em 2002 (Reinhart et
al.,, 2002) e desde entdo, varios avancos foram feitos para o melhor
entendimento de sua biogénese e fungéo.

A biogénese de miRNAs ¢ iniciada pela transcricdo dos genes MIR via
RNA Polimerase II. O transcrito primario, ou precursor (pri-miRNA), é um RNA
longo fita-simples e poliadenilado que forma estrutura secundéaria do tipo
“hairpin”. O pri-miRNA € processado via a acdo de diferentes enzimas,
incluindo a enzima RNase Il DICER-LIKE1 (DCL1), e gera o precursor
intermediario ou pré-miRNA (Vaucheret, 2006). O pré-miRNA é clivado
novamente pela enzima DCL1, gerando um “duplex” imperfeito de RNA (20-22
nt) que contém tanto o miRNA maduro quanto sua fita complementar, sendo
essa Ultima denominado miRNA*.

Antes do “duplex” imperfeito ser transportado para fora do nucleo, ele é
metilado pela enzima metiltransferase HEN1 (Hua-Enhancer 1). O miRNA
maduro é posteriormente incorporado ao complexo protéico denominado RISC
(RNA Induced Silecing Complex) que contém a enzima ARGONAUTE1
(AGO1), enquanto o miRNA* é geralmente degradado. A AGO1, “guiada” pelo
mMiRNA maduro, cliva mRNAs especificos ou promove a repressao da traducao
de genes-alvo (Lee; Feinbaum; Ambros, 1993; Lagos-Quintana et al., 2001;
Reinhardt et al., 2002). Recentemente, Lauressergues et al. (2015)
demonstraram que alguns pri-miRNAs de plantas possuem pequenas ORFs
(Open Read Frames) capazes de codificar micropeptideos, denominados

miPEPs. Aparentemente, a principal fungdo desses miPEPs seria de controlar
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a transcricdo de seus pri-miRNAs, gerando um feedback positivo de produgéo
dos miRNAs (Figura 2).

Os microRNAs estdo envolvidos em uma ampla faixa de processos
relacionados ao desenvolvimento de Orgaos vegetais. Desta forma, comecou-
se a correlacionar também o papel funcional desses pequenos RNAs com o
desenvolvimento e a padronizacao dos tecidos constituintes do fruto (Todesco
et al.,, 2010; Silva et al., 2014, Ripoll et al. 2015). Entretanto, ha poucos

exemplos demonstrando o papel funcional de vias reguladas por esses

pequenos RNAs no processo de frutificacdo dos vegetais.

& lRNAPoIII
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"
— | obeu
miPEP o t
1 DCL1

SENY > Ty

| rrsc

5'-%—AAA
®

proteina

Lécus MIR

Pri-miRNA

Pré-miRNA

duplex

miRNA maduro

Complexo
RISC

Figura 2: Modelo simplificado da
biogénese e modo de acdo de miRNAs
em plantas. Apés ser transcrito, o pri-
miRNA € processado pelas enzimas
DCL1 e outras enzimas, gerando o pré-
miRNA. Em alguns casos, o pri-miRNA
pode também gerar pequenos
peptideos (MIPEPS) capazes de atuar
positivamente na transcricdo do l6cus
MIR. O pré-miRNA, por sua vez, é
processado pela enzima DCL1 em um
“duplex” imperfeito de RNA, o qual é
metilado pela enzima metiltransferase
HEN1. O miRNA maduro é incorporado
no complexo RISC, enquanto o
miRNA* ¢é geralmente degradado.
Dentro do complexo RISC, o miRNA
maduro é capaz de “guiar’ a clivagem
de especificos mMRNAs ou regular a
traducéo de genes-alvo

Algumas vias reguladas por miRNAs e relacionadas a frutificagdo foram

inicialmente caracterizadas em arabidopsis. Sabe-se, por exemplo, que o
mMiR167 regula pos-transcricionalmente os fatores de transcricdo ARF6 e ARF8
(Axtell e Bartel 2005, Wu et al.,, 2006) e que essa via € importante para o
desenvolvimento floral e, consequentemente, dos frutos (Nagpal et al., 2005).

Como exemplo, a superexpressdo do gene ARF6 resistente a regulacdo pelo
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mMiR167 induz a esterilidade feminina, pois essa via é relevante para o correto
desenvolvimento dos évulos (Wu et al., 2006). Em tomateiro, Liu et al. (2013)
demonstraram que a superexpressao do miR167 leva a repressdo dos seus
respectivos alvos (ARF6/8) e consequentemente, essas linhagens transgénicas
produzem flores com pétalas, estames e pistilos encurtados além de né&o
apresentarem formacao de frutos, mesmo possuindo pélen viavel.

Recentemente, foi demonstrado em arabidopsis que o gene do tipo
MADS-box FRUITFULL (que possui funcdo importante na morfogénese do
fruto) e os genes ARF6/8 interagem fisicamente formando um complexo que
induz a expressdo do miR172. Este miRNA, por sua vez, reprime seus
respectivos alvos (alguns membros da familia génica APETALA-2) e
consequentemente altera o tamanho do fruto, uma vez que, quando a
expressdo do miR172 € reduzida, o crescimento do fruto é bloqueado devido a
alteracéo no padrao de divisdo e expansao celular (Ripoll et al., 2015).

O miR164 também destaca-se como microRNA importante na regulacdo
do desenvolvimento do ovario e consequentemente do fruto. A utilizacdo de
plantas mutantes de tomateiro (cv. M82) com ganho de fung¢do (mutantes Gob-
4d/+) e perda de funcéo (gob-3) para o fator de transcricdo GOBLET, o qual é
ortélogo ao gene CUC2 de arabidopsis (Blein et al., 2008; Berger et al., 2009) e
alvo do miR164, demonstrou que a via regulada por esse pequeno RNA é
funcional ao longo do desenvolvimento do ovario, assim como do fruto. Nos
mutantes Gob-4d/+, o gene GOBLET encontra-se livre da regulacdo do miR164
devido a presenca de uma mutacdo pontual no sitio alvo deste microRNA. A
expressdo ectopica do gene GOBLET nas flores e ovarios promove o
desenvolvimento de frutos com carpelos extras no interior do gineceu. Ja o

mutante de perda de funcdo para o gene GOBLET (gob-3) apresenta
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morfologia do fruto modificada (Berger et al., 2009) (Figura 3). Em arabidopsis,
foi demonstrado que plantas transgénicas nas quais a atividade do miR164 é

reprimida, ocorre o0 surgimento de tecidos ectopicos ao longo do

desenvolvimento do fruto (Todesco et al., 2010).

God-4dda'+

Figura 3. Frutos de tomateiro apresentando a via de regulacdo do miR164 alterada. gob-3:
mutante perda de funcéo apresenta sua morfologia externa e interna alterada; Gob4d/+: mutante
ganho de funcéo, apresenta o surgimento de carpelos ectdpicos a partir do fruto Modificado a

partir de: Berger et al. 2009.

Outro pequeno RNA de grande relevancia na padronizagdo do
desenvolvimento dos tecidos do giceneu, ovario e consequentemente do fruto é
0 miR156 (Silva et al., 2014). A superexpressdao do MIR156 em tomateiro gera
fenétipo de indeterminacao do fruto (Figura 4), sugerindo que a repressao de
expressdo de alguns alvos do miR156 pode alterar o padrdo normal de
expressdo de genes associados ao desenvolvimento de novos Orgaos, tais
como os genes KNOX-I e GOBLET. A expressao acentuada destes genes leva
a perda de identidade das células dos tecidos do gineceu e ovario, fazendo
com que tecidos meristematicos desenvolvam-se a partir do fruto. Além disso,
andlises anatdbmicas de flores das plantas de tomateiro superexpressando o
miR156 demonstraram a presenca de carpelos extras e parcialmente
fusionados (Silva et al., 2014).

Tais resultados indicam que a via miR156/ SQUAMOSA promoter-
binding protein-like (SPL) também estd envolvida com a formacdo e
desenvolvimento inicial dos tecidos associados ao fruto. SPL é uma familia de

fatores de transcricdo planta- especifico, cujo membros sdo regulados pelos
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microRNAs miR156 e miR157 (os quais s&o dois microRNAs que compartilham
0S mesmo alvos e estdo envolvidos em diversos eventos do desenvolvimento

vegetal (Salinas et al., 2012;Schwab et al., 2005).

Figura 4. Comparacéo entre frutos
de tomateiro Micro-Tom (a) e
fenétipo dos frutos de tomateiro
gue superexpressam o miR156 (b)
demonstrando o surgimento de
estruturas adicionais (semelhantes
a frutos) a partir do fruto ja
formado. Modificado a partir de
Silva et al., 2014.

Recentemente, foi demonstrado que a atividade regulatéria exercida
pelos miR157 e miR156 afeta respectivamente o amadurecimento e a maciez
do fruto mesmo ap6s o amadurecimento (Chen et al., 2015). Tal descoberta
mostra-se condizente com o papel regulatério que esses microRNAs exercem
sobre o gene CNR (COLORLESS NON RIPPENING), o qual € membro da
familia génica SPL e crucial no controle do amadurecimento de frutos de
tomateiro (Manning et al., 2006; Moxon et al., 2008).Em conjunto, pode-se dizer
que vias orquestradas por microRNAs podem exercer um papel extremamente
relevante no desenvolvimento e padronizacdo dos frutos, sendo importantes

também para morfogénese dos mesmos.

2.5 — Aspectos gerais relacionados a geracao de frutos sem sementes

com énfase em partenocarpia

Como citado anteriormente, a polinizagéo e fertilizagdo sédo processos
criticos para a frutificacdo, uma vez que, apos essas etapas, inicia-se a sintese
de alguns hormonios que séo primordiais para o estabelecimento do fruto. Na

auséncia da polinizagédo, a tendéncia é que a flor, ainda que completamente
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formada, venha a abortar (O'Neill e Nadeau, 1997). Porém, existem
mecanismos que governam a formacdo de frutos sem sementes, dentre 0s
quais se destaca a partenocarpia o fruto se desenvolve na auséncia de
fertilizacdo, como é o caso de culturas como abacaxi, algumas cultivares de
Citrus e banana. Além da partenocarpia, frutos sem sementes podem ser
formados por estenospermia, onde a polinizacao e fertilizacdo sdo necessérias,
porém, o embri&do ndo se desenvolve. O fruto da uva é um exemplo onde
ocorre estenospermia (Bouquet et al., 1996; Stout, 1936). Em ambos 0s casos,
a planta deve ser capaz de sustentar o desenvolvimento do fruto na auséncia
de formacdo de sementes. Este processo envolve a agdo dos hormonios
auxina, giberelina e provavelmente etileno (Shinozaki et al., 2015).

A partenocarpia é tida como uma caracteristica de interesse econémico,
uma vez que as sementes podem apresentar efeito negativo na palatabilidade
do fruto (muitas vezes sdo amargas e de dificil digestdo) (Varoquaux et al.,
2000). Adicionalmente, a presenca de sementes pode dificultar o
processamento do fruto para as diferentes formas de consumo. Do ponto de
vista de produtividade, a partenocarpia se torna importante em regides nas
quais as condic¢des climaticas sdo mais severas. Nestes ambientes, a producao
de pdlen e polinizacdo pode ser comprometida, interrompendo assim, o
processo de frutificacdo e consequentemente limitando o cultivo. Nesses
casos, € interessante que o processo de frutificacdo ocorra independentemente
da polinizacéo e fertilizacéo para que se consiga a otimizacao da produtividade
(Stevens, 1986).

Mutacbes que induzem a formacdo de frutos partenocarpicos foram
inicialmente identificadas em arabidopsis. No mutante fwf (fruit without

7

fertilization), cuja mutacdo € no fator de transcricado ARF8, a frutificacao
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encontra-se independente da fertilizacdo, gerando assim frutos partenocarpicos
(Vivian-Smith et al., 2001 e Goetz et al 2006). Du et al. (2015) demonstraram
que o ARF8 esté envolvido com partenocarpia também em berinjela (Solanum
melongela). Curiosamente, o ARF8 sofre regulacdo pds-transcricional pelo
mMiR167 (descrito anteriormente), sugerindo que vias orquestradas por esses
pequenos RNAs podem estar associada a formacao de frutos partenocérpicos.
Adicionalmente, a atuacao espaco-temporal da via miR167/ARF6/8 ao longo do
processo de frutificagdo mostra-se importante, uma vez que, plantas
transgénicas de arabidopsis que superexpressam o0 ARF6 insensivel a

regulacdo do miR167, também formam frutos sem sementes (Wu et al., 2006).

2.6 Consideracfes genéticas e moleculares sobre partenocarpia em

tomateiro

Em tomateiro, é possivel encontrar a geracdo de frutos partenocarpicos
em algumas cultivares especificas. Goetz et al. (2007) demonstraram que pelo
menos vinte e trés cultivares de tomateiro apresentam pré-disposicdo para
formar frutos na auséncia de polinizacdo e fertilizacdo. Como citado
anteriormente, hormonios possuem papel fundamental nos processos de
desenvolvimento e frutificagdo, assim, eles também podem ser facilmente
correlacionados com geracao de frutos partenocéarpicos. Ja foi demonstrado
que a aplicacao de auxina ou GA em ovarios nao polinizados de tomateiro tem
por consequéncia a inducdo da formacdo de frutos partenocarpicos,
demonstrando que a aplicacédo de hormdnios em ovarios em pré-antese podem
substituir a polinizag@o no processo de frutificagdo (Garcia Martinez e Hedden,

1997; Gorquet et al., 2005; Srivastava e Handa, 2005, Serrani et al., 2007).
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Alguns mutantes naturais de tomateiro também apresentam
predisposicdo para a geracdo de frutos partenocarpicos, sendo que essas
mutacOes geralmente estdo presentes em vias hormonais, ou em vias que
interagem com horménios. De fato, mutantes partenocarpicos passaram a
contribuir de maneira significativa para o entendimento dos mecanismos
genéticos e moleculares que governam o desenvolvimento de frutos, bem
como no entendimento dos fatores genéticos e moleculares que regem a
formacao de frutos partenocarpicos.

O mutante natural de tomateiro procera (pro), por exemplo, apresenta
mutacao (presente no dominio GRAS, o qual € responsavel pela interacdo da
proteina com DNA) no gene que codifica a proteina DELLA (tomateiro s6
possui uma proteina DELLA). Como essa proteina atua na repressado de genes
responsivos a GA, esse mutante apresenta resposta constitutiva a esse fito-
horménio. Consequentemente, o processo de frutificacdo se inicia antes da
polinizagdo, induzindo alta taxa de partenocarpia nesse mutante.
Adicionalmente, esse mutante também apresenta fenétipo de heteroestilia, o
gue também contribui para a formacéo de frutos partenocéarpicos (Marti et al.,
2007; Bassel et al., 2008; Carrera et al., 2012). Outros exemplos de mutacdes
naturais que induzem partenocarpia relacionada ao horménio GA sé&o
encontradas nos mutantes pat, pat-2, e pat-3/pat-4, nos quais foram verificados
altos niveis de GA em ovarios ndo polinizados, além da expresséo alterada de
genes de metabolismo de GA (Fos et al., 2000, 2001; Olimpieri et al., 2007).

Mutagcdes induzidas também podem ser fontes de partenocarpia. O
mutante iaa9-3 (gerado por tratamento com Etil Metano Sulfonato — EMS)
possui cédon de parada prematuro no segundo éxon do gene I1AA9 (repressor

dos genes que respondem a auxina). Esse mutante apresenta partenocarpia
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devido a resposta constitutiva a auxina (Wang et al., 2005; Saito et al., 2011).

Recentemente, foi demonstrado que alguns mutantes para o receptor de
etileno, também induzidos por EMS (Sletrl-1 e Sletrl-2 ) (Okabe et al., 2011),
promoveram a formacéo de frutos partenocarpicos em tomateiro (Shinozaki et
al., 2015).

A utilizacdo de linhagens transgénicas também passou a contribuir para
o0 entendimento de mecanismos que atuam na formacdo de frutos
partenocérpicos, principalmente correlacionando vias hormonais com vias
moleculares. Plantas transgénicas de tomateiro nas quais a expressao do
ARF7 e ARF9 é reduzida, apresentam fenotipo de partenocarpia (de Jong et
al., 2009; Wang et al., 2005a). A superexpressao do TIR1 (Transport Inhibitor
Responsel) que € um receptor de auxina, também induz a formacao de frutos
partenocarpicos (Ren et al., 2011). A geracdo de plantas transgénicas de
tomateiro que apresentam expressdo de formas aberrantes do ARF8 que,
como ja citado anteriormente, é alvo do miR167, também promove a formacgéao
de frutos com auséncia de sementes (Goetz et al., 2007). Em conjunto, pode-
se dizer que a partenocarpia em tomateiro estd intimamente ligada a vias
moleculares e hormonais, entretanto, informagdes correlacionando via

reguladas por microRNAs e partenocarpia ainda sao incipientes.

2.7 - Consideracdes gerais sobre os genes GAMYB-like e sua regulacéo

pelo miR159 ao longo do desenvolvimento vegetal

Os genes GAMYB ou GAMYB-like s&o fatores de transcricdo
implicados em processos de transducdo de sinal de GA (Woodger et al.,
2003). O GAMYB foi primeiramente descrito em células de aleurona de

cereal, nas quais sua expressdo € induzida por GA. Essa inducéo € devido
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a presenca de sequéncias que conferem a resposta a GA, denominadas
elementos de resposta a GA (GAREs) em seu promotor (Gubler et al.,
1995). Posteriormente a sua descri¢do, tem-se estudado o papel do GAMYB
em uma seérie de processos fisiolégicos de extrema importancia, dentre os
quais destaca-se sua atuacdo na inducao da expressdo de genes codificantes
de enzimas hidroliticas necessarias para a germinacao (Gubler et al., 1997) e
no desenvolvimento do endosperma (Diaz et al., 2002).

Também foi demonstrado que o GAMYB € expresso nas anteras de
cereais, e que sua expressdo é acentuada em células do tapete das
anteras  (Murray et al.,2003; Aya et al.,, 2009). Interessantemente, foi
demonstrado também o envolvimento deste fator de transcricdo no processo
de apoptose de células do tapete de anteras e em células de aleurona
(Tsuji et al., 2006; Aya et al.,, 2009). Kaneko et al. (2004) descreveram
gque mutantes de arroz (Oryza sativa) com perda de funcdo do gene
OsGAMYB possuem defeitos no alongamento de entren6s e no
desenvolvimento das anteras e do pdlen . Desta forma, fica claro que o
GAMYB possui multiplos papéis no desenvolvimento vegetal (Gocal et al.,
2001), o que se deve também a interacdo deste com outros genes que sdo
regulados por GA. Um exemplo interessante dessa interagdo ocorre com as
proteinas repressoras do tipo DELLA, as quais sao ativas na auséncia de GA
levando consequentemente ao bloqueio de genes induzidos por esse
fitormdnio. Sendo assim, a atividade do GAMYB é reprimida por essa proteina
em tecidos e estagios de desenvolvimento especificos (Gubler et al., 2002).
Recentemente foi demonstrado que a atividade do GAMYB é essencial para o

amadurecimento do receptaculo do morango (Fragaria X ananassa), uma vez
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que a reducdo da expressdo desse fator de transcricdo impossibilita o
amadurecimento do mesmo (Vallarino et al., 2015).

Alguns genes GAMYB-like séo regulados p0s-transcricionalmente pelo
microRNA miR159 (Schwab et al., 2005;Tsuji et al., 2006). A superexpressao
do gene MIR159a em arabidopsis promove atraso no florescimento quando
comparado com plantas de arabidopsis néo transgénicas. Foi evidenciado que,
devido a regulacédo realizada pelo miR159 nos transcritos do gene MYB33
(GAMYB-like), ocorre uma reducdo na expressado do gene LEAFY (crucial para
a identidade de meristema floral), o que resulta em florescimento tardio (Achard
et al., 2004; Blazquez e Weigel 2000; Gocal et al., 2001). O fendtipo de atraso
no florescimento também foi demonstrado em linhagens de plantas
transgénicas de gloxinia (Sinningia speciosa) com expressao ectopica do
miR159 (Li et al., 2013).

Alonso-Pereal et al. (2010) demonstraram que o0 miR159 reprime a
expressdo de genes conservados do tipo GAMYB-like, implicados na
sinalizacdo de GA em anteras e sementes. Reyes e Chua (2007) mostraram,
em arabidopsis, que o0 &cido abscisico (ABA) induz o acumulo dos
transcritos do miR159 para regular a expressdo de genes GAMYB-like na
germinacdo de sementes sob condi¢Bes de estresse hidrico. Foi demonstrado
também que a via miR159/GAMYB-like também ¢é ativa no receptaculo floral
do morango (Csukasi et al., 2012). O padrédo de expressdo do miR159 em
gemas axilares ja foi demonstrado por experimentos de hibridizacdo in situ,
sugerindo que este possui um papel nos processos de diferenciacao
destes tecidos (Ortiz-Morea et al., 2013).

Com a utilizagdo e analise do mutante 7B-1 (mutante de tomateiro

macho estéril que é dependente de foto-periodo), foi sugerido que a via
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mMiR159/GAMYB-like possa estar relacionada com o desenvolvimento das
anteras (Omidvar et al., 2015). Adicionalmente, foi demonstrado que o miR159
e seus alvos GAMYBL1 e 2 sdo expressos ao longo do desenvolvimento de fruto
(Gong e Bewley, 2008, Mohorianu et al., 2011; Lopez-Gollomon et al., 2012;
Karlova et al., 2013), o que levanta a questdo sobre participacdo da via do
mMiR159 durante as etapas de desenvolvimento e formag&o do fruto e se ela
atua interagindo com outros fatores moleculares e fisiolégicos durante as
diferentes etapas de frutificac&o.

Portanto, o objetivo principal deste trabalho foi avaliar funcionalmente
avia regulada pelo miR159 durante o processo de frutificagdo em tomateiro (cv.
Micro-Tom), e também avaliar a possivel correlagdo desta via
(miR159/GAMYB-like) com outras vias moleculares e vias hormonais durante
as etapas de desenvolvimento do ovério e do fruto.

A metodologia, bem como o0s resultados e discussao serao

apresentados neste documento no formato de artigo cientifico.
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Abstract

Fruit set, defined as the shift from the quiescent ovary to a fast-growing young fruit,
is a key process for fruit production in flowering plants. It has been shown that
hormones act in parallel with transcription factors during fruit set. Interestingly,
some of these transcription factors are post-transcriptionally regulated by
microRNAs (miRNASs). Although miRNAs are important regulatory elements of gene
expression, microRNA-regulated genetic pathways associated with tomato
(Solanum lycopersicum L.) fruit set remain poorly exploited. Here, we investigated
the functional role of miRNA159/SIlyGAMYB-like in tomato ovary development and
fruit set. miR159-targeted GAMYB-like genes were dynamically expressed in
developing flowers, ovaries and fruit tissues. Transgenic tomato (cv. Micro-Tom)
plants over-expressing the SIlyMIR159 (OE-159 plants) exhibited fruit set earlier
than control plants. Strikingly, all transgenic lines presented parthenocarpic fruits.
Such developmental modification may be a result of the repression of SyGAMYB1
in ovaries. As a consequence of this repression, miR167 node (miR167/SIyARF8)
was mis-regulated in OE-159 pre-anthesis ovaries. In addition, we observed that
the levels of auxin, gibberellin (GA) and abscisic acid (ABA) in pre-anthesis ovaries
of several transgenic lines over-expressing the SlyMIR159 were similar to those of
the control. Moreover, our results suggested that auxin and GA may act repressing
the miR159 node during fruit set initiation, in order to release the miR167-targeted
SIyARF8A expression during fruit set. Importantly, our data show how different
microRNA nodes (miR159 and miR167) integrate with hormone signalling into a
regulatory circuit to coordinate successive steps along ovary and fruit development.

Key words: ovary, parthenocarpy, Solanum lycopersicum, gibberellin, Auxin
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Introduction

Fruit set, defined as the shift from the quiescent ovary to a fast-growing
young fruit, is a key process for fruit production in flowering plants (Jong et al.,
2009). Signalling processes triggered by pollination and fertilization are usually
necessary to initiate seed and fruit development (Gillaspy et al., 1993,
Raghavan, 2003). Subsequent fruit growth depends, in part, on the coordinated
action of growth substances produced in the ovary and seeds after pollination
and/or fertilization (Gillaspy et al., 1993; Garcia-Martinez and Hedden, 1997).
Various phytohormones, such as auxin, cytokinin (CK), and gibberellins (GAS),
have been implicated in seed and fruit growth and development (Nitsch, 1960;
Garcia- Martinez and Hedden, 1997).

The effect of pollination and fertilization in the induction of fruit grown can
be mimicked by hormones application (Vivian-Smith and Koltunow, 1999;
Serrani et al.,, 2007). However, fruits generated without pollination and
fertilization are parthenocarpic (seedless) fruits. Gustafson (1936) performed
the pioneer experiment demonstrating that the treatment of stigmas from
several species including tomato (Solanum lycopersicum L.) with substances
similar to auxin induced fruit set, but all fruits developed into parthenocarpic
fruits. Later, Wittwer et al. (1957) demonstrated that other phytormone, GA, can
induce parthenocarpic fruit set. In natural parthenocarpic tomato varieties, these
hormones probably reach a threshold amount before pollination, and then those
plants are able to produce seedless fruits (Gustafson, 1939; Nitsch et al., 1960;
Mapelli et al., 1978, 1979).

It is already known that several natural tomato mutants with

parthenocarpy usually show altered expression of genes that are involved in
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hormone (e.g. auxin or GA) biosynthesis and/or signalling (Pandolfini et al.,
2007). Studies on these mutants have been useful to clarify physiological and
molecular characteristics of the fruit set process. For instance, the entire mutant
shows parthenocarpy due to impairment of the SIylAA9 protein function.
SIlylAA9 belongs to Aux/IAA transcription factor gene family and mediates plant
responses to auxin (Wang et al. 2005; Zhang et al., 2007). Moreover, pat, pat2
and pat-3/pat-4 are natural tomato parthenocarpic mutants and their
phenotypes are associated with increases levels of active GA in non-pollinated
ovary due to mis-expression of GA metabolism genes (Fos et al., 2000;
Olimpieri et al., 2007). The procera (pro) mutant has a point mutation at the
GRAS domain in the unique tomato DELLA protein-coding gene, leading to a
constitutive GA response in pro plants. As a result, this mutant presents a high
rate of parthenocarpic fruits (Bassel et al., 2008; Jasinski et al., 2008).

Parthenocarpy is an interesting feature not only from a developmental
perspective, but also as a desirable feature from the agricultural point of view.
Given that fruit set initiation depends on pollination and fertilization and both can
be affected by environmental conditions (e.g. temperature) (Stevens 1986), a
reduced dependency on fertilization might represent an improvement in fruit set
and production (Stevens 1986, Varoquaux et al., 2000; Jong et al., 2008).
Nevertheless, this requires more knowledge regarding molecular regulatory
mechanisms implicated in fruit set and parthenocarpy.

It had been already shown that hormones act in parallel with transcription
factors during fruit set, thus, emphasizing the importance of the control of these
genes along fruit development (Ma et al., 2014). Interestingly, some
transcription factors associated with hormone responses are post-

transcriptionally regulated by microRNAs (miRNAs) (Liu et al., 2014). MiRNAs
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are a group of small non-coding RNAs (21-24 nt) that act by pos-
transcriptionally regulating genes in plants and animals (Lee et al., 2003, Lagos-
Quintana et al., 2001). These complex gene regulatory networks controlled by
microRNAs are highly important for several steps of plant development,
including those involved in the patterning of specific tissues and organs (Telfer
and Poethig 1998; Jacobsen et al., 1999; Lu and Fedoroff 2000; Silva et al.,
2014)

Some microRNA-regulated pathways are tightly associated with fruit
development. For example, in the gain-of-function tomato mutant GOBLET
(Gob-4d), which has a point mutation in a NAC gene that prevents its miR164
post-transcriptional regulation, produces fruits with extra carpels and fewer
seeds (Berger et al., 2009). On the other hand, transgenic tomato lines
overexpressing MIR167 are not capable of generating fruits. This microRNA
has as targets the transcription factors Auxin Response Factors 6 and 8
(ARF6/8), which are involved in auxin signalling during fruit set. These ARFs
are critical for fruit development (Liu et al., 2014). Furthermore, it was
demonstrated that microRNA156-targeted SPL/SBP box transcription factors
regulate tomato ovary morphology and consequently fruit development (Silva et
al., 2014).

Together, these works show that we are beginning to understand the
functional roles of microRNA-controlled pathways that operate during ovary
development and suggest that possibly other conserved microRNA regulatory
circuits might be associated with fruit initiation. Furthermore, it raises the
question, whether these pathways could not be implicated with advanced
stages of fruit development, given that the knowledge linking microRNAs and

fruit set remains poorly exploited.
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MiR159 is highly conserved in plants and regulates negatively the
GAMYB-like transcription factors (Rhoades and Bartel 2002). GAMYB-like
genes were firstly identified in barley aleurone cells and have been shown to be
up-regulated by GA (Gubler et al., 1995). In Arabidopsis, miR159-targeted
GAMYB-like genes are important for the formation of flowers whorls, and are
embedded into other microRNA nodes (Alonso-Pereal et al., 2010; Rubio-
Somoza and Weigel 2013). Thus far, it has been identified two GAMYB-like
genes (SIlyGAMYBL1 and -2) in tomato (Gong and Bewley 2008) and both were
shown to be regulated by the miR159 (Karlova et al., 2013). Nevertheless, there
is no information linking the miR159-targeted GAMYB-like transcription factors
with any step of vegetative and reproductive development.

In this work, we show that miR159-targeted SIlyGAMYB-like genes are
important during ovary development and mainly fruit set. We assessed the
spatial-temporal expression of miR159 and SIyGAMYB1 during flower and fruit
development of the tomato cultivar Micro-Tom (MT). The results showed that
the miR159 node is expressed during early stages of flower development,
including pre-anthesis ovaries. To obtain insights about the possible role(s) of
miR159-targeted SIyGAMYB-like genes, we initially identified SlyMIR159
precursor and generated several transgenic lines of tomato MT overexpressing
the SIyMIR159 precursor (hereafter referred to as OE-159 plants). Over-
expression of SIyMIR159 leads to reduction of expression of miR159-targeted
SIyGAMYB1 and -2 in pre-anthesis ovaries. Interestingly, over-expression of
SlyMIR159 induced earlier initiation of fruit grown when compared with MT and
control plants. Strikingly, all OE-159 lines displayed parthenocarpy fruits. Such
developmental modifications may have occurred as a consequence of the

observed mis-regulation of the miR167/SIyARF8 pathway. Interestingly, we
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observed that the levels of auxin, GA and ABA in pre-anthesis ovaries of OE-
159 lines were similar to those of control plants. Thus, we evaluated the
expression of miR159 and its targets in transgenic line and mutant displaying
parthenocarpic fruits due to high levels de GAs and constitutive response to this
hormone, respectively. The results suggested that GA might act upstream of
miR159 pathway during fruit set process. Additionally, we analysed transcript
levels of the miR159 and miR167 nodes in response to pollination and
fertilization. These experiments showed that after pollination, the SlyGAMYB1
expression is reduced, probably to reduce the expression of the miR167 and
release SIYyARF8A expression for fruit set initiation. Altogether, these results
unveiled new functions of the miR159 node and showed that a coordinated
molecular circuit involving miRNA nodes and hormones is crucial to control

tomato fruit set.
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Material and Methods
Plant Material and Growth Conditions

Tomato (Solanum lycopersicum L. cv Micro-Tom) was used as the wild-
type, and transgenic plants were generated in the MT background. Tomato cv.
M82 was also used in the pollination experiments. The transgenic line
overexpressing GIBBERELLIN 20-OXIDASE cv MT (Garcia-Hurtado et al.,
2012) was kindly provided by professor Isabel Lopez from UPV (Universitat
Politecnica de Valencia). The procera mutant in MT background was kindly
provided by professor Lazaro Peres (ESALg/USP, Brazil). Tomato MT plants
were grown as described by Lombardi-Crestana et al. (2012). Ovary and fruit
tissues were collected based on flower developmental stages (Brukmihin et al.,
2003).
Identification of SlyMIR159 precursor in tomato genome

To search potential miR159 precursors in Tomato genome (Tomato
Genome Consortium, 2012), the mature miR159 sequences from Arabidopsis
(miR159a,b and c) were retrieved from miRbase Database (Release 21:, http://
www.mirbase.org) and used as a reference set. BLAST search analyses with
the three AtmiR159 mature sequences were done using the Solanaceae
Genome Network Database (http://solgenomics.net/) according to parameters
described by Zanca et al. (2010). After identifying the potential SlyMIR159
precursor, its secondary structure was predicted by the mFOLD software

(http://unafold.rna.albany.edu).

Identification of potential GAMYB binding sites in miR167 precursors

To search potential SlyGAMYBL1 binding sites in upstream region of the

mMiR167 precursors, we extracted upstream sequences from tomato genome
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(Tomato Genome Consortium, 2012) and performed an analysis as described in
Rubio-Somoza and Weigel 2013.
Generation of Transgenic Tomato cv. MT Plants Over-expressing the
SlyMIR159 Precursor

A 940 bp fragment encompassing the SIyMIR159 precursor was
amplified from tomato cv. MT genomic DNA. The PCR product was cloned into
PENTR/D Topo (Invitrogen) and sequenced. The confirmed SlyMIR159
precursor was recombined into the binary vector pk7WG2,0 using Gateway
system (according with fabricant’s instructions). The binary vector carrying the
SIlyMIR159 was transformed into Agrobacterium tumefaciens strain LBA4404.
The empty vector pk7WG2,0 was also used in order to generate transgenic
control plants (hereafter refer to as pk2 plants). Genetic transformation of
tomato cv. MT plants was performed as described by Pino et al. (2010). To
confirm the fruit phenotype observed in plants over-expressing the SlyMIR159
(OE-159 plants), genetic transformation was performed three times, including
the control plants carrying the empty vector (pk2 plants). In total, fifty-eight
independent OE-159 lines and twenty four lines carrying the empty vector (pk2
plants) were generated in this work.
In Situ Hybridization

Developing pre-anthesis ovaries from MT plants were used for in situ
hybridization as described by Javelle and Timmermans (2012). Locked nucleic
acid (LNA) probes with sequences complementary to miR159 (5'-
TAGAGCTCCCTTCAATCCAAA) and a negative control (scrambled miR, 5’-
GTGTAACACGTCTATACGCCCA-3’) were  synthesized by  Exiqgon
(http://www.exigon.com/), and digoxigenin-labeled using a DIG oligonucleotide

3’end labeling kit (Roche Applied Science, https://www.roche-applied-
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science.com). Ten picomoles of each probe were used for each slide. Probe for
SIyGAMYB1 (Solyc11g072060) was used as described by Javelle and
Timmermans (2012) at 0.5 ng .puLt.kb. Hybridization and washing steps were
performed at 55°C as described by Javelle and Timmermans (2012).

RNA extraction and Stem-loop pulsed quantitative RT-PCR

Total RNA was extracted from developing ovaries, flower bud and young
fruits using Trizol reagent (Invitrogen) according to the manufacturer's
instructions, and treated with DNase | (Invitrogen). DNase I-treated RNA (2.0
Hg) was reverse-transcribed to generate first-strand cDNA, as described
previously (Varkonyi-Gasic et al., 2007).

First-strand cDNA was transcribed as described in Varkonyi- Gasic et al.
(2007). SYBR Green PCR was performed using a Step-OnePlus real-time PCR
system (Applied Biosystems, www.appliedbiosystems.com). Briefly, 5 ul of 1:80
v/v. cDNA dilutions were added to 12.5 Il of Platinum SYBR Green gPCR
SuperMix UDG (Invitrogen). The tomato TUBULIN (Solyc04g081490) and
SAND (Solyc03g115810) genes were tested and used as internal controls
(Mounet et al., 2009, Exposito-Rodrigues 2008). The PCR products for each
primer set was subjected to melt-curve analysis, confirming the presence of
only one peak on thermal dissociation generated by the thermal denaturing
protocol. Three technical replicates were analyzed for each of three biological
samples (each comprising at least four ovaries), together with template-free
reactions as negative controls. The threshold cycle (CT) was determined
automatically by the instrument, and fold changes for each gene was calculated
using the equation 2-22%(Livak and Schmittgen, 2001).

Auxin application
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Flower emasculation was carried out two days before anthesis (day -2) to
prevent self-pollination. Application was performed according to Serrani et al.,
(2007). Treatments and the control (Mock) consisted of forty ovaries from 20
MT plants.

Determination of parthenocarpic capacity

To determine parthenocarpic capacity, ten flowers per plant were
selected from five independent transgenic lines of OE-159 and 10 flowers from
MT and pk2 flowers. These flowers were emasculated 2 days before anthesis to
prevent self-pollination and the fruit set capacity was evaluated.

Pollination experiments

Ten flowers per plant were selected from five independent transgenic
lines of OE-159. These flowers were emasculated 2 days before anthesis to
prevent self-pollination and were pollinated with pollen from tomato cultivars MT
and M82. In total, 30 flowers were pollinated with MT pollen and ten flowers
were fertilized with M82 pollen.

Hormones quantification

Pre-anthesis ovaries from each transgenic line were used. Material was
frozen immediately in liquid N2 before storage at -70°C, until further analysis.
The extraction procedure was performed as following. Aliquots of 100 mg fresh
weight was homogenized and suspended in 80% methanol-1% acetic acid,
containing deuterated-labeled hormones as internal standards, mixed by
shaking during one hour at 4°C and kept a -20°C overnight. The extract was
passed through an Oasis HLB (reverse phase) cartridge as described in Seo et
al (2011). The dried eluate was dissolved in 5% acetonitrile-1% acetic acid, and
the hormones separated by UPHL chromatography (Accucore RP-MS column

2.6 um, 50x2.1 mm, Thermo Scientific) with a 5 to 50% acetonitrile gradient
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containing 0.05% acetic acid, at 400 uL/min over 14 min. The concentrations in
the extracts was analyzed with a Q-Exactive mass spectrometer (Orbitrap
detector; ThermoFisher Scientific) by targeted SIM using embedded calibration
curves and the Xcalibur 2.2 SP1 build 48 and TraceFinder programs.
Statistical methods

Statistical treatments were made in the hormone quantification data
using the Assistat program release 7.7 for Windows. Data were analyzed by
using Student's t-Test and one-way ANOVA for p<0.05.
Histological Analysis

Samples of developing ovaries were fixed in Karnovsky solution
(Karnovsky, 1965), dehydrated in an increasing ethanol series (10-100%), and
subsequently infiltrated with synthetic resin using a Historesin embedding kit
(Leica, www.leica-microsystems.com), according to the manufacturer's
instructions. Tissue sections were obtained using a rotary microtome (Leica)
and stained with toluidine blue 0.05% (Sakai, 1973). Permanent slides were
mounted with synthetic resin (Entellan R, Merck, www.merck.com).
Results and Discussion
Expression Patterns of SlyGAMYB-like Genes and miR159 During Flower
and Ovary Development

Although it has been shown that miR159 node regulates some aspects of
plant development (Gubler et al., 1997; Murray et al., 2003; Aya et al., 2009;
Achard et al., 2004; Blazquez and Weigel 2000; Gocal et al.,, 2001), the
possible role (s) of miR159 pathway on fruit development and more specifically
on fruit set remains poorly understood. To initially addressing the possible
functions of miR159 and miR159-targeted SlyGAMYB-like genes on tomato fruit

set, we evaluated the expression profiles of miR159, SlyGAMYB1 and
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SIyGAMYB2 during ovary and fruit development. They were expressed
throughout ovary development and also in fruits, though at variable levels
(Figure 1). For instance, miR159 accumulated at high levels in pre-anthesis
ovaries, while it was barely detected in post-anthesis ovaries and fruits at
breaker stage (Figure 1a). SIyGAMYB1 was steadily expressed in flower buds,
ovaries and fruits, though SIyGAMYB2 transcripts seemed to accumulated at
higher levels in flower buds when comparing with developing ovaries and fruits
at breaker stage (Figure 1b, c).

Given that miR159 and targets were expressed in flower buds and
developing ovaries (Figure 1la-c), we decided to evaluate in greater detail their
spatial/temporal expression in early stages of flower development by in situ
hybridization. miR159 transcripts were localized in developing carpel, stamen
primordia, pollen mother cell tissues and ovule primordia (Figure 1d). Similarly,
SIyGAMYB1 mRNA was detected, though at low levels, in developing carpel
and pollen mother cell tissues of young buds (Figure le). At later stages of
flower development, miR159 transcripts were localized in developing ovules,
stigma and pollen grains (Figure 1g). Curiously, at similar developmental
stages, SIyGAMYB1 was detected specifically in pollen grains and developing
ovules (Figure 1h), suggesting a possible role of this transcription factor during
the development of germ cells. No signal from the control probe was detected
(Figure 1f, i), which confirms the specificity of the observed expression patterns.
These results complement previous report (Mohorianu et al., 2011) which
showed a dynamic miR159 expression pattern during early fruit development.
Taken together, our expression analyses in developing ovaries suggested that
the miR159 node may have functional role(s) in ovary and ovule development

and consequently on tomato fruit set.
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Figure 1. Expression patterns miR159 (a) and SIyGAMYB-like genes (b, ¢) in flower buds, developing
ovaries and fruit at breaker stage. Quantitative RT-qPCR experiments used tissues from closed floral buds
as the reference sample. Error bars indicate standard deviation of three biological samples. RE, relative
expression. (d) A 3-labeled LNA-modified oligonucleotide detecting miR159 was hybridized with
longitudinal sections of MT flowers at developmental stage 2-6 (e) A digoxigenin-labeled probe detecting
SlyGAMYB1 transcripts was hybridized with longitudinal sections of MT flowers at developmental stage 2-6

(g) A 3'-labeled LNA-modified oligonucleotide detecting miR159 was hybridized with longitudinal sections
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of MT flowers at developmental stage 6-10 (h) A digoxigenin-labeled probe detecting SIyGAMYB1
transcripts was hybridized with longitudinal sections of MT flowers at developmental stage 6-10. Purple
staining shows probe localization (arrowheads). (f, i) Negative controls. Scale bars = 100 pm (c,d) and 20
pum (e,f,g and h). Carp, carpel; Ant, anther; Ovu, ovule; Sp, Stamen primordia . Flower were collected

based on flower developmental stages described in Brukhin et al. 2003.

Over-expression of SlyMIR159 Alters Tomato Flower Pattern and induces
Parthenocarpy

MiR159 family is highly conserved in land plants. Arabidopsis has three
mMiR159 precursors, and each of them generates a different mature sequence
(miR159a, -b and -c) (Rhoades and Bartel 2006). To identify miR159 precursors
in tomato, we searched in the tomato genome using Arabidopsis miR159
mature sequences as query and BLAST algorithm allowing no mismatches
(Schwab et al. 2005; Zanca et al., 2010). We found only one precursor in
tomato, which is the same as deposited in miRbase version 21 (http://
www.mirbase.org). This precursor shows the potential to produce a 21-nt
mature sequence identical to Arabidopsis miR159a (Figure 2a) and was named
SlyMIR159.

The presence of several EST transcripts matching SlyMIR159 indicated
that this tomato precursor is transcribed (data not shown). Next, we aligned the
precursor to tomato genome and identified the coordenates of this precursor in
the chromosome 3 (Figure 2b). Our data is well supported by the fact that in the
same coordinates that we mapped the miR159 precursor was already described

a cluster of microRNAs genes (The tomato genome consortium 2012).
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Figure 2. (a) Alignment of miR159 mature sequence from tomato (Sly) and Arabidopsis (Ath).
b: Scheme mapping the SIyMIR159 in the chromosome 3 (Chr3) from tomato (tomato genome
version SL2.40). The numbers (67733015-67733192) represents the coordinates in the
chromosome 3. Mb: Megabases

Over-expression of AthMIR159a reduces the expression of AthMYB33
and AthMYB65 and as a consequence, plants display delayed flowering. In
addition, the AthMIR159a plants were associated with a progressive increase in
the size of anthers, and with a darkening of anther colour (Palatnik et al., 2003;
Achard et al., 2004). To investigate the functional role(s) of miR159-targeted
SIlyGAMYB-like genes during ovary development and fruit set, we generated
several independent transgenic lines of tomato cv. MT overexpressing
SIlyMIR159 under control of the CaMV35S promoter (hereafter referred to as
OE-159). To evaluate flower and fruit phenotypes in plants at TO generation, we
generated empty-vector control plants as well (Figure 3; see Material and

Methods).
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Figure 3. Quantitative RT—-PCR to detect mature miR159 in pre-anthesis ovaries tissues from
different transgenic lines over-expressing SlyMIR159 with MT as the reference sample. Error
bars indicate standard deviation of three biological samples. MT: Micro-Tom, RE: relative
expression. # OE-159 transgenic line. pk2: Transgenic plant genetically transformed with empty
binary vector pk7WG2.

In agreement with previous reports (Palatnik et al., 2003; Achard et al.,
2004), OE-159 plants showed reduced expression of miR159-targeted
SIyGAMYB1 and 2 genes (Figure 4a). Similarly to the over-expression of
MIR159a in Arabidopsis, tomato OE-159 plants displayed dark anthers (Figure
4f and g) and little pollen release when comparing with MT and pk2 plants (data
not shown). Interestingly, tomato OE-159 plants displayed earlier fruit set when
comparing with the pk2 (Figure 5) and MT plants (data not shown). Importantly,
these phenotypes were not previously associated with the miR159 node
(miR159/GAMYB-like) and suggest a link between miR159-targeted

SIlyGAMYB-like genes and tomato fruit set.
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Figure 4. (a) SlyGAMYBL1 and 2 expression patterns in pre-anthesis ovaries from OE-159#7 . Error bars

indicate standard deviation of three biological samples. RE, relative expression. (b,c, d) pk2 anthers.( e,f, g)
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Figure 5. Flowers at anthesis of control pk2 (a) and OE-159 plants(b) showing that the ovary

(arrows) is larger in OE-159 plants at the same stage of development. Scale bars: 500 mm.

Over-expression of SIyMIR159 Induces parthenocarpy in tomato

Although all OE-159 lines had fruits displaying normal morphology,
comparable with control fruits (Figure 6), they were seedless fruits (Figure 7).
This observation suggests that miR159-targeted SIlyGAMYB-like genes are
implicated in seed formation. Two main mechanisms are responsible for the

formation of seedless fruits (1): (i) parthenocarpy, where the fruit develops in
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the absence of fertilization; and (ii) stenospermy, where pollination and
fertilization are required, but embryos either do not form or they abort before
completion of seed formation (Bouquet et al.,, 1996). To evaluate these
possibilities, we emasculated several OE-159, pk2 and MT flowers at pre-
anthesis stage to determine whether ovary growing in OE-159 flowers depends
on fertilization. While all transgenic ovaries were able to grow out and produce
fruit (Figure 8), none pk2 and MT flowers were not able to generate any fruit,
which suggests the fruit set on OE-159 plants is uncoupled from pollination and
fertilization processes, as fruit set takes place in these plants even in the
absence of pollination. Therefore, we concluded that OE-159 seedless fruits
were generated by parthenocarpy.

Given that fruit set is initiated by the pollination process (O’Neill and
Nadeau, 1997) and the OE-159 plants show little pollen release, we carried out
experiments to clarify whether parthenocarpy was facultative, obligatory or a
consequence of the little pollen release. We performed pollination of OE-159
and pk2 flowers with pollen from MT (Figure 9) and M82 flowers (data not
shown). While 100% of the fruits generated by OE-159 flowers were
parthenocarpic, 100% of the fruits from pk2 flowers produced normal seeds with
pollen from both cultivars (MT and M82), indicating that parthenocarpy in OE-

159 plants is obligatory.
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Figure 6. Comparative fruit morphology from different lines transformed with the empty binary
vector (a) and p35S::SlyMIR159 (b). # transgenic line. Scale bars: 500 um.

Figure 7. (a, b) Representative fruit from pk2 control plants. (c, d,) Representative fruit from a

mild transgenic line# 4. (e, f). Representative fruit from a stronger transgenic line fruit #7.
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Figure 8. Parthenocarpic fruit from emasculated flower (2 days before anthesis) from transgenic
lines OE-159 # 7. Emasculated flowers from pk2 and MT plants were not able to generate any
fruits. # transgenic line, Scale bar 500mm.

Figure 9. Pollinated fruits with MT pollen: pk2 control fruits on the left (with seeds) and OE-159

on the right (seedless parthenocarpic fruit). Scale bar, 1cm. n =30

Ovary development is closely related to fruit organogenesis (Wang et al
2009). To shed some light on the possible origin of parthenocarpy of OE-159
fruits, we analysed tissue sections of pre-anthesis ovaries from transgenic and
MT plants. Our data revealed that the ovules from OE-159 ovaries have
somehow a different morphology and that the embryo sac is larger than those
from MT ovules (Figure 10). The ovules are key organs to seed development
and fruit set. They are derived from meristematic regions of the placenta tissues
(Skinner et al.,, 2004; Gallois et al., 2002). Thus, we decide to check the

expression of SlyGAMYBL1 in the placenta tissues of MT pre-anthesis ovaries by
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in situ hybridization. Surprisingly, its transcripts were found to be confined in the
region of the placenta, which will give rise to ovule formation (Figure 11). This
supports the idea that SIlyGAMYB1 and perhaps their downstream targets

contribute to ovule development in tomato ovaries.
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Figure 10. Longitudinal sections of flowers at developmental stage 10 (a) MT ovary (b) OE-
159-7. Scale bars: 500 um Ovu: ovule; ES: Embryo sac, 7: transgenic lines used for the
anatomy. Flowers were collected based on flower developmental stages described in Brukhin et
al. 2003.

Additionally, ovule development is under control of specific genetic
pathways (Skinner et al., 2004; Gallois et al., 2002). Given that SlyGAMYBL is
expressed early in placenta tissues (mainly in placenta margins from where the
ovules rise) and in the developing ovule of MT flowers (Figures 1h and 11), our
data support a possible function of this gene in the patterning of ovule

development. It is possible that the down-regulation of SyGAMYB1 in OE-159
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ovaries has compromised ovule and thereafter, seed formation. Nonetheless,

OE-159 ovaries were still able to grow out and generate parthenocarpic fruits.

Figure 11. (a) A digoxigenin-labeled probe detecting SlyGAMYB1 transcripts was hybridized
with longitudinal sections of MT flowers at developmental stage Purple staining shows probe
localization (arrowheads). (b) Negative controls Scale bars =50 um(a) and 100 um (b) Carp,
carp PI, Placenta. Flower were collected based on flower developmental stages described in
Brukhin et al. 2003

Auxin, GA and ABA levels are not altered in OE-159 ovaries

As mentioned before, phytohormones such auxin and GA are associated
with fruit set and parthenocarpy (Gorquet et al., 2005; Srivastava e Handa,
2005, Serrani et al., 2007).Therefore, we performed auxin, ABA, and GA
quantifications in several pre-anthesis ovaries of independent OE-159
transgenic lines. Interestingly, no significant changes in hormone levels were
observed in OE-159 comparing with control (pk2 ovaries) (Figure 12). Auxin and
ABA levels did not present any significant change (Figure 12a, b). Similar
results were observed for active GA levels (Figure 12c, d). These results
indicate that down-regulation of SIyGAMYB-like genes did not affect

significantly the biosynthesis of auxin, ABA or GA in pre-anthesis OE-159
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ovaries, even if parthenocarpic fruits are generated (Figure 7). It is possible that
such hormones (mainly auxin and GA) interact with miR159 node by regulating
its components during pre-anthesis and perhaps, during post-anthesis stages of

fruit development to fine-tune hormone signalling.
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Figure 12. Hormones levels in OE-159 pre-anthesis ovaries. Pk2 transgenic plants were used
as a control, showing no significant changes in hormone amount. Results are the mean of three
biological replicates (p<0,05). The numbers (#) represent different transgenic lines of OE-159.
IAA: Indole - 3 - acetic acid. GA1 and GA4: Active forms of GA. ABA: abscisic acid. Error bars
indicate standard deviation of biological samples.

GA pathway regulates miR159 node in pre-anthesis tomato ovaries
Considering that GAMYB functions in GA-mediated gene regulation
during seed germination (Gubler et al., 1995), we decided to check if GA could
regulate  miR159 and SlyGAMYB-like transcript levels during ovary
development. Plants overexpressing GIBBERELLIN 20-OXIDASE (GA200x-
OE) gene display high levels of active GAs and parthenocarpic fruit formation
(Garcia-Hurtado et al., 2012). GA200x is one of the enzymes that catalyses the
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last steps of the biosynthesis pathways of active GAs (Yamaguchi, 2008).
Therefore, we evaluated transcript levels of miR159 and SIyGAMYB-like genes
in pre-anthesis ovaries from GA200x-OE transgenic lines. Interestingly, while
miR159 was slightly up-regulated, SlyGAMYB1 was down-regulated in pre-
anthesis ovaries (Figure 13). Conversely, SlyGAMYB2 did not present obvious
changes in expression in developing ovaries from GA200x-OE overexpression
lines when comparing with control ovaries. Since this gene is also a target of
mMiR159, an inverse correlation between microRNA and SIyGAMYB2 transcript
levels was expected, similarly to what was shown for SlyGAMYB1 (Figure 13).
This apparent paradox was already showed for some GAMYB-like genes that
are targeted by miR159 in Arabidopsis (Achard et al., 2004). Moreover, it is
possible that SlyGAMYB2 acts in GA-independent pathways, though it remains
to be demonstrated.

Although GAMYB-like genes are known to be induced by GA in seed
germination, it has been already demonstrated that GA does not release
SIyGAMYB-like gene expression from miR159 regulation during flowering in
Arabidopsis (Alonso-Pereal et al., 2010).The observed up-regulation of miR159
and down-regulation of SIyGAMYB1l in GA200x-OE pre-anthesis ovaries
suggest that GA pathway acts upstream of the miR159 node during the fruit set
process. Thus, high levels of parthenocarpic fruit formation observed in
GA200x-OE plants (Garcia-Hurtado et al.,, 2012) may be, at least in part, a
result of low expression levels of SlyGAMYB1, similarly to what is observed in

our OE-159 plants (Figure 13).
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Figure 13. Quantitative RT—-qPCR experiments performed with pre-anthesis ovaries from MT
and p35S::GA200x (GA200x-OE) plants. MT was used as the reference sample. Error bars

indicate standard deviation of three biological samples. RE, relative expression.

GA-regulated processes are frequently controlled by DELLA protein. This
protein is usually a repressor of GA response (Richards et al., 2001). However,
it had been shown that, in some cases, GA signalling during fruit set can take
place via DELLA-independent pathways (Fuentes et al., 2012). To check
whether the interaction between GA and miR159 node in tomato developing
ovaries is DELLA-dependent, we evaluated the expression patterns of miR159,
SIyGAMYB1/2 in pre-anthesis ovaries of recessive pro mutant. This mutant has
a point mutation in the VHIID motif of the SIyDELLA gene (PROCERA), leading
to a single amino acid change, consequently showing low activity of DELLA
protein and presenting high levels of parthenocarpy. It has been proposed that
in the recessive tomato pro mutant, the mutation in SlyDELLA may lead to lower
activity of the repressor protein, causing reduced or no interaction with
downstream targets (Bassel et al., 2008; Jasinski et al., 2008).

In pro developing ovaries, miR159 transcript levels were slightly reduced,
while SlyGAMYB2 did not present significant change. Conversely, SlyGAMYB1

transcript levels were strongly reduced in pro pre-anthesis ovaries (Figure 14).
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This result indicates that a correct expression of SlyGAMYBL1 is important
during early stages of ovary development to prevent parthenocarpy, as
SIyGAMYBL1 expression was severely reduced in both GA200x-OE and procera
as well as in OE-159 pre-anthesis ovaries (Figures 4, 13 and 14).

The pro ovaries have the capacity to develop parthenocarpically.
However, pro parthenocarpy is facultative, because fruits with a certain number
of seeds could be obtained by manual self-pollination (data not shown; Carrera
et al., 2012). pro parthenocarpy is mostly caused by the absence of seeds due
to the long-style phenotype (preventing self-pollination) and reduced number of
pollen grains. In our OE-159 transgenic plants, parthenorcapy is likely caused
by malformation of ovules (Figure 10), though these plants also displayed
reduced production of pollen grains (data not shown).

Our data along with other group’s data suggest that successful
reproductive development (seed production) in tomato requires restriction of the
GA response in early developing ovaries. This restriction may be achieved by
the maintenance of a fine-tune SIyGAMYB1 expression in crucial stages of
ovary development, which could be through DELLA-dependent or DELLA-

independent pathways.
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Figure 14. Quantitative RT-gPCR experiments performed with pre-anthesis ovaries from MT
and procera plants. MT ovaries were used as reference sample. Error bars indicate standard

deviation of three biological samples. RE, relative expression.

Response of miR159 and its target transcript levels to auxin and
pollination treatments

Auxin is a key regulator of fruit development and fruit set and it is tightly
implicated with parthenocarpic fruit formation in several species (Gorquet et al.,
2005; Srivastava and Handa, 2005, Serrani et al., 2007). To evaluate auxin
effect on the miR159 node, we performed auxin (2,4-D) treatment in pre-
anthesis ovaries of MT plants (Figure 15). Similarly to previous reports (Serrani
et al., 2007), 2,4-D treatment of unpollinated ovaries led to fruit set. Conversely,
mock-treated unpollinated MT ovaries remained essentially unchanged (Figure
15a). In line with the observed ovary phenotype, auxin treatment repressed
SIyGAMYB gene expression. Interestingly, miR159 transcript levels were also

severely reduced in 2,4-D treated unpollinated ovaries (Figure 15b).
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Figure 15. (a) Phenotypic effects of 2,4-D treatment in pre-anthesis, unpollinated ovaries of MT. Scale
bar: 500mm. (b) Expression analyses of miR159 and its targets genes in pre-anthesis, unpollinated
ovaries treated with 2,4-D and mock (control). Quantitative RT—-PCR experiments used tissues from
ovaries treated with mock as reference sample. Error bars indicate standard deviation of three biological
samples. RE, relative expression.

In normal conditions, fruit set initiation depends upon pollination and
fertilization (O’Neill and Nadeau 1997), and its effect is associated with an
increase in auxin levels after the pollination/fertilization (Sundberg and
@stergaard 2009). Thus, we carried out an experiment in which we pollinated
MT flowers with MT pollen (wild-type x wild-type crosses). The ovaries were
collected at anthesis (0 DAP) and five days after pollination (5 DAP). As
expected, pollinated ovaries were able to grow out after 5 DAP (Figure 16a).
Transcript levels of miR159 and its targets were reduced in 5 DAP pollinated
ovariescompared with ovaries at 0 DAP or unpollinated ovaries (Figure 16b),
indicating that pollination and likely fertilization repress the miR159 node to
promote fruit set in tomato.

Together, our results suggest that both auxin treatment and pollination
negatively act on the SlyGAMYB gene expression during initiation of fruit set,

perhaps independently of miR159 regulation. Considering that the increase in
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auxin content after pollination is important for fruit set (Sundberg and
@stergaard 2009), it is plausible to propose that negative regulation of
SIyGAMYB1/2 gene expression after pollination (Figure 16b) is crucial for the

control of downstream molecular mechanisms that take place during fruit set.
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Figure 16. (a) MT ovaries at anthesis (0 DAP) and five days after handed pollinated (5 DAP). Scale bar:

1cm, DAP: Days After pollination. (b) Expression analyses of miR159 and its target genes in unpollinated
(0 DAP) and pollinated (5 DAP) MT ovaries. Quantitative RT-qPCR experiments used tissues from
ovaries at 0 DAP as reference sample. Error bars indicate standard deviation of three biological samples.

RE, relative expression.

mMiR167 node is mis-regulated in OE-159 developing ovaries

It had already been shown that the miR159-targeted GAMYB-like genes
directly regulate miR167, and indirectly, ARF6/8 expression. This crosstalk is
important for Arabidopsis sepal, petal and stamen development (Rubio-Somoza
and Weigel, 2013). MiR167 negatively regulates ARF6 and ARF8 expression.
Both ARF genes are implicated in fruit development and fruit set, including
parthenocarpy (Axtell and Bartel 2005, Wu et al., 2006; Vivian-Smith et al.,
1999). Thus, we decided to investigate whether these microRNAs nodes
(miR159 and miR167 node) could interact during ovary development.

The tomato genome contains four putative precursor (pri-miRNA) genes

that could generate a conserved miR167 mature sequence and ARF6 and two
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ARF8 homologs (Liu et al., 2013; Zouine et al., 2014). We initially performed a
survey on the upstream regions of all tomato miR167 precursors, looking for
potential motifs for the GAMYB-like transcription factors (TAACAAA). As
showed previously in Arabidopsis (Rubio-Somoza and Weigel 2013), we were
able to identify putative binding sites for GAMYB-like (Gubler et al., 2005) in
SIyMIR167A and SIyMIR167B precursors (Liu et al., 2013; Figure 17).

This result raised the possibility that these microRNA nodes (i.e.,
miR159/ SIyGAMYB1/2 and miR167/SIyARF6/8) may interact during early
steps of tomato ovary development. In addition, it has been shown that miR167
node is involved in tomato ovary development and fruit set (Liu et al., 2013). In
order to test this hypothesis, we began to evaluate the expression patterns of
mMiR167 and its target SIyARF8A in OE-159 and MT pre-anthesis ovaries.

Interestingly, miR167 was down-regulated while Sly-ARF8A was induced
in OE-159 pre-anthesis ovaries when comparing with MT ovaries (Figure 18),
indicating that the interaction between these miRNA nodes may be relevant not
only for sepal, petal and stamen development, but also for carpel and ovary
development.

These results led us to conclude that miR159 node is crucial at pre-
anthesis stages of fruit set to modulating the expression of miR167 in order to
keep the expression of SIyARF8A, and perhaps SIyARF8B and SIyARF6 genes
at low levels, which is important to prevent fruit set initiation before pollination.
This idea is supported by earlier fruit set and the high levels of parthenocarpy
presented by our OE-159 plants (Figure 5 and 7), which also show down-
regulation of miR167 (Figure 18). In addition, it had been already demonstrated
that ARF6/8 mis-regulation led to parthenocarpy phenotype in Arabidopsis and

eggplant (Vivian-Smith et al., 2001 e Goetz et al 2006; Du et al., 2015).
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Figure 17. Computational analysis of putative binding sites for SlyGAMYB-like proteins in

tomato genomic sequences.
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Figure 18. Expression analyses of miR167 (a) and Sly-ARF8A (b) in pre-anthesis ovaries of OE-159 (3 days
before pollination) transgenic line and MT plants. Error bars indicate standard deviation of three biological
samples. RE, relative expression. 7: Transgenic line OE-159. Quantitative RT-qPCR experiments used

tissues from MT pre-anthesis ovaries as the reference sample.

To reinforce our hypothesis regarding the crosstalk between miR159 and
mMiR167 nodes during tomato fruit set, we assessed the expression patterns of
the miR167 and SIYyARF8A in ovaries at anthesis (0 DAP) and in younger fruits
(5 DAP) from MT plants. Strikingly, miR167 transcript level was reduced after
pollination and the SIyARF8A was up-regulated in 5 DAP ovaries (Figure 19).
These results can be explained by the fact that the miR159 node is down-

regulated in fruits at 5 DAP (Figure 16b). Since the expression of SyGAMYB1
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is reduced after pollination/fertilization, this could lead to reduced levels of
mMIiR167 transcripts and released SIyARF8A expression. Recently, Liu et al.
(2016) showed that SIyARF8 is induced by pollination and achieve its highest
levels 14-16 days after pollination, which support the importance of the ARFs

expression for the fruit set process.
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Figure 19. (a) Comparative expression analysis of miR167 (b) Sly-ARF8A in MT ovaries at anthesis (0
DAP) and hand pollinated (5 DAP). Error bars indicate standard deviation of three biological samples. RE,
relative expression. The quantitative RT-qPCR experiments used tissues from ovaries at 0 DAP as the

reference sample.

Furthermore, the spatial and temporal pattern of transcripts of
SIyGAMYBL1 are localized in ovules and anthers (Figure 1g), similarly to what
was previously observed for Sly-ARF6 and Sly-ARF8 (Liu et al., 2013). This
reinforces our idea of a regulatory circuit in which miR159 targeted SIlyGAMYB-
like positively regulate the expression levels of miR167 to modulate the
expression of its targets during ovary development and more specifically fruit
set. In this context, we propose a model integrating the miR159, miR167 nodes
and their interaction with auxin and GA signalling during tomato ovary

development and also in the fruit set (Figure 20).
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Figure 20. Hypothetic model representing the network between miR159 pathway and miR167 node
integrated with pollination/fertilization, auxin and GA signalization during ovary development and fruit
set. In pre-anthesis (green box) the SlyGAMYB1 expression is relevant to induce the miR167 in order to
repress the SIYyARF8A to prevent fruit set without pollination. Once the pollination take place, the
miR159 node is repressed, thus, the fruit set process starts.
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Conclusdes gerais da tese

Com base em todos os resultados apresentados nesta tese de doutoramento,

podemos concluir que:

. A via de regulacdo miR159/SlyGAMYB1 ¢é importante para a
padronizacdo do desenvolvimento do ovario em tomateiro e

consequentemente da frutificagcao;

Il. A reducdo da expressédo do fator de transcricdo SlyGAMYB1 em ovarios
em pré-antese, por intermédio do miR159 ou via GA induz a

formacao de frutos partenocarpicos em tomateiro;

lll. Os dois fatores de transcricdo (SIyGAMYB1 e 2) parecem hao

apresentar funcdes redundantes em tomateiro;

IV. E possivel que a via miR159/SlyGAMYB1 atue também na padronizag&o

do desenvolvimento do 6vulo;

V. A superexpressdao do SIyMIR159 n&o altera a concentragdo dos

hormdnio ABA, GA e auxina nos ovarios das linhagens transgénicas;

VI. O crosstalk entre as vias moduladas pelo miR159 e miR167 € importante

para o processo de frutificacdo em tomateiro;

VIl.  E provavel que a aumento na producdo de auxina em resposta aos
eventos de polinizacao/fertilizacdo atue reprimindo a via

mMiR159/SlyGAMYB1, iniciando assim o processo de frutificacao.
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Anexos: Producédo cientifica e pedagodgica durante o periodo de doutorado.
Tabela de primes utilizados no presente trabalho
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Tabela de oligonucleotideos utilizados narealizacdo do presente trabalho
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Primer Sequence 5’ -> 3’) Utilization Access Reference

SlyMIR15 F CACCGGATCCACCCCTCTCCTCCATCATTT Construct

SlyMIR159 R GCACAAAGATCAAGAATCAAGA Construct SL2.40Ch03:617 | This Work

85401-61787100

M13 F GTTTTCCCAGTCACGAC Sequencing

M13 R CAGGAAACAGCTATGAC Sequencing PROMEGA PROMEGA

SIyGAMYB1 F | ACCAGACAGAGAACTGGGGT

SIyGAMYB1 R | GTCATAGCTGTTTCCTG In situ Solyc01g009070 | This work

miR159 probe In situ

SIyTUBULIN F | AACCTCCATTCAGGAGATGTTT gqPCR

SIYyTUBULINR | TCTGCTGTAGCATCCTGGTATT gqPCR DQ205342.1 Silva et al., 2014

SIlySAND F TTGCTTGGAGGAACAGACG gqPCR

SIySAND R | GCAAACAGAACCCCTGAATC gqPCR Solyc03g115810 | Exposito-
Rodriguez et al.,
2008

SIyGAMYB1 F | ACTCCTCTTCAGAGCCCACA gPCR




SIyGAMYB1 R | AATGAAGGAAGAGCCGAATG gqPCR Solyc01g009070 | This work
SlyGAMYB2 F | TCCTTGGGTGTAATTCCTGGC gPCR
SIyGAMYB2 R | ACAGCGTCCAACAGACCAC gqPCR Solyc06g073640 | This work
SIyARF8A F TGACATCGAATGGAAATTCAG gqPCR
SIyARF8A R GTCTCTTAGCACTAACAAACAC gPCR Solyc03g031970
miRNA159 F GCGGCGTTGGATTGAAGGG gqPCR
Mature
mMiRNA159 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC RT-PCR/gPCR | MI0009974
cDNA synthesis
miR167 F CCTGATGAAGCTGCCAGCAT RT-PCR/gPCR This work
MiRNA167 RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGATC RT-PCR/gPCR | MIMATO0007917 | This work
cDNA synthesis
Reverse GTGCAGGGTCCGAGG Varkonyi-gasic et

al., 2007







