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RESUMO

Plantas perenes cultivadas em climas temperados adquiriram ao longo do processo evolutivo
um mecanismo adaptativo chamado de dorméncia o qual permite a sua sobrevivéncia em
condicdes adversas de crescimento. Em macieira (Malus x domestica Borkh), a inducéo e a
liberacdo da dorméncia séo finamente reguladas e abrangem diversos aspectos que vao desde
a percepcgdo da célula ao frio até as respostas moleculares que desencadeiam 0s eventos
fisioldgicos. Sabendo-se da complexa rede regulatoria por trds desse controle, o presente
estudo visou contribuir com o seu entendimento por meio da caracterizacdo dos genes
MdoCBFs e MdolCE1, envolvidos nas vias de aclimatacdo ao frio, bem como dos genes
MdoBRRs, fatores de transcricdo responsaveis por modular a resposta dependente de
citocinina (CK), um importante horménio vegetal promotor do crescimento. O estudo contou
com a avaliagdo de um conjunto de dados contendo perfis transcricionais, quantificacdes
hormonais e ensaios de transativacao in vivo usando protoplastos de Arabidopsis. Os dados
revelaram que, ao longo do ciclo da dorméncia, os genes MdoCBF2 e MdoCBF4 sao
expressos somente durante a fase inicial da endodorméncia enquanto que os genes MdoBRR1
e MdoBRR8 tem sua expressdo acentuada em uma fase posterior, que engloba a transicdo da
endo- para a ecodorméncia. Além disso, o aumento de transcritos dos genes MdoBRRs é
concomitante com a regulacdo negativa de MdoDAML1, importante gene envolvido na
manutencdo da dorméncia. Nesta mesma fase, hd um incremento nos niveis de CK, seguido
de um aumento na quantidade de giberelina (GA) e reducéo drastica da expressdo dos genes
MdoCBFs. O antagonismo entre os perfis trancricionais de MdoBRRs e MdoDAM1 também
foi revelado em gemas ecodormentes tratadas com CK, onde houve aumento nos niveis de
transcritos de MdoBRR9 e MdoBRR10 e diminuicdo da expressdo de MdoDAML1. De maneira
similar, ensaios de transativacao in vivo permitiram mostrar que ambos os estimulos de CK
e as expressoes transientes de MdoBRR1, MdoBRR8 ou MdoBRR10 levaram a modulagéo
negativa de MdoDAML1. Por meio da mesma técnica, foi possivel observar que 0s genes
MdoCBF4 e MdoCBF5 sédo modulados de forma dependente de frio mas independente do
ativador transcricional codificado por MdolCEL. Por fim, os dados foram integrados em um
modelo hipotético que indica uma via de regulacdo bem orquestrada mediada tanto por
MdoCBFs e GA quanto por MdoBRRs e CK que, respectivamente, levam a ativacdo e a

repressdo de MdoDAM1, um regulador-chave da dorméncia de gemas.
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ABSTRACT

Throughout the evolutionary process, temperate perennial plants developed an adaptive
mechanism called dormancy that allows their survival in adverse growth conditions. In apple
trees (Malus x domestica Borkh), the induction and release of dormancy is finely regulated
and covers several aspects, ranging from cold perception by cells to molecular responses that
trigger physiological events. Knowing that dormancy control is dependent of complex
network, the present study aimed to contribute to its understanding by the characterization
of the MdoCBFs and MdolCE1 genes involved in cold acclimation pathways, as well as the
MdoBRRs genes encoding transcription factors responsible for modulating cytokinin (CK)-
dependent genes. The study inferences were based on transcriptional profiles, hormonal
quantifications and in vivo transactivation assays using Arabidopsis protoplasts. The data
revealed that, throughout the dormancy cycle, the MdoCBF2 and MdoCBF4 genes were
expressed only during the initial phase of endodormancy while the MdoBRR1 and MdoBRR8
genes have their transcription enhanced in a later stage, along the transition from endo- to
ecodormancy. Moreover, the increase in MdoBRR transcript levels was concomitant with the
negative regulation of MdoDAM1, an important gene involved in dormancy maintenance.
At this same stage, high levels of CK, followed by increased amounts of gibberellins (GA)
and drastic decrease in MdoCBFs expression were also observed. The antagonism between
the transcriptional profiles of MdoBRRs and MdoDAM1 was also revealed in ecodormant
buds treated with CK, which presented higher transcript levels of MdoBRR9 and MdoBRR10
genes along with a decrease in MdoDAML1 expression. Similarly, in vivo transactivation
assays showed that both CK stimulus and transient expression of MdoBRR1, MdoBRR8 or
MdoBRR10 led to the negative modulation of MdoDAM1. With the same technique, it was
possible to observe that MdoCBF4 and MdoCBF5 genes were modulated in a cold-
dependent manner but independently of the transcriptional activator encoded by MdolCEL.
Finally, the present data were integrated into a hypothetical model that indicates a well-
orchestrated pathway mediated by MdoCBFs and GA as well as by MdoBRRs and CK, which
respectively lead to activation and repression of MdoDAM1, a key regulator of bud

dormancy.
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1 INTRODUCAO

1.1 O MECANISMO ADAPTATIVO CHAMADO DORMENCIA

A macieira (Malus x domestica Borkh.) é uma frutifera de clima temperado que ao
longo do processo evolutivo desenvolveu mecanismos adaptativos que possibilitaram sua
sobrevivéncia em condigdes extremas de baixa temperatura e luz. Esse mecanismo é definido
como dorméncia e se caracteriza pela baixa atividade metabdlica das plantas e o cessar do
crescimento vegetativo até que condicBes favoraveis de desenvolvimento sejam
restabelecidas (ROHDE & BHALERAO, 2007). Dentre os principais aspectos fisioldgicos
envolvidos nesse processo, destacam-se a formacdo de gemas, a inibicdo do crescimento
apical, a aquisicao de tolerancia ao frio/dessecacédo e a senescéncia foliar (COOKE et al.,
2012). As gemas sdo estruturas vegetativas resultantes de modificacGes dos primordios
foliares em escamas rigidas que protegem os tecidos vegetais do congelamento e da
dessecacdo. Neste contexto, elas sdo definidas como 6rgdos meristematicos primarios na
formacao de brotos em plantas dicotileddneas e sdo responsaveis por garantir um novo ciclo

reprodutivo em espécies perenes (HORVATH, 2010).

Devido a sua importancia, a dorméncia de gemas foi dividida em trés fases por
LANG et al. (1987), conhecidas como para-, endo- e ecodorméncia. De forma simplificada,
a paradorméncia, também chamada de dominancia apical, é induzida por sinais provenientes
de outras partes da planta, levando a inibicdo do crescimento. A endodorméncia é
determinada por sinais internos que ndo permitem a brotacdo das gemas mesmo em
condicdes favoraveis de crescimento. Por fim, a ecodorméncia é mediada por estimulos
externos como frio e estresse hidrico que, quando superados, permitem que o crescimento

vegetativo seja reassumido (LANG et al., 1987).

Os mecanismos que envolvem o processo de regulacdo da dorméncia sdo complexos
e muito bem orquestrados, envolvendo diversos aspectos como estimulos ambientais, vias
moleculares, sinalizacdo hormonal e modificacdes epigenéticas. O conjunto organizado de

todos esses fatores leva tanto a inducdo da dorméncia quanto a retomada do crescimento.
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1.1.1 Sinais Ambientais Envolvidos na Regulagdo da Dorméncia

Em geral, os principais sinais ambientais que estimulam o estabelecimento da
dorméncia séo dias consecutivos com fotoperiodo curto e baixas temperaturas, embora seu
grau de relevancia dependa de cada espécie (COOKE et al., 2012). Em espécies de Betula
(bétula), Populus (dlamo) e Salix (salgueiro), o fotoperiodo é o principal estimulo (HOWE
et al., 1996; JUNTTILA, 1976), enquanto que para espécies de Malus (macd), Pyrus (pera)
e Sorbus (sorveira), temperaturas baixas sdo mais determinantes (HEIDE & PRESTRUD,
2005; HEIDE, 2011). Em macieira, a exposi¢do as baixas temperaturas durante o outono
induz os eventos fisioldgicos da entrada em dorméncia, enquanto que a posterior continua
exposicdo ao frio durante o inverno leva a sua superacdo e consequente floracdo na
primavera (HEIDE & PRESTRUD, 2005).

Com a percepcao dos primeiros sinais de frio, hd o desencadeamento de eventos
bioquimicos e fisioldgicos no interior das gemas que resulta no estabelecimento da fase de
endodorméncia. Nesta fase, o crescimento vegetativo € inibido até que haja a completa
satisfacdo do requerimento de frio necessario para que ocorra a transicdo para o estadio de
ecodorméncia. Atingida a ecodorméncia, as gemas tornam-se aptas a brotar apds um
adequado periodo de exposicao a luz e a temperaturas mais elevadas (~25 °C; LANG et al.,
1987).

O requerimento de frio, ou seja, 0 somatorio das horas de exposicdo a baixas
temperaturas necessario para o inicio da brotacdo, é genotipo-dependente e varia conforme
a cultivar de macieira. As variedades que necessitam de um somatdrio de horas de frio (HF)
inferior a 450 HF como ‘Eva’ e ‘Castel Gala’ sao classificadas como de baixo requerimento.
As cultivares como ‘Monalisa’ e ‘Fred Hough’, que necessitam de um acumulo de 450 a 700
HF, sdo agrupadas como de médio requerimento. As demais variedades que brotam com
mais de 700 HF, como ¢ o caso de ‘Gala’ e ‘Fuji’, amplamente conhecidas ¢ comercializadas,

séo consideradas de alto requerimento de frio (CAETANO et al., 2013).

A dificuldade em se estabelecer uma temperatura padrdo para a estimativa do
acumulo de frio levou a criacdo de varios modelos biocliméaticos que permitiram propor uma
analise qualitativa e quantitativa do efeito da temperatura sobre a fenologia das plantas. Os
modelos de ‘Horas de frio ponderadas’ (EREZ & LAVEE, 1971), ‘Utah’ (RICHARDSON
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et al., 1974) e ‘Carolina do Norte’ (SHALTOUT et al., 1983) designam diferentes pesos as
acbes do frio dependendo de cada temperatura. O modelo ‘Carolina do Norte’ é uma
adaptacdo do modelo ‘Utah’ para a cultura de macieira e considera a faixa funcional entre
1,6 °C e 16,4 °C, com pico maximo em 7,2 °C. Temperaturas inferiores a 1,6 °C e superiores
a 165 °C ndo sdo consideradas efetivas para a superacdo da dorméncia
(SHALTOUTUNRATH & AKADEMIYA, 1983). Considerando esse modelo, 0 método
mais utilizado para mensurar a quantidade acumulada de frio é pela soma diaria das horas

com temperaturas iguais ou inferiores a 7,2 °C.

1.1.2 O Balango Hormonal ao longo do Ciclo da Dorméncia de Gemas

As plantas, como organismos sésseis e complexos, dependem de uma cadeia
coordenada de eventos que determinam todas as fases de suas vidas. O balan¢o hormonal é
fundamental em todos os estadios, inclusive ao longo da dorméncia. Hormdnios vegetais, ou
fitormonios, sdo pequenas moléculas sinalizadoras que ocorrem naturalmente e afetam o
metabolismo fisiologico das plantas (DAVIES, 2010). Além de regular processos de
desenvolvimento e crescimento ao longo do ciclo de vida vegetal, os fitormonios podem
desencadear respostas adaptativas induzidas por estimulos externos como mudancas
ambientais e estresses bidticos ou abidticos. Baseado nesse contexto, a seguir serdo
explorados em maiores detalhes os principais horménios envolvidos nas diferentes etapas

do ciclo da dorméncia de gemas.

1.1.2.1 Acido abscisico (ABA)

O é&cido abscisico (ABA) é um importante horménio vegetal associado & inibi¢do do
crescimento e que desempenha papel significativo na regulacdo da dorméncia de gemas. Em
varias espécies de arvores, os niveis enddgenos de ABA aumentam no estabelecimento da
dorméncia e diminuem durante a sua liberacdo (CHMIELEWSKI et al., 2018; TUAN et al.,
2017; WANG et al., 2016). Baseado em diversos estudos, um modelo proposto de regulagdo

mediada por ABA para o estabelecimento da endodorméncia é apresentado na recente
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revisao realizada por LIU & SHERIF (2019) e simplificado na Figura 1. Neste modelo, 0s
autores propdem que, ao final do ciclo vegetativo, as plantas iniciam a percepcdo das
primeiras temperaturas baixas juntamente com a reducéo do fotoperiodo e ativam as vias de
sintese e sinalizacdo de ABA. Essa ativacdo se da por meio de mdultiplas etapas de
fosforilagdo que acabam por regular positivamente enzimas como ZEAXANTHIN
EPOXIDASE (ZEP) e 9-CIS-EPOXYCAROTENOID DIOXYGENASE (NCED),
essenciais na sintese de ABA. Além delas, os fatores envolvidos no complexo receptor de
ABA, que contém as proteinas PYRABACTIN RESISTANCE (PYR)/PYRABACTIN-like
(PYL)/COMPONENTS OF ABA RECEPTORS (RCAR), também s&o ativados. Ap6s ABA
ligar o complexo PYR-PYL-RCAR, as proteinas PROTEIN PHOSPHATE 2Cs (PP2C)
associam-se a ele e sdo desativadas. Assim, hd a fosforilagio de SNF1-RELATED
PROTEIN KINASE 2s (SnRK2), anteriormente suprimida pela PP2C por meio da reacao
oposta. Com a SnRK2 fosforilada, h& o estimulo da expressdo de genes contendo, em seus
promotores, os elementos cis denominados ABA-RESPONSIVE ELEMENT (ABRE), que
em geral sdo responsaveis pela modulacdo das respostas dependentes de ABA (LIU &
SHERIF, 2019; Figura 1).
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Figura 1. Regulacdo da endodorméncia via ABA.

Um modelo hipotético baseado em dados disponiveis na literatura mostra que o estimulo
mediado por frio e fotoperiodo curto (SD) ativa cascatas de quinases que por meios ainda a
serem entendidos leva a inducdo das vias de biossintese e sinalizacdo de ABA, a0 mesmo
passo que a dimuic¢do das suas rotas de catabolismo. O aumento da sintese de ABA mediada
pelas enzimas ZEP e NCED induz a via de sinalizacdo mediada pelo complexo
PYR/PYL/RCAR e PP2C que leva a fosforilagdo da proteina quinase SnRK2s e consequente
ativacdo de genes contendo o cis elemento responsivo a ABA chamado ABRE. Dentre 0s
genes contendo ABRE, destaca-se o CALS1, responsavel pela sintese de calose que se
deposita nos plasmodesmatas e interrompe a comunicacgdo intercelular, fator chave no
estabelecimento da endorméncia. Os altos niveis de ABA também levam a ativagéo de genes
DAM/SVL/SVP por meio da repessao do remodelador de cromatina PKL. Assim, o florigeno
FT é reprimido, auxiliando no cessar do crescimento. Em uma via de feedback negativo, 0s
genes contendo os cis elementos ABRE podem ainda reprimir DAM. Adaptada de LIU &
SHERIF (2019).
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Enquanto as rotas de sintese e sinalizacdo por ABA sdo ativadas durante a endorméncia,
as vias de catabolismo sdo reprimidas. Com isso, a célula assegura altos niveis de ABA que
podem, assim, modular os importantes fatores envolvidos na regulacdo da dorméncia como
0s genes DORMANCY-ASSOCIATED MADS-BOX (DAM), SHORT VEGETATIVE PHASE
(SVP) e SPV-like (SVL). A presenca de ABA inativa o remodelador de cromatina PICKLE
(PKL) que mantém DAM desligado, levando a ativacdo do gene. Além disso, os genes DAM
podem promover a sintese de ABA através da ativacao do gene NCED (TUAN et al., 2017).
De maneira a manter a homeostase da célula, os genes contendo os cis elementos ABRE sao
ainda capazes de reprimir DAM (TUAN et al., 2017; Figura 1).

ABA pode ainda regular o estabelecimento da dorméncia por meio do bloqueio da
comunicacdo intercelular. Nas plantas, o transporte célula-célula depende da conectividade
de canais especializados entre células adjacentes chamados plasmodesmatas. O fluxo
simplastico através dos plasmodesmas é controlado pela deposicdo e pela degradacdo de
calose (WU et al., 2018). A sintese de calose mediada pela enzima CALLOSE SYNTHASE
1 (CALS1) € regulada positivamente por ABA, o0 que leva ao seu acumulo nos canais e
blogqueio da passagem de agua, nutrientes, moléculas sinalizadoras e fatores de crescimento
como o FLOWERING LOCUS T (FT), contribuindo para o estabelecimento da
endodorméncia (TYLEWICZ et al., 2018).

1.1.2.2 Giberelinas (GA)

As giberelinas (GAs) sdo um grande grupo de compostos diterpenoides tetraciclicos
que exercem efeitos significativos em um amplo espectro de processos biolégicos em
plantas. De todas as GAs numericamente codificadas, apenas em GAL, GA3, GA4 e GA7
encontrou-se bioatividade. Em relacdo ao seu papel na dorméncia, um efeito antagdnico ao
ABA é observado. Em muitas espécies lenhosas, os niveis de GA estdo diminuidos na
inducdo da dorméncia e aumentados durante a sua liberacdo (RINNE et al., 2011; ZHENG
etal., 2018; ZHUANG et al., 2015).

Diferentemente de ABA, especula-se que a conectividade do canal de
plasmodesmata pode ser restaurada por GA4, o qual pode induzir a expressao da p-1,3-
glucanase de forma a promover a hidrolise da calose e a liberacdo do transporte simplastico
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entre células adjacentes (RINNE et al., 2011). Outro modelo recente propde que a indugdo
da enzima de sintese de calose CALS1 por ABA e SVL ¢ capaz de reprimir o metabolismo

de GA e garantir o estabelecimento da dorméncia (SINGH et al., 2019).

Além do envolvimento na restauracdo da comunicacdo celular, GA pode ainda
aumentar a producdo de ROS, importantes na quebra de dorméncia
(BEAUVIEUXWENDEN & DIRLEWANGER, 2018; ZHUANG et al., 2013), e ativar vias
metabolicas associadas ao reestabelecimento do crescimento. Em Prunus mume, por
exemplo, o tratamento com GA4 levou a ativacdo de muitas vias do metabolismo energético,
incluindo aquelas associadas ao metabolismo de agucar (ZHUANG et al., 2015). Os agUcares
soluveis sdo considerados importantes fontes de energia na sustentagdo do crescimento.
Além disso, a sacarose € um elemento potencial de sinalizacdo que pode indiretamente
regular positivamente a expressdo de genes relacionados ao ciclo celular (RUAN et al.,
2010).

A avaliacdo do balangco hormonal ao longo da progressao da dorméncia revela um
interessante crosstalk entre ABA e GA, onde seus niveis podem ser inversamente
correlacionados (WEN et al., 2016). As proteinas DELLA, importantes reguladores
negativos da via de transducéo de sinal de GA, estdo também envolvidas na mediacdo desse
crosstalk. Estudos utilizando plantas de Arabidopsis mutantes para o do receptor de GA
insensitive dwarf 1 (gid1l) permitiram demonstrar um acimulo de proteinas DELLAS e
consequente aumento da expressao de XERICO, uma proteina conhecida por induzir a
sintese de ABA (ARIIZUMI et al., 2013; ECKARDT, 2007). Do mesmo modo, a aplicacdo
exogena de ABA leva a repressdo da expressao do mesmo receptor de GA GID1 e induz a
expressdo dos genes DELLA, inativando as respostas dependentes de GA que levam ao
favorecimento do crescimento. No entanto, no que parece ser um mecanismo de feedback
negativo, longas horas de tratamento de ABA reprimem a expressdo de DELLA (YUE et al.,
2018). Além disso, o0 acimulo de ABA em reposta a estresses estabiliza as proteinas DELLA
indicando que a elevagéo dos niveis de ABA no inicio da dorméncia pode levar a inibigéo
das respostas mediadas por GA e o estabelecimentos dos eventos fisioldgicos associados a
dorméncia (ARIIZUMI et al., 2013; LIU & SHERIF, 2019).
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1.1.2.3 Citocininas (CK)

As citocininas (CKs) naturalmente encontradas nas células vegetais sdo moléculas
derivadas da adenina, possuindo cadeias laterais isoprendides ou aromaticas ancoradas a
posicdo N° do anel de adenina. As CKs isoprendides sdo muito mais comuns em plantas e
sua abundancia relativa é muito superior a das CKs aromaticas (SAKAKIBARA, 2006). As
adeninas N°-(A2-isopentenyl) (iP) e suas formas hidroxiladas chamadas de zeatina (Z) e di-
hidrozeatina (DHZ) sdo representantes tipicos de CKs isoprendides. A zeatina ocorre em
dois isdbmeros, cis (c) e trans (t), referindo-se a posic¢éo do grupo hidroxila na molécula. A
maior parte da atividade fisiolOgica € atribuida a t-zeatina, enquanto que, embora presente
nas células, a c-zeatina é considerada uma forma inativa ou fracamente ativa de CK
(GAIDOSOVA et al., 2011).

As CKs estdo envolvidas em diversos aspectos do crescimento e do desenvolvimento
de plantas, sendo associadas a promocéo da divisdo e diferenciacdo celular, bem como no
auxilio da inducdo da atividade meristeméatica (ARGUESO et al., 2012; MOK & MOK,
2001). Quando relacionadas a processos regulatorios envolvidos na dorméncia, seu papel é
melhor compreendido durante a paradorméncia ou dominancia apical, embora estudos ja
venham elucidando sua importancia durante a liberagdo da endodorméncia (revisado em LIU
& SHERIF, 2019)

Dentre os varios modelos propostos para 0s mecanismos envolvidos no controle da
paradorméncia, a interacdo entre auxinas e CK é bem recorrente. De maneira geral, quando
todas as gemas do ramo estdo intactas, as auxinas derivadas das gemas apicais reprimem as
enzimas ADENOSINE PHOSPHATE-ISOPENTENYLTRANSFERASES (IPTs) que
catalisam a primeira etapa da sintese de CK. Apo6s a retirada da gema apical, o fluxo de
auxina cessa, 0s genes IPTs sdo expressos e a sintese de CK é reestabelecida, levando a
brotacdo das gemas laterais (SHIMIZU-SATO & MORI, 2001).

De forma similar ao que ocorre na paradorméncia, plantas expressando
ectopicamente o gene IPT mostraram maiores niveis de CK e um periodo de liberacéo da
dorméncia antecipado. Além disso, plantas superexpressando o gene de catabolismo CK
OXIDASE/DEHYDROGENASE 1 (CKX1) apresentaram niveis reduzidos do horménio,
inibicdo do metabolismo e proliferacéo celular, auséncia da resposta a GA3 e um periodo de
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dorméncia ampliado (HARTMANN et al., 2011). Estudos ainda permitiram mostrar um
importante crosstalk entre ABA e CK, onde receptores envolvidos na via de sinalizagéo de
CK atuam como reguladores negativos de ABA (TRAN et al., 2007; SHINOZAKI &
YAMAGUCHI-SHINOZAKI, 2010).

Embora alguns dados envolvendo CK na liberagdo da dorméncia j& tenham sido
revelados, muitas lacunas ainda permanecem abertas. Atualmente, tem se proposto que CK
possa atuar de um modo anterior as vias de resposta envolvendo ABA e GA por meio do
estimulo da atividade meristematica, embora evidéncias mais concretas precisam ser
adicionadas ao modelo proposto (LIU & SHERIF, 2019).

1.1.2.4 Outros hormdnios

O etileno foi o primeiro hormdnio associado a via de regulacdo da endodorméncia e
induz uma cadeia fisioldgica de eventos que culminam no cessar do crescimento por meio
do seu efeito negativo nas vias de sintese e sinalizacdo de GA (DUBOIS et al., 2013).
Curiosamente, o etileno pode ainda apresentar papel na liberacdo da dorméncia, uma vez
que a utilizacdo de um inibidor da sua sinalizacdo levou ao aumento dos niveis de ABA
(OPHIR et al., 2009). No processo de liberacdo da dorméncia, hormdnios como o &acido
salicilico (WEN & LIANG, 1994) e auxinas podem ser ainda associados. Estas ultimas
auxiliam na degradacdo da calose e no restabelecimento do fluxo simplastico nas células,
bem como na ativacdo de enzimas envolvidas na via de sintese de GA (ALONI &
PETERSON, 1997; NORIEGA & PEREZ, 2017).

1.1.3 A Complexa Rede Molecular Abrangendo a Dorméncia de Gemas

Os processos de aclimatacédo ao frio e estabelecimento da dorméncia sobrepdem-se
em espécies lenhosas, sendo governados por mecanismos orquestrados que envolvem a
modulagdo da expressdo de diversos genes (CHINNUSAMYZHU & SUNKAR, 2010;
ROHDE & BHALERAO, 2007; THOMASHOW et al., 2001). Dentre eles, importantes
familias génicas como C-REPEAT BINDING FACTORS (CBF), INDUCER OF CBF
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EXPRESSION (ICE), DORMANCY-ASSOCIATED MADS-BOX (DAM) e TYPE-B
RESPONSE REGULATOR (BRR) destacam-se. As vias de regulacdo desses importantes
genes serdo exploradas detalhadamente a seguir, bem como a contextualizacdo do seu

potencial papel na via de regulacdo do ciclo da dorméncia de gemas.

1.1.3.1 A rota de sinalizac¢do controlada por CBF e ICE

Uma das rotas de resposta ao frio mais bem estudadas em Arabidopsis refere-se aos
fatores de transcricdo denominados DEHYDRATION RESPONSIVE ELEMENT
BINDING (DREB)/C-REPEAT BINDING FACTORS, doravante chamados de CBFs. Eles
pertencem a familia de fatores de transcricdo APETALA2 (AP2) e ligam os cis-elementos
DRE/CRT dos genes de resposta ao frio (COR), modulando sua expressao de maneira
estresse-dependente (SAKUMA et al, 2002; STOCKINGERGILMOUR &
THOMASCHOW, 1997). Além disso, as proteinas CBFs tem outros dois dominios
caracteristicos, PKKP/RAGRXKFXETRHP (abreviado para PKKPAGR) e DSAWR, que
parecem ser importantes na ligacdo ao DNA, mesmo que analises in silico tenham permitido
reconhecer o0 dominio PKKPAGR como um sinal de localizagdo nuclear (CANELLA et al.,
2010; WISNIEWSKI et al., 2014). Em Arabidopsis, 6 genes CBFs foram descritos, sendo 3
deles (CBF1-3) regulados pelo reldgio circadiano e induzidos rapidamente em reposta a
baixas temperaturas (FOWLER; COOK & THOMASHOW, 2005). Os genes AtCBF1 e
AtCBF3 sdo os primeiros a serem ativados e modulam o mesmo conjunto de genes COR.
Em seguida, ha a regulacdo positiva de AtCBF2 que, por sua vez, regula negativamente a
expressao de AtCBF1 e AtCBF3, o que garante que a via de aclimatacdo ao frio dependente
de CBF seja acionada somente de uma maneira estresse-dependente (NOVILLOMEDINA
& SALINAS, 2007). Além disso, sabe-se que os trés AtCBFs sdo ativados por trés fatores
de transcricdo distintos. AtCBF1 € modulado pelo INDUCER OF CBF EXPRESSION 2
(ICE2; FURSOVA et al., 2009) e, aparentemente, também pelo ativador transcricional
CALMODULIN BINDING TRANSCRIPTION ACTIVATOR 3 (CAMTAS3; DOHERTY
et al., 2009). O gene AtCBF2 é ativado por CAMTA3 (DOHERTY; VAN BUSKIRK;
MYERS; et al., 2009), enquanto que AtCBF3 tem como regulador o gene AtICE1l
(CHINNUSAMY et al., 2003).
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A via de aclimatacdo dependente de CBF é acionada por estimulos mediados por
baixas temperaturas que levam a um aumento nos niveis endégenos de calcio presentes no
citoplasma das células (KNIGHT, 1999; THOMASHOW, 1999). Um dos mais recentes
modelos propostos para Arabidopsis, simplificado na Figura 2, infere que o influxo de calcio
ativa enzimas quinases como a CALCIUM/CALMODULIN-REGULATED RECEPTOR-
LIKE KINASES 1 e 2 (CRLKZ1/2), as quais iniciam uma cascata de sinalizagdo mediada por
proteinas quinases ativadas por mitdgenos que, tipicamente, atuam em série, englobando as
proteinas MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE (MEKK),
MITOGEN-ACTIVATED PROTEIN KINASE KINASE (MKK) e MITOGEN-
ACTIVATED PROTEIN KINASE (MPK). As CRLK1 e CRLK2 iniciam a cascata
MEKK1-MKK1/2-MPK4 gue antagoniza a via MEKK-MKK4/5-MPK3/6, responsavel por
promover a inibicdo de ICELl, o ativador essencial da expressdo de CBF3. Com o
desligamento da rota de inativacdo de ICE1, o mesmo é acionado e, consequentemente, ativa
a resposta mediada por CBF (YANG et al., 2010; LI et al., 2017a; ZHAO et al., 2017; LIU
et al., 2019; Figura 2).
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Figura 2. Modelo proposto para a regulacéo de CBF3 via ICE1 em Arabidopsis.

O frio aciona o influxo de célcio (Ca*?) na célula, levando & modulacgdo do receptor CRLK
e inducdo de um conjunto de quinases ativadas por mitdogenos (MEKK1-MKK1/2-MPK4).
Esse grupo de quinases inativa o complexo inibidor de ICE1 composto por MEKK?-
MKK4/5-MPK3/6. Em uma via paralela, as temperaturas baixas levam a disrup¢do do
complexo ABI1/OST1, possibilitando que OST1 seja fosforilado. Em sequéncia, ha a
ativacdo de ICE1 por meio de fosforilacdo, inibindo assim a sua via de degradacdo por
ubiquitinacdo mediada pela enzima HOS1. Por fim, ICE1 é capaz de ativar CBF3 e
consequentemente modular a expressdo dos genes COR, levando a via de resposta a
aclimatagdo ao frio mediada por CBF. P: Fosfato, U: Ubiquitina. Adaptado de LIU et al.
(2019) e DING et al. (2015).

Em uma via paralela, o estresse induzido por frio, por meios ainda a serem
entendidos, inativa o complexo OPEN STOMATA 1 (OST1)/ ABSCISIC ACID
INSENSITIVE 1 (ABI1), que mantém OST1 defosforilado. Com a ativacdo de OST1, ha a
fosforilacdo de ICEL, inibindo, asssim, a sua degradacdo por meio de ubiquitinacdo pela
enzima E3 ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1
(HOS1). Enquanto isso, a proteina OST1 também concorre com HOS1 pela ligagéo,
liberando-a do complexo HOS1-ICEL. Assim, a dupla funcdo do OST1 contribui para a
estabilidade de ICE1 de forma a aumentar a expressdo de CBF3 e acionar o conjunto de

genes envolvidos na aclimatagéo ao frio (Figura 2; DING et al., 2015).

O genes ICE codificam fatores de transcrigdo do tipo hélice-volta-hélice pertencentes
a familia MYC, sendo capazes de ligar os respectivos cis-elementos encontrados no
promotor dos genes CBF (CHINNUSAMY et al., 2003). Basicamente, a ativacdo da fungéo
de ICE estd mais associada a eventos de modificacdo pds-traducional do que a direta
regulacdo da sua expressdo génica (FURSOVAPOGORELKO & TARASOV, 2009;
NAKAMURA et al., 2011). Mecanismos como fosforilagdo, SUMOilacdo e interacOes
proteina-proteina vém sendo relacionados com a sua ativacéo e/ou repressao (AGARWAL
et al., 2006; MIURA et al., 2007; ZHAO et al., 2017). Em Arabidopsis, dois genes
codificantes de proteinas do tipo ICE foram descritos (CHINNUSAMY et al., 2003;
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FURSOVAPOGORELKO & TARASOV, 2009) e a completa caracterizacdo do mutante de
perda de func&o icel revelou menores indices de transcritos do gene AtCBF3, e consequente
diminuicdo da expressao dos genes regulados por ele, 0 que levou as plantas a uma disfuncéo
na tolerancia ao frio e ao congelamento (CHINNUSAMY et al., 2003).

Dentre as diversas proteinas codificadas pelos genes COR destacam-se aquelas
envolvidas no metabolismo de carboidratos e lipidios, em modificacfes da parede celular,
na detoxificacdo de espécies reativas de oxigénio (ROS), no metabolismo e na sinalizacao
hormonal, além da ativacdo de proteinas anticongelantes (CHINNUSAMYZHU &
SUNKAR, 2010; SHI et al., 2017; ZHAO et al., 2016). Além dos estimulos de frio,
alteragBes no reldgio circadiano, mudancas no fotoperiodo, sinais hormonais, estresse salino
e hidrico também podem ser responsaveis pela modulacdo da atividade de CBFs
(DONGFARRE & THOMASHOW, 2011; JIANG et al., 2017; KANG et al., 2011;
MAGOME et al., 2008).

Embora a superexpressdo de CBFs leve a um aumento na tolerancia a estresses
abioticos, uma reducdo drastica no crescimento das plantas é observada, sugerindo que estes
genes atuem também em uma ampla gama de aspectos do desenvolvimento vegetal
(GILMOURARTUS & THOMASHOW, 1992; KURBIDAEVA &
NOVOKRESHCHENOVA, 2011; THOMASHOW, 1999). Caracteristicas como atrasos na
floracdo e antecipacdo da senescéncia das folhas também sdo relatadas em plantas
expressando ectopicamente genes CBFs (SHARABI-SCHWAGER et al., 2010; SUO et al.,
2016). Da mesma maneira, a superexpressao de um CBF de péssego (PpCBF1) em maca
resultou em plantas com maior tolerancia ao congelamento, redugdo do crescimento e atraso
na brotacdo (WISNIEWSKI et al., 2011). Ainda nessas plantas, uma modulagdo em fatores-
chave do estabelecimento da dorméncia, como os genes DAM e EARLY BUD-BREAK (EBB)
foi observada, além de genes envolvidos na homeostase de hormdnios, como giberelinas
(GAs), citocininas (CKs) e auxinas (ARTLIP et al., 2019; WISNIEWSKINORELLI &
ARTLIP, 2015). Vias de aclimatacdo independentes de CBF também foram descritas,
embora a maioria dos mecanismos envolvidos seja ainda pouco compreendida (revisado em
LIU et al., 2019).
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1.1.3.2 Genes DAM, reguladores-chave na endodorméncia

Os genes DORMANCY-ASSOCIATED MADS-BOX (DAMs) foram descritos
inicialmente em um mutante espontaneo de péssego, chamado de “evergrowing” (evg), e
caracterizado pela sua incapacidade em adentrar o estado de dorméncia (RODRIGUEZ et
al., 1994). A anélise do mutante evg resultou na observacdo de diferencas em um lécus
contendo uma repeticdo em tandem de seis genes do tipo MIKC® MADS-box. Dentre 0s seis
genes associados a perda do fenotipo, quatro deles (PpeDAM1-4) foram fisicamente
deletados enquanto que dois (PpeDAMS5-6) apresentaram quantidades baixas de transcritos
(BIELENBERG et al., 2008).

Desde a descoberta em péssego, os genes DAM vém sendo extensivamente
carcaterizados em outras espécies (revisado em FALAVIGNA et al., 2019). Na planta
modelo Arabidopsis, eles estdo filogeneticamente associados a importantes reguladores da
floracio como SHORT VEGETATIVE PHASE (SVP) e AGAMOUS-LIKE 24 (AGL24).
Nesse mesmo contexto, varios trabalhos diferentes apontam para uma expressao sazonal dos
genes DAM ao longo de um ciclo anual de cultivo, apresentando acimulo de transcritos
durante a endodorméncia e posterior repressao ap6s a completa satisfacdo do requerimento
de frio (BIELENBERG et al., 2008; KUMAR, G. et al., 2017; MIMIDA et al., 2015;
PORTO et al., 2016; SASAKI et al., 2011b; YAMANE et al., 2011; ZHAO et al., 2018;
ZHU et al., 2015). Além disso, eles podem integrar sinais ambientais distintos (como
fotoperiodo e/ou temperatura), a fim de permitir uma regulacéo fina e precisa das diferentes
fases da dorméncia de gemas (YAMANE et al., 2011).

Concordando com os dados transcricionais, a expressdo constitutiva de DAM6 de
damasco em &lamo, por exemplo, induziu a interrupcdo do crescimento, a formacdo de
gemas e o estabelecimento da endorméncia (SASAKI et al., 2011a). Da mesma forma, em
maca, plantas transgénicas superexpressando MdoDAMb e MdoSVPa apresentaram brotacao
atrasada e modificacGes na arquitetura da planta (WU et al., 2017).

Embora os dados diponiveis permitam provar que os genes DAM sdo fundamentais
no estabelecimento e na manutencao da dorméncia, ainda pouco se conhece sobre 0s fatores
envolvivos na regulacdo da sua expressdo génica. Como previamente mencionado na se¢éo

anterior, alguns estudos apontam que 0s genes CBFs podem estar diretamente ligados a
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ativagdo de genes DAM por meio da resposta dependente de frio (NIU et al., 2016;
WISNIEWSKI et al., 2015; ZHAO et al., 2018). Ao passo que pouco se sabe sobre 0s
reguladores envolvidos na ativacdo/repressdo de genes DAM, pouco se conhece também
sobre seus alvos. Acredita-se que eles podem antagonizar a funcdo do gene FLOWERING
LOCUS T (FT), fundamental na floracéo de diversas espécies (NIU et al., 2016). A regulacdo
de genes DAM ¢é ainda mediada por fatores epigenéticos e hormonais, que serdo melhor

abordados nas sec@es futuras.

1.1.3.3 BRRs na mediacéo das respostas dependentes de CK

Os REGULADORES DE RESPOSTA DO TIPO-B (BRRs) sdo fatores de
transcricdo da familia MYB-like (HOSODA et al., 2002a; IMAMURA; HANAKI et al.,
1999) que participam das etapas finais da rota de sinalizagdo de CK, uma importante classe
de hormonios vegetais envolvidos na promocao do crescimento (KAKIMOTO, 2003; TO &
KIEBER, 2008; WERNER & SCHMULLING, 2009; HILL et al., 2013). Além do dominio
de ligacdo ao DNA, eles possuem um dominio receptor (REC) caracteristico que conta com

um residuo de Asp conservado, fundamental para a sua ativacdo (IMAMURA et al., 1999).

A via de sinalizacdo de CK pode ser relacionada a um ‘sistema de dois componentes’
responsavel pela percepcao/resposta a estimulos ambientais (TO & KIEBER, 2008). O
sistema consiste basicamente de uma proteina histidina quinase (primeiro componente),
capaz de reconhecer o estimulo ambiental e fosforilar o regulador de resposta (segundo
componente). Inicialmente, acreditava-se que esse tipo de via estivesse presente somente em
procariotos (CHEUNG & HENDRICKSON, 2010). Entretanto, estudos com o receptor de
etileno, ETHYLENE RECEPTOR 1 (ETR1 et al., 1993) e fotorreceptores de fitocromos de
Arabidopsis (SCHNEIDER-POETSCH, 1992) comecaram a extrapolar esses conceitos a
sistemas eucarioticos (LOHRMANN et al., 2002).

A rota de sinalizacdo de CK consiste de multiplas etapas de fosforilacao e inicia com
a percepcéo de CK pela célula por meio de receptores encontrados na membrana plasmatica
e/ou no reticulo endoplasmatico. Uma vez que as moléculas de CK sdo percebidas, ocorre a
indugdo da autofosforilacdo de um residuo de His no dominio quinase da proteina
HISTIDINA KINASE (HK). O fosfato é posteriormente transferido para um residuo de Asp
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no dominio receptor da mesma HK. A via segue com a transferéncia do fosfato da HK para
uma HISTIDINA PHOSPHOTRANSFERASE (HP) que, fosforilada, consegue permear o
nucleo. Consequentemente, o residuo de Asp do dominio REC de um regulador de resposta
é fosforilado, culminando, assim, na sua ativacao (Figura 3). Os reguladores de resposta séo
divididos em tipo-A e tipo-B, dependendo de sua funcéo. Os do tipo-A possuem apenas 0
dominio REC e sdo normalmente apontados como reguladores negativos da via (TO et al.,
2004), enquanto que os do tipo-B sdo responsaveis pela modulacdo dos genes responsivos a
CK. Dentre o0s possiveis genes alvos, pode-se destacar aqueles relacionados ao
desenvolvimento vegetal, a resposta a estresses, a transdugdo de sinal e aos estimulos
bidticos e abidticos (WERNER & SCHMULLING, 2009).

Reticulo endoplasmatico/ < QH HK

Membrana plasmatica

Niicleo i

SN
i ®
|— @ Reguladores de

tipo-B tipo-A Resposta

|

‘ Genes responsivos a CK ‘

Figura 3. Via de sinalizacao de citocininas (CK).

Os receptores HK presentes no reticulo endoplasmatico e /ou membrana plasmatica das
células vegetais precebem o estimulo mediado por CK e acionam a via de transducgédo de
sinal, que se inicia com a autofosforilagcdo do dominio quinase de HK. O fosfato (P) é entdo

transferido para o dominio receptor da mesma HK e em seguida transferido para a enzima
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HP, que fosforilada, consegue permear o nucleo. No ndcleo, o fosfato € transferido para os
reguladores de resposta que séo divididos em tipo-A e tipo-B. Os reguladores de resposta do
tipo-B modulam a expressdo de genes responsivos a CK, enquanto que os do tipo-A séo
reguladores negativos da via. Figura adaptada de EL-SHOWK et al. (2013).

Embora alguns membros da familia BRR tenham funcGes mais especificas, muitos
deles sdo redundantes (ISHIDA et al., 2008). Essa caracteristica foi evidenciada em estudos
avaliando diferentes mutantes de perda de funcdo para esses genes em Arabidopsis.
Comparac0es entre plantas possuindo mutacées simples (arrl-3), (arrl0-5) ou (arrl2-1) e
plantas selvagens revelaram poucas alteracdes no fendtipo. As diferencas mais expressivas
foram encontradas no mutante triplo (arrl-3 arrl0-5 arrl2-1) que, de maneira geral,
apresentou diminuicdo na divisao celular em 6rgdos meristematicos, aumento no tamanho
das sementes, aumento na sensibilidade a luz, raizes primarias abortadas e perda da
sensibilidade a aplicacdo exdgena de CK (ARGYROS; MATHEWS; CHIANG,; etal., 2008).

De forma semelhante, plantas expressando ectopicamente AtARR10 ativaram vias de
regulacdo a estresses abidticos mediados por baixas temperaturas, luz e disponibilidade de
agua (ZUBO et al., 2017). Nessas plantas, a aplicacdo de CK levou a modulacéo de genes
associados a biossintese, a degradacdo, ao transporte e a sinalizacdo da propria CK, além de
auxinas e ABA, evidenciando um crosstalk hormonal interessante. No mesmo estudo, 0 gene
WUSCHEL (WUS), um fator de transcricdo importante no estabelecimento e na manutencéo
do meristema apical, foi identificado como alvo direto da regulagéo por AtARR10 (ZUBO et
al., 2017).

Embora a familia génica de BRRs ja tenha sido relatada em macieira (LI et al., 2017),
Arabidopsis (D’AGOSTINODERUERE & KIEBER, 2000), alamo (RAMIREZ-
CARVAJAL; MORSE & DAVIS, 2008), arroz (SCHALLER et al., 2006), péssego
(IMMANEN et al., 2013) e pera (NI et al., 2017), ainda n&o ha evidéncias claras sobre o

papel destes fatores ao longo da regulagéo do ciclo da dorméncia.
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1.1.4 A Importéncia da Regulacdo Epigenética desde a Dorméncia até a Floracao

A regulacdo de caracteristicas complexas como a dorméncia também passa por
eventos epigenéticos que envolvem modificacao de histonas, metilacdo do DNA e sintese de
pequenos RNAs nio-codificadores (RICHARDS et al., 2017; RIOS et al., 2014). Essas
modifica¢bes sdo herdaveis e modulam a expressdo de genes sem alterar sua sequéncia
nativa. Além disso, fornecem um mecanismo regulatorio adicional em resposta a sinais
internos ou externos (BOND & FINNEGAN, 2007).

A modificacdo de histonas e a metilagdo do DNA ¢é fortemente influenciada por
estimulos de frio, desempenhando um papel chave na aclimatacdo das plantas em resposta a
condicdes extremas (BANERJEEWANI & ROYCHOUDHURY, 2017). Ao longo da
dorméncia, diferentes padrbes de marcas epigenéticas sao observadas. Em geral, uma maior
metilacdo do DNA e uma menor acetilacdo de histonas sdo observadas em gemas dormentes
se comparadas aos estddios ativos de desenvolvimento (KUMAR & SINGH, 2016;
SANTAMARIA et al., 2009). Nesse contexto, uma completa e atualizada revisdo dos
principais mecanismos epigenéticos envolvendo os processos de regulacdo da dorméncia e
florescimento de plantas esta descrita no Capitulo | da presente tese. Esta secdo integra o
volume 88 do livro “Advances in Botanical Research” que evidencia o potencial uso dos
estudos epigenéticos em programas de melhoramento e o desenvolvimento de novas

cultivares.

1.2 A IMPORTANCIA DA MALEICULTURA PARA O BRASIL

A macieira é uma frutifera de clima temperado, tendo como origem a Asia Central.
No Brasil, o inicio da cultura ocorreu, provavelmente, no municipio de Valinhos, SP, em
1926. Em meados da década de 1970, ja se estabeleciam os primeiros pomares comerciais
no pais. Em 1988, o Brasil passou a exportar macas, atingindo a autossuficiéncia em 1998
quando as exportacdes ultrapassaram as importacGes, o que vislumbra a rapida evolucéo do
setor (PETRI et al., 2011).
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Atualmente, a maleicultura destaca-se no cenério nacional, principalmente na
regido Sul, com uma producéo de 1,1 milhZo de toneladas em 2018 (KIST, 2018). E um
mercado em constante atividade e que movimenta cifras significativas tanto internamente,
como por meio de exportacdo. Em 2018, por exemplo, segundo a Associacédo Brasileira de
Produtores de Maca (ABPM), a magcé foi o terceiro produto mais vendido dentre os produtos
de fruticultura nas centrais de abastecimentos (CEASAS) dos estados, superada apenas pela
banana e pela melancia. O comércio total da fruta atingiu 448,7 milhdes de quilos, terceiro
maior volume alcancado nos registros existentes desde 2009. Do total da producéo vendida
no sistema atacadista brasileiro em 2018, a maior parcela, de 44,2%, teve origem em Santa
Catarina e 33,2% no Rio Grande do Sul, sendo os principais municipios fornecedores S&o
Joaquim (SC) e Vacaria (RS), seguidos da catarinense Fraiburgo e da gatcha Caxias do Sul.
O montante acumulado resultante das vendas girou em torno de 1,8 bilhdo de reais.
Levantamentos feitos pela Empresa de Pesquisa Agropecuaria e Extensdo Rural de Santa
Catarina (Epagri) mostraram que, nos Gltimos cinco anos, a média de participacdo de
cultivares na producéo brasileira de maca foi de 56% para o grupo Gala; 39% para Fuji; e
6% para outras variedades (KIST, 2019).

No mercado internacional, em 2018, houve o crescimento das exportacdes se
comparado ao periodo de 2017, com um aumento de 28,1% do volume e 25,3% em termos
de valores, resultando em 71 mil toneladas exportadas que movimentaram US$ 52 milhdes.
O produto foi direcionado a 25 paises, sendo os maiores compradores Bangladesh e Russia
(KIST, 2019).

No aspecto socioecondmico, o setor proporciona um dos maiores indices de
demanda de méo-de-obra, atingindo cerca de 1,5 emprego por hectare, conforme célculo da
ABPM. Considerando que a area de pomares atinge a ordem de 33 mil hectares, o mercado
de trabalho no segmento oferece oportunidades a mais de 49 mil pessoas, e outras 98 mil
colocacdes indiretas, perfazendo 148 mil empregos gerados. Para efeitos comparativos, na
producdo da maca sdo empregadas 150 pessoas em 100 hectares cultivados enquanto que,

nos graos, a média atinge, no maximo, uma pessoa na mesma area (KIST, 2019).

1.3 OS DESAFIOS DO ATUAL CENARIO PRODUTIVO DA MACA
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As boas praticas culturais como fertilizacdo, conducédo das plantas, poda, quebra da
dorméncia, raleio e manejo de pragas e doencas sao fundamentais para a produtividade e a
viabilidade dos pomares de maca. Nesse ambito, vale ressaltar que as principais regioes
produtoras do pais ndo sdo capazes de acumular o frio suficiente para a quebra de dorméncia
das gemas sendo, assim, necessario um tratamento quimico para uniformizar a brotagdo e a
floracéo. Essas regides tem um acumulo médio de 450 HF, o que é praticamente metade do
requerido para as cultivares mais amplamente plantadas e aceitas no mercado como Gala e
Fuji (~800 HF).

Nesse contexto, o indutor quimico mais utilizado é a cianamida hidrogenada,
comercialmente conhecida como Dormex®. No entanto, este composto é classificado como
altamente toxico ao ser humano (categoria 1), podendo provocar ulceragdes nos olhos, pele
e trato respiratorio, além de inibir a aldeido desidrogenase, levando a sindrome de
acetaldeido. Esta sindrome é caracterizada por vomito, hiperatividade parassimpaética,
dispneia, hipotensao e desorientacdo. Em 2002, a Italia determinou a suspensao temporaria
das vendas do produto comercial Dormex® devido aos varios casos registrados de
intoxicacdo por esse produto. Em 2008, a Unido Europeia proibiu a sua comercializacao
(SETTIMI et al., 2005).

Embora altamente toxico, a ndo utilizacdo desses indutores quimicos nas gemas
levaria a uma florada desuniforme que se estenderia além do normal, resultando em uma
gueda de mais ou menos 40% a 50% da producdo. A insuficiéncia no acimulo de frio é ainda
agravada com a presenca de invernos com temperaturas cada vez mais altas, 0 que também
altera os niveis de precipitacdo de chuvas, essenciais nos periodos de floracdo e de
crescimento dos frutos. Consequéncias desses fendmenos puderam ser vistas em 2018 com
a diminuicdo no tamanho dos frutos e queda na produtividade de 0,2 milhdo de quilos de
frutos em relacdo a 2017 (KIST, 2018).

Em 2019, um relatorio especial do Painel Intergovernamental de Mudancas
Climaticas (IPCC) revelou que, desde o periodo pré-industrial (1850-1900), a temperatura
média do ar observada na superficie da terra aumentou 1,53 °C (variando de 1,38 °C a 1,68
°C). Além disso, 0 estudo mostrou que as mudancas climaticas j& afetaram a producdo de
alimentos devido ao aquecimento, mudancas nos padrdes de precipitacdo e maior frequéncia

de alguns eventos extremos. Em regides de baixas latitudes, por exemplo, houve diminuigédo
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nos rendimentos de algumas culturas como milho e trigo, enquanto que regides produtoras
com maior latitude foram afetadas positivamente (IPCC, 2019). Isso demonstra que as
constantes mudancas ambientais podem levar a uma modificacdo do atual cenério agricola

mundial, tornando terras antes viaveis para determinados cultivos em inviaveis e vice-versa.

O quinto e mais atual relatério geral mundial de mudancas climéticas baseado nas
mais recentes pesquisas cientificas, técnicas e socioeconémicas divulgado pelo IPCC em
2014, tendo o sexto com previsdo de lancamento em 2021, prevé que 0 aumento médio da
temperatura global da superficie terrestre no ano de 2100 sera de 3,7 °C a 4,8 °C (em
comparagdo ao periodo pré-industrial) se as emissdes de gases do efeito estufa
permanecerem como estdo (IPCC, 2014). Modelando-se o cenério atual em relagdo as
condicdes de acumulo de frio nas regides do sul do Brasil, haveria uma potencial reducéo de
85% a 98% das areas de plantio com acumulo médio de 400 HF até 2070 (MONTEIRO &
FARIAS, 2013). Tratando-se do cultivo de espécies perenes de clima tropical, 0 aumento
das temperaturas resultaria na alteracdo de eventos fenoldgicos além da brotacdo, como
anormalidades na fertilizacdo devido a sincronizacdo incorreta da floracdo de cultivares
auto-incompativeis, mudancas no tamanho da flor e no tempo da antese e modificacdes nos
periodos de colheita dos frutos bem como na sua logistica de comercializagdo (CANNELL
& SMITH, 1986; VITASSE et al., 2014; ENSMINGER et al., 2007; ABBOTT et al., 2015;
CELTON et al., 2011; DIRLEWANGER et al.,, 2012; EREZ, 2000, SCAVEN &
RAFFERTY, 2013).

Considerando a importancia econdmica da maleicultura no atual cenario brasileiro e
visando enfrentar os principais desafios encontrados no setor, o uso de novas tecnologias se
faz cada vez mais fundamental. Para tal, o entendimento de como ocorrem 0S pProcessos
bioldgicos ao longo do desenvolvimento da planta é essencial. No dmbito da genémica,
desvendar os integrantes da complexa rede molecular que regula todas as fases do ciclo da
dorméncia possibilitaria o desenvolvimento de novas ferramentas biotecnologicas que
poderiam auxiliar nos atuais programas de melhoramento convencional de macieiras como
0 uso de marcadores moleculares, por exemplo. Além disso, potenciais genes reguladores
poderiam ser silenciados, integrados ou editados no genoma, gerando plantas geneticamente
modificadas mais adaptadas aos atuais e futuros cenarios produtivos. Por fim, os avangos
tecnoldgicos possibilitariam a manutencdo da cadeia produtiva, mantendo-a competitiva no

mercado externo.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Contribuir para o entendimento dos mecanismos moleculares envolvendo o processo
de regulacdo da dorméncia de gemas de macieira por meio da integracdo das respostas
mediadas por baixas temperaturas, sinalizacdo hormonal e caracterizacdo dos genes

MdoCBFs, MdolCE1 e MdoBRRs durante a transi¢cdo da endo- para a ecodorméncia.

2.2 OBJETIVOS ESPECIFICOS

o

Identificar e caracterizar o potencial papel regulatério dos genes MdoBRRs por meio
de perfis transcricionais ao longo do ciclo da dorméncia de gemas de macieira;

b. Investigar se 0os genes MdoBRRs, bem como o estimulo mediado por CK, podem

modular a expressdo de MdoDAML1,;

c. Caracterizar o padrdo de expressdo dos genes MdoCBFs e MdolCE1 ao longo do

ciclo da dorméncia de gemas de macieira;

d. Compreender como o ciclo da dorméncia se sobrepde a via de aclimatacdo ao frio
mediada por ICE1-CBF.

Os resultados dos estudos relativos aos objetivos especificos a e b foram relatados
em formato de artigo cientifico submetido a publicacéo e estdo apresentados no Capitulo I1.
O conjunto de resultados dos objetivos ¢ e d estdo apresentados no Capitulo 111 sob forma

de artigo cientifico a ser encaminhado a publicacéo.
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Na sessdo de anexos da presente tese encontra-se o pedido de patenteabilidade
referente aos potenciais inventos gerados no estudo relatado no Capitulo 11 (Anexo I). Além
disso, o Anexo Il traz um artigo publicado referente a analise genética do locus responsavel
pelo tempo de brotacdo em gemas de macieira. Esta parte do trabalho foi realizada

adjacentemente aos estudos apresentados nos capitulos que compdem a presente tese.
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3 CAPITULO |

The control of bud break and flowering time in plants: contribution of epigenetic

mechanisms and consequences in agriculture and breeding

Capitulo publicado no livro “Advances in Botanical Research - Plant Epigenetics Coming

of Age for Breeding Applications”

CATTANI, A. M., SARTOR, T., FALAVIGNA, V., PORTO, D. D., SILVEIRA, C. P.,
DIAS DE OLIVEIRA, P. R., & REVERS, L. F. The Control of Bud Break and Flowering
Time in Plants: Contribution of Epigenetic Mechanisms and Consequences in Agriculture

and Breeding. Advances in Botanical Research, 88, 277-32, 2018.
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Abstract

In perennial plants, the release of bud dormancy, with subsequent flowering, resembles
the vernalization process of Arabidopsis thaliana and cereals. Especially for perennial
crops from temperate regions, dormancy is an important adaptive trait for both survival
and growth. Exposure to sufficient chilling during winter dormancy ensures the normal
phenological traits in subsequent growing periods. Here, we compile research data on
mechanisms controlling the overlapping developmental processes that define
dormancy induction, maintenance and release, bud burst and flowering. Recent find-
ings highlight the relevance of genome-wide epigenetic modifications related to
dormancy events, and more specifically the epigenetic regulation of DORMANCY-ASSO-
CIATED MADS-box, FLOWERING LOCUS C and FLOWERING LOCUS T genes, key integrators
of vernalization effectors on flowering. The roles of plant growth regulators in control-
ling bud break and flowering are discussed in relation to epigenetic mechanisms.
A growing body of knowledge demonstrates that epigenetic regulation plays a key
role in these processes in perennial horticultural and forestry plants. We discuss the
most relevant molecular and genomics research that contribute to better understand-
ing of the dormancy process and pave the way to precise manipulation of dormancy-
related horticultural traits, such as flowering time. Finally, some of the challenges for
further research in bud dormancy and consequences in agriculture are discussed within
the context of global climate change.

1. INTRODUCTION

Most of perennial tree species in temperate areas are cultivated in
regions with well-differentiated seasons. In addition, perennials differ from
annual and biennial lifestyles in their ability to turn on/off growth in
response to environmental and seasonal changes. As an adaptation to long
periods of unfavorable environmental conditions, including cold winters
and low light availability, many perennial plants have developed a mecha-
nism of protection called dormancy. The first definition of dormancy was
proposed by Lang, Early, Martin, and Darnell (1987) as “the absence of
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visible growth in any plant structure containing a meristem”. Later, Rohde
and Bhalerao (2007) proposed another definition aiming to accurate the
expression “visible growth” and the theory that dormancy is not only
absence of growth, but also include the inability to resume it. Dormancy
was therefore redefined as “the inability to initiate growth from meristems
(and other organs and cells with the capacity to resume growth) under favor-
able conditions” (Rohde & Bhalerao, 2007). This definition mainly
describes the meristem states including axillary dormant buds with correla-
tive inhibition or apical dominance, but does not include physical dormancy
or ecodormancy (Rohde & Bhalerao, 2007), one of the three physiological
stages of bud dormancy defined by Lang et al. (1987). Indeed, considering
ecodormancy, growth inhibition is determined by adverse external stimuli
and once environmental conditions become favorable, the meristematic
activity restarts. The two other dormancy stages defined by Lang et al.
(1987) are paradormancy and endodormancy. In paradormancy, distal
organs signalize growth suppression (apical dominance), whereas in endo-
dormacy, plant internal signals are determinant for growth arrest.
Endodormant buds are not capable of resuming growth even when exposed
to growth-promoting conditions. Visible changes can be observed in plants
during dormancy establishment, maintenance and release. These include the
cessation of apical growth, bud development, acquisition of cold/desiccation
tolerance, and leaf senescence, as observed in deciduous species (Cooke,
Eriksson, & Junttila, 2012). Initially, leaf primordia are modified to form
hard scales during bud set (Horvath, 2010). When plants start resuming
growth, bud burst can be observed as a swelling (green tip), followed by
emission of young leaves and could be related to B and C stages of
Fleckinger phenological scale (EPPO, 1984).

Within this context, buds are defined as “the primary shoot-producing
meristematic organs for dicotyledonous plants” (Horvath, 2010) and are
largely responsible for ensuring a new reproductive cycle in perennial
species. Complex and orchestrated mechanisms that involve environmental
stimulus, molecular pathways, hormonal signaling, and epigenetic modifica-
tions are responsible for both bud set and bud break. As a rule of thumb,
photoperiod and temperature are the major signals that stimulate bud set,
although their relative importance depends on the species (Cooke et al.,
2012). In species of Betula (birch), Populus (aspen) and Salix (willow tree),
photoperiod is the major stimulus (Howe, Gardner, Hackett, & Furnier,
1996; Junttila, 1976), whereas for Malus (apple), Pyrus (pear) and Sorbus
(mountain ash) species, low temperatures are more determinant (Heide, 2011;
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Heide & Prestrud, 2005). Dormancy is a cyclic and dynamic process and in
some cases, the same stimuli that induce bud set are essential for dormancy
release and bud break. In Malus species, for example, exposure to low temper-
atures during the autumn induces bud set, and continuous chilling exposure
over the winter triggers the release from dormancy, indicating that the
meristem responds to temperature changes during its endogenous develop-
ment. The molecular mechanisms that control dormancy establishment and
release are still far from a complete elucidation, although different models
have been proposed (Campoy, Ruiz, & Egea, 2011; Horvath, 2009; Rinne
et al., 2011).

Epigenetic modifications play a crucial role during dormancy regulation,
from bud set to bud break, and are generally divided into active or repressive
modifications. Active modifications include trimethylation of histone H3
lysine 4 (H3K4me3), di- or trimethylation of histone H3 lysine 36
(H3K36me2/me3), and acetylation of histone H3 lysine 9 (H3K9ac).
Repressive modifications include histone deacetylation, trimethylation of
histone H3 lysine 27 (H3K27me3), methylation of histone H3 lysine 9,
and depending on its position relative to a gene, DNA methylation (see
chapter 2 of this book). Nucleosome remodeling may also act to activate
or repress gene expression (Guo et al., 2015; He, 2012).

In this chapter, we will discuss the already known regulatory mechanisms
that regulate dormancy, bud break and flowering, focusing on the epige-
netics events that could directly or indirectly influence these pathways.
Potential biotechnological applications for breeding purposes are also
presented.

2. CONTROL OF DORMANCY AND FLOWERING TIME
2.1 Chilling Requirement

Although the molecular mechanisms responsible for cold perception
and rest completion in dormant buds are far from being fully understood,
empirical knowledge about the effects of cold exposure on bud phenology
is being employed successtully since a long time in dormancy research as well
as for fruit production. Early conceptual models that are still in use today
postulate that individual buds somehow record the amount of time of expo-
sure to temperatures typically in the range from 0 to 7.2°C (Chandler,
Kimball, Philp, Tufts, & Weldon, 1937; Lamb, 1948). These first models
already provided a good correlation with bud phenology and proved to
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be useful for researchers and growers. Temperature records from meteoro-
logical stations, often in hourly intervals, could be used to estimate
dormancy status in tree orchards, and the concept of chilling hours (hours
of exposure to temperatures that contribute to dormancy progression)
became an important tool for bud dormancy research in trees.

Further analysis of the interaction between climate and bud phenology
showed that under slightly warmer temperatures, bud dormancy still pro-
gresses, although not in the same pace as with lower temperatures. Towards
warmer environments (nearly 15°C), bud dormancy remain unchanged, and
when temperature is close to 20°C, the effect of cold is negated: the record
of cold exposure is progressively erased and further exposure to chilling is
necessary to compensate the period of time under warm temperatures
(Erez, Couvillon, & Hendershott, 1979; Young, 1992). These discoveries
were implemented in new bud dormancy completion models in which,
instead of chilling hours, the exposure to cold temperatures is counted as
chilling units, whereas the duration under warmer temperature is either
considered of no effect or subtracted from the chilling unit count
(Richardson, Seeley, & Walker, 1974; Shaltout, Unrath, & Akademiya,
1983). The exact ranges of temperatures are specific to each model.

All the aforementioned models based on ambient temperature data in
temperate regions provide a good prediction of bud phenology. However,
when applied to sites with warm winters, the predictive power of these
models is not accurate enough. With that in mind, Erez, Fishman,
Linsley-Noakes, and Allan (1990) developed a more elaborate conceptual
model based on a two-step process for the memory of cold exposure. First,
chilling (higher efficiencies occurring between 6°C and 8°C) induces the
accumulation of a precursor, which is thermally labile. Therefore, this first
reaction is reversible after sufficient time of exposure to higher temperatures.
Second, when the precursor accumulates to a threshold value, a second
reaction takes place that is not reversible. It produces, in conceptual terms,
a stable factor that signals a fixed amount of cold exposure. This process is
repeated several times during winter, until the number of dormancy-
releasing factors (chilling units) reaches a critical level. The performance of
this so called Dynamic Model has been shown to be superior to previous
models in warm winter regions (Dennis, 2003; Erez et al., 1990).

The total amount of chilling hours (or chilling units) required for bud
endodormancy release is referred to as chilling requirement (CR), and is
genetically controlled (Hauagge & Cummins, 1991; Labuschagné,
Louw, Schmidt, & Sadie, 2002; Ruiz, Campoy, & Egea, 2007). CR is
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variable across cultivars of commercial tree species, which is highly
valuable for breeding, allowing crops to achieve high yields in diverse
climates.

2.2 QTLs for Bud Dormancy

The heritable nature of CR has been extensively used to map loci signifi-
cantly contributing to this trait (Allard et al., 2016; Celton et al., 2011;
Frewen et al., 2000; Graham et al., 2009; Urrestarazu et al., 2017; van
Dyk, Soeker, Labuschagne, & Rees, 2010). Bud dormancy, at first glance,
appears as a set of discrete phenotypes (e.¢. endodormant or ecodormant
buds) although in genetic research, it is considered as a quantitative trait.
The phenotypic data used as input to quantitative trait loci (QTL) mapping
is typically the time period, measured in days, from a reference date until half
of all buds of each individual burst during the growing season. The reference
date used in most cases is the time of bud flush of the early blooming parental
genotype, and is directly related to the CR of each sibling.

One of the best characterized loci controlling bud dormancy in trees,
however, was not mapped as a quantitative trait, but rather as a categorical
trait with two discrete phenotypes: setting or not setting buds before winter.
The peach genotype named “evergrowing” is unable to set cold-hardened
buds, and the analysis of a population derived from a cross between evergrow-
ing and a high CR peach cultivar allowed the identification of the EVG
locus located in peach chromosome 1 as responsible for the trait (Wang,
Georgi, Reighard, Scorza, & Abbott, 2002). Sequencing and annotation
of the EVG locus revealed the presence of six MADS-box genes, whose
sequences are similar to the A. thaliana SHORT VEGETATIVE PHASE
(SVP) gene, which acts as a transcriptional repressor in distinct flowering
and hormonal-signaling pathways (see Section 4, Gregis et al., 2013). These
genes were named DORMANCY-ASSOCIATED MADS-box (DAM)
genes 1 to 6 (Bielenberg et al., 2008) and their expression patterns were later
shown to correlate with several phases of the dormancy-cycle, strongly
suggesting them as important players for dormancy regulation in peach
(Li, Reighard, Abbott, & Bielenberg, 2009). DAM genes were further iden-
tified in other perennials such as leafy spurge (Horvath, Sung, Kim, Chao, &
Anderson, 2010), apricot (Sasaki et al., 2011; Yamane, Kashiwa, Ooka, Tao,
& Yonemori, 2008), pear (Ubi et al., 2010) and apple (Falavigna et al., 2014;
Mimida et al., 2015; Porto et al., 2016).

QTL mapping of CR in peach also pointed to the EV'G locus as contrib-
uting to bud dormancy variation (Fan et al., 2010). Fine mapping of the
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EVG locus, combined to DNA sequencing of extreme phenotypes from
segregating populations, is in agreement with previous data showing that
two peach DAM genes, PpeDAMS5 and PpeDAMSG6, are playing major roles
during bud dormancy (Zhebentyayeva et al., 2014). Furthermore, sequence
data showed a tight association between large insertions in PpeDAMS5 and
PpeDAMSE first introns and low CR (Zhebentyayeva et al., 2014).

Besides peach, QTLs for bud dormancy in regions syntenic to the EVG
locus were found in other Prunus species (Castede et al., 2015; Olukolu
et al., 2009; Sanchez-Pérez, Dicenta, & Martinez-Gomez, 2012). However,
no DAM homologs could be found in major QTLs for CR in apple (Celton
etal., 2011; Urrestarazu et al., 2017; van Dyk et al., 2010), pear (Gabay et al.,
2017) or poplar (Rohde et al., 2011), although minor QTLs were identified
coinciding with the position of DAM genes in apple and pear (Allard et al.,
2016; Gabay et al., 2017). Possibly, DAM genes are more conserved in these
species, or the role played by the DAM homologs in apple, pear and poplar is
not the same as in Prunus species (Romeu et al., 2014).

2.3 Epigenetic Modifications of FLC x Dynamic Model of CR

Similarly to the variation in CR of tree crop cultivars, the model plant
A. thaliana show natural variation in flowering time (Bloomer & Dean,
2017; Coustham et al., 2012). Interestingly, up to 70% of this variation
is due to polymorphisms of only two genes, FRIGIDA (FRI) and
FLOWERING LOCUS C (FLC) (Bloomer & Dean, 2017). The role of
FLC in the regulation of flowering time in A. thaliana is very well demon-
strated in the literature. FLC is a floral repressor and is highly expressed in
most tissues during the vegetative phase (Choi, Hyun, & Kang, 2009).
During winter, if the plant is exposed to sufticient cold, FLC expression is
permanently silenced, unlocking downstream pathways of floral induction.

In an elegant approach, Angel, Song, Dean, and Howard (2011)
proposed that the dynamics of FLC silencing by epigenetic modifications
is the main mechanism underlying the memory of cold exposure.
During winter, the cold-induced plant-homeodomain (PHD) protein
VERNALIZATION INSENSITIVE 3 (VIN3) accumulates in a region
spanning the first exon and a portion of the first intron of the FLC gene,
named nucleation region. VIN3 recruits POLYCOMB REPRESSIVE
COMPLEX 2 (PRC2) proteins, which modify the chromatin in the nucle-
ation region by adding the H3K27me3 mark (trimethylation of Lysine 27 of
Histone H3), a repressive mark stable over cell cycles (Feng, Jacobsen, &
Reik, 2010). After returning to warmer temperatures, the remainder of
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the FLC chromatin is silenced by the same mechanism under a positive feed-
back process (Angel et al., 2011). The model predicts that FLC gene expres-
sion in each individual cell 1s bistable, that is, can either be activated or
silenced. The quantitative signal transduction is achieved when in a popula-
tion of cells, each cell respond autonomously to cold exposure. Later on,
cold-induced FLC antisense transcripts (COOLAIR) were demonstrated
to participate in the silencing process during the first weeks of chilling,
but the overall model has been shown to be accurate (Fig. 1; Bloomer &
Dean, 2017).
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Figure 1 Vernalization pathways in Arabidopsis and cereals. Vernalization is the pro-
cess that renders a plant competent to flower after a period of exposure to chilling tem-
peratures. In cereals, such as wheat and barley, cold exposure triggers the accumulation
of VRN1 protein, which directly binds to the flower-inducing FT7T promoter and induces
its expression. FT1 might promote the expression of VRNT in a feedback loop regula-
tion. In parallel, VRN1 also binds to the promoter and represses two flowering repres-
sors, VRN2 (a repressor of FT1 in cereals) and ODDSOC2 (Andrés & Coupland, 2012; Deng
et al., 2015). In Arabidopsis, the flower inhibitor FLC gene is initially repressed via cold-
induced transcription of the FLC antisense transcript COOLAIR. After 3 weeks of contin-
uous chilling, a FLC sense transcript from intron 1 (COLDAIR) is also induced. VIN3, a
plant homeodomain (PHD) protein, accumulates during continuous cold exposure
and associates with the VRN2-containing PRC2 complex to form a PHD-PRC2 complex.
This complex promotes trimethylation of histone H3 lysine 27 (H3K27me3) at the FLC
chromatin to epigenetically repress the FLC gene, allowing FT to be expressed and
induce flowering (letswaart, Wu, & Dean, 2012; Li & Cui, 2016; Song et al., 2012a).
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A. thaliana accessions diftering in flowering time were screened for
variation in FLC sequence (Li et al., 2014). Interestingly, most variation
occurred in noncoding regions of the FLC alleles and the predicted FLC
protein was identical over all tested genes. Moreover, polymorphism in
the nucleation region showed the strongest association with FLC silencing
phenotypes (Li et al., 2014). One of the early flowering accessions, Lov-1,
revealed a single nucleotide polymorphism (SNP) that disrupts one of two
conserved binding sites for B3 transcriptional regulators (Coustham et al.,
2012). This site was later found to be targeted by the transcriptional repressor
VIVIPAROUS1/ABI3-LIKE (VAL1), which is necessary for the nucleation
of PHD-PR C2 proteins (Questa, Song, Geraldo, An, & Dean, 2016).

Epigenetic regulation is regarded as a strong candidate molecular
mechanism for bud dormancy progression (Rios, Leida, Conejero, &
Badenes, 2014). Conceptually, the similarities between the Dynamic model
and the FLC-VIN3-PRC2 regulon are worth noting. The intermediate
thermolabile precursor and the stable factor preconized by the model
show high resemblance to the VIN3 concentration and histone modifica-
tions in the FLC locus, respectively. IVIN3 expression is cold-induced, but
its protein concentration rapidly declines in the warm (Angel et al., 2011).
After the trimethylation of histones at the FLC locus, the cold signal is stably
and irreversibly transduced in each cell. Individual cells autonomously and
stochastically responding to chilling resembles the Dynamic Model of
CR, where the independant accumulation of still unknown dormancy-
releasing factors is necessary in order to lead to endodormancy release.

From a conceptual point of view, the characterization of epigenetic
modifications seems a very promising approach to better understand bud
dormancy regulation and flowering at the molecular level. The literature
on this subject, especially in recent years, has grown significantly (see next
section). DAM genes are the main candidates for the role of FLC in dormant
buds, mainly from studies on Prunus species. Although recent findings were
able to identify FLC-like genes in fruit tree species (Kumar et al., 2017,
2016; Niu et al., 2016; Porto et al., 2016; Takeuchi et al., 2018) to this
date, well established homologs of FLC remain to be found. On the other
hand, homologs of the flowering integrator gene FLOWERING LOCUS T
(FT) were already identified in several tree genomes (Kotoda et al., 2010).
An overview of the FT role in flowering-time regulation is present on
Section 4 of this chapter. Interestingly in poplar, two FT paralogs, F1'1
and FT2, control dormancy transitions (Bohlenius et al., 2006; Hsu et al.,
2011). The first 1s induced by chilling and signals dormancy release, while
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the second one promotes vegetative growth and inhibition of bud set during
summer (Hsu et al., 2011). The identification of upstream regulators of each
FT ortholog can provide valuable information over the control of bud
dormancy.

g 3. EPIGENETIC AS A KEY MECHANISM FOR
DORMANCY REGULATION

3.1 Chromatin Modifications during Dormancy and
Bud Break

Although bud dormancy is a well-characterized process at the physi-
ological level, the molecular mechanisms controlling this process are only
recently starting to be unveiled. Indeed, as demonstrated in the previous sec-
tion, it is exactly the similarities to other better established phenomena in
model plant species such as seed dormancy and flowering that guided the
studies over bud dormancy control. As expected, recent studies have pro-
vided evidences that bud dormancy is under complex regulatory pathways
including, hormonal control, the overlap of cold and photoperiod pathways,
miRNAs regulation, and several epigenetic mechanisms. At present, a huge
focus is being given to the contribution of epigenetics during plant develop-
mental processes (reviewed in Banerjee, Wani, & Roychoudhury, 2017;
Gallusci et al., 2017; Richards et al., 2017), with a special attention to
bud dormancy (Rios et al., 2014). The first clue suggesting that dormancy
is epigenetically regulated comes from the study of the major role of cold
in this process. Both induction and overcoming of the trait are directly
linked to cold exposure, in a way similar to the “vernalization memory”
described in A. thaliana that involves epigenetic mechanisms (Banerjee
et al,, 2017). In this context, histone modifications, changes in DNA
methylation patterns, and the regulatory role of small non-coding RINAs
(sncRINAs) have already been observed during dormancy in several
perennial species.

For example, early studies in chestnut using suppression subtractive
hybridization were able to identify genes involved in phosphorylation of
histone H3 (H3 kinase CsaAUR3) during bud burst, and in H2B
monoubiquitination (histone mono-ubiquitinase CsaHUBZ2) and acetylation
of histone H3 serine (histone acetyltransterase CsaGCNSL) in dormant api-
cal buds (Santamaria, Rodriguez, Canal, & Toorop, 2011). The same group
already reported that DNA methylation levels were higher in dormant apical
chestnut buds, while H4 histone acetylation levels were higher in
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non-dormant ones. Interestingly, the same methylation pattern was not
observed in axillary buds, confirming that the DNA methylation levels
observed in apical buds is a seasonal trend (Santamaria et al., 2009). In a study
using full-genome microarray analysis, the regulation of genes encoding
components of the DNA methylation and chromatin remodeling machin-
eries were investigated at distinct stages of the active—dormancy cycle in
hybrid aspen (Karlberg et al., 2010). It was demonstrated that short-day
and low temperature treatments induced the expression of several
histone deacetylases (HDA14, HDA08, HDAY, SIN3), a histone lysine
methyltransterase (SUIR3) and histone ubiquitination (HUB2) genes.
Simultaneously, a DEMETER-like gene, which encodes a DNA glycosy-
lase, was downregulated by short-day treatment, possibly leading to a further
increase in DNA methylation and chromatin compaction. On the
other hand, long-term low temperature exposure induced a DML
(DEMETER-related) gene, probably leading to demethylation and activa-
tion of genes that contribute to dormancy release.

The first evidence demonstrating that changes in cytosine methylation
patterns may play a regulatory role in the control of dormancy release was
obtained from MSAP (Methylation Sensitive Amplified Polymorphism)
and RNA-seq analyses in apple. This study also showed that chilling avail-
ability appears to modulate the expression of genes involved in active DNA
methylation and demethylation, with a progressive decrease in DNA
methylation levels being observed during dormancy release. Using the
same approach, high expression levels of the histone acetyltransferase
HCAT1 and the histone deacetylases HDA 14 and HDA 19 where identified
towards the initiation of active growth, while downregulation of other his-
tone deacetylases like HDA06 and HDAOS8 was observed in the same time
points (Kumar et al., 2017). Another study showed that dormancy release
triggered the induction of two types of histones, the canonical H2A
and an H2A.Z histone variant (Falavigna et al., 2014). In A. thaliana,
H2A.Z-containing nucleosomes coordinate one of the thermosensory
responses (Kumar & Wigge, 2010), being usually more expressed during
the S phase of the cell cycle (March-Diaz & Reyes, 2009). The expression
of these genes during dormancy release suggests that the dynamic balance
in their opposing activities is necessary to regulate the transcriptional levels
of target genes.

In poplar, epigenetic changes seem to take place during dormancy in
order to control differential gene expression. The balance of epigenetic
marks related to low transcriptional activity during winter (i.e. DNA
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methylation and histone H4 hypoacetylation) with chromatin modifications
compatible with increased gene expression during growth resumption (i.e.
DNA hypomethylation and histone H4 acetylation) were observed (Conde,
Gonzilez-Melendi, & Allona, 2013). Further studies demonstrated that
growth reactivation is preceded by DNA demethylation mediated by
DML, thus promoting the necessary changes to apical bud physiology in
order to start the bud break process (Conde et al., 2017b, 2017a). The
DNA methylation in poplar is a widespread process in non-condensed
chromatin and is associated to tissue-specific gene expression. Moreover,
in the shoot apical meristem (SAM), this process responds to variations of
water availability and affects the expression of genes involved in hormonal
pathways (Lafon-Placette et al., 2013, 2018). Taken together, these findings
indicate that the dynamics of genomic DNA methylation levels could be
involved in the regulation of dormancy—growth cycle.

Recently, the ABA-mediated regulation of dormancy in response to
photoperiod has been proposed for growth cessation (Tylewicz et al.,
2018). In this model, ABA accumulation in the buds triggers plasmodesmata
closure, ensuring bud growth arrest until sufficient chilling has been accu-
mulated. The role of ABA in the induction of several epigenetic marks
such as histone modifications, DNA methylation and short interfering
RNA pathways was already documented for several development processes
and stress responses in plants (Chinnusamy, Gong, & Zhu, 2008). In straw-
berry, dormancy establishment induced global DNA methylation in young
leaves, and these changes were synchronized with endogenous ABA levels
(Zhang et al., 2012c). However, how ABA is able to modulate epigenetic
changes during the bud dormancy process is yet to be discovered.

3.2 Epigenetic Regulations of DAM and EBB Genes

Some of the most emblematic genes associated to bud dormancy regulation,
the DAM genes, are also under strong epigenetic control. Both H3K4me3
and H3K27me3, two epigenetic marks related to activation and repression
of transcription, respectively, are recurrently found over DAM genes in
the different species that have been analyzed. The leafy spurge EesDAM1
and peach PpeDAMS6 genes showed both an increase of the H3K27me3
and a decrease of the H3K4me3 levels in promoter regions when comparing
eco-to endodormancy (Horvath et al., 2010; Leida, Conesa, Llicer,
Badenes, & Rios, 2012). In peach, the same epigenetic changes were also
identified at the transcriptional start site (TSS) and in the largest intron of
PpeDAMG6 (Leida et al., 2012). Interestingly, these two DAM genes
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displayed a seasonal expression profile during dormancy, with a peak of
transcription during endodormancy that correlates to the levels of the
aforementioned epigenetic marks. Additionally, the abundance of acetyla-
tion of histone H3 (H3ac), another epigenetic mark associated with gene
expression, in the promoter of PpeDAMG6 decreased during dormancy
release (Leida et al., 2012). A sequential chain of events affecting PpeDAM6
chromatin status was identified: loss of H3K4me3 and H3ac modifications
during dormancy release would contribute to gene repression, while
increase of H3K27me3 at the same time point would enable long-term
gene inactivation (Leida et al., 2012). These two pioneering studies have
provided the first evidence that epigenetic regulation of DAM genes may
be operating during dormancy in a manner similar to the regulation of
the Arabidopsis FLC gene during vernalization.

Further studies in peach were aimed to identify putative regulations of
the DAM locus, which is responsible for the EVG phenotype (Bielenberg
et al., 2008). Genes involved in chromatin remodeling were identified in
QTLs for nine traits related to bud dormancy, flowering and fruit harvest,
emphasizing a prominent role of chromatin modification pathways in this
process (Romeu et al., 2014). Thereafter, de la Fuente, Conesa, Lloret,
Badenes, and Rios (2015) identified a significant enrichment of
H3K27me3 during dormancy release concomitantly with reduced expres-
sion at different regions of the DAM locus, and this may be one of the con-
trolling mechanisms responsible for the difterential transcriptional profiles
observed for PpeDAM genes during bud dormancy (Li et al., 2009). In
pear, the DAM gene PpyMADS13-1 displayed a seasonal expression pattern
that resembles the one identified for EesDAMT1 and PpeDAMS6 (Saito et al.,
2013). Besides a reduction of H3K4me3 prior to endodormancy release, the
authors identified a tendency for PpyMADS13-1 promoter to lose the his-
tone variant H2A.Z during dormancy progression (Saito et al., 2015).
Within this context, the decrease of PpyMADS13-1 expression during
dormancy progression, along with the removal of this histone variant, add
a new layer of complexity to the epigenetic regulation on dormancy-related
genes. Finally, recent studies demonstrated that DNA methylation and small
interference RNAs (siRINAs) may also participate to the regulation of the
sweet cherry DAM genes PavMADS1 and PavMADS2. Near dormancy
release, PavMADS1 promoter presented an increase in DNA methylation
as well as in the abundance of matching siRINAs (Rothkegel et al., 2017).
These findings suggest that both DNA methylation and siRNAs are one
of the mechanisms responsible for the seasonal expression profile of these
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genes during the dormancy process. Taken together, these results indicate
that a complex regulatory network involving epigenetic marks is acting
over the DAM genes during dormancy.

Another important dormancy regulator gene is called EARLY BUD-
BREAK 1 (EBB1), which controls the timing of bud break in poplar by
playing an integrative role in the reactivation of the SAM after dormancy
(Yordanov, Ma, Strauss, & Busov, 2014). To date, the molecular regulation
of bud break and its epigenetic control are poorly understood. Interestingly,
transcripts of DML gene were localized in poplar apices, similar to that
reported for EBB1 (Conde et al., 2017b; Yordanov et al., 2014). However,
the direct target genes of DML-dependent DNA demethylation and EBB1
are not related, indicating that they may act by separate pathways to control
bud break. In pear, the orthologous EBB1 gene PpyEBB was highly induced
prior to bud break in flower buds, and the analysis of its chromatin status
revealed high levels of active histone modifications (H3K4me3) during
ecodormancy in relation to endodormancy (Anh Tuan et al, 2016).
However, no changes were detected in the levels of H3K27me3 in the
same time points. Interestingly, two of the most important dormancy regu-
lators discovered so far, DAM and EBB genes, are under strong epigenetic
control. Taken together, these evidences show that epigenetic mechanisms
play an important role in the regulation of bud dormancy, and a better un-
derstanding of these processes may help developing a valuable resource to
genetically manipulate this trait.

g 4. FT: A MASTER SWITCH CONTROLLING FLOWERING
IN ANGIOSPERMS

4.1 The Florigen FT Integrates Signals from Different
Floral Pathways

The decision to flower is one of the most important steps for plant
reproductive success and survival and represents a major life cycle transition
in which meristem cells must commit with reproductive development. The
flowering pathways have been extensively studied in the model plant
A. thaliana (Amasino, 2005, 2010; Andrés et al., 2014; Lee et al., 2006;
Mateos et al., 2015; Michaels & Amasino, 1999; Moon, Lee, Kim, & Lee,
2005). Five major floral pathways were characterized so far and they finely
tune the time of lowering via endogenous (gibberellins, autonomous, and
aging), as well as environmental factors (photoperiod and vernalization)
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(Blumel, Dally, & Jung, 2015; Khan, Ai, & Zhang, 2014; Lucas-Reina et al.,
2016; Song, Ito, & Imaizumi, 2013).

The vernalization and the autonomous pathways control flowering via
repression of the FLC gene. The photoperiodic pathway involves the
perception of the day length by the circadian clock that induces the expres-
sion of CONSTANS (CO). In Arabidopsis, flowering is anticipated during
long days and delayed during short days, making it a facultative long day
plant. The gibberellins (GA) pathway is a hormonal control of flowering
and studies have reported that GA levels increase in the leaves and meristems
of Arabidopsis plants, inducing the expression of the FT gene (Andrés et al.,
2014; Song et al., 2013). The aging pathway is regulated by the balance of
two microRNAs, miR156 and miR172, that regulate transition from juve-
nile to adult and reproductive phase. All of the flower signaling pathways in
Arabidopsis are integrated by the FT gene, which ultimately regulates the
expression of the floral meristem identity genes LEAFY (LFY) and APE-
TALA 1 (AP1). These major floral pathways are summarized in Fig. 2.
Other recently discovered floral pathways include regulation of flowering
via ambient temperature, stress, nutrients and sugar balance (for detailed re-
views on the flowering pathways see Andrés & Coupland, 2012; Blumel
et al., 2015; Cho, Yoon, & An, 2017; Khan et al., 2014; Lucas-Reina
et al., 2016; Song et al., 2013).

Difterent plant species may present different signaling mechanisms for
the same endogenous and environmental factors that trigger vegetative-
to-reproductive meristem transition, meaning that there is a functional
diversification in floral pathways among angiosperms (Blumel et al., 2015;
Lucas-Reina et al., 2016). For example, wheat, barley, and Arabidopsis all
have a cold (vernalization) requirement to induce flowering. However,
while in Arabidopsis vernalization causes the repression of the flowering-in-
hibitor FLC gene, in wheat and barley vernalization induces the expression
of the VERNALIZATION 1 (VRNT) gene that directly binds to FT and
promotes inflorescence formation (Fig. 1; Andrés & Coupland, 2012;
Deng et al., 2015).

The hormone GA seems to affect flower formation differently in
Arabidopsis compared to several perennial fruit trees including apple, mango,
cherry, peach, apricot, almond, and lemon (Khan et al., 2014; Turnbull,
Anderson, & Winston, 1996; Upreti et al., 2013; Zhang et al., 2016). While
GA is a potent inducer of flowering in Arabidopsis, it has been reported that
exogenous application of GA usually leads to a reduction of flower formation
in fruit trees (Khan et al., 2014; Turnbull et al., 1996; Zhang et al., 2016).
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Figure 2 Major floral pathways in Arabidopsis. Different signaling pathways converge
to the FT gene, whose protein and mRNA are translocated to the shoot apical meristem
(SAM) via vascular transport (Andrés & Coupland, 2012; Jackson & Hong, 2012). The FT
protein in the SAM induces the expression of SOCT, an activator of LFY. At the same
time, FT protein also induces the expression of AP1, another floral meristem identity
gene. The signal initiated by FT is amplified via feedforward regulation: FT induces
LFY and AP1, and LFY and AP1 continue to induce each other. This mechanism ensures
that after FT activation, the meristem becomes committed with reproductive develop-
ment and the process can no longer be reversed.

Moreover, application of paclobutrazol, an inhibitor of GA biosynthesis, was
able to even increase the flowering rate of apple and promote early-flowering
in mango (Upreti et al., 2013; Zhang et al., 2016). Zhang et al. (2016) have
proposed a model in which GA acts by reducing cytokinin (CK) levels in
apple shoots, and that a high CK/GA ratio is necessary to promote flower
formation. Notwithstanding, the pathways by which GA affects flowering
differently in Arabidopsis and in most perennials, are not fully understood.
This highlights the difficulty of describing a universal model for floral
signaling pathways in angiosperms and has led many review papers to focus
on the flowering pathways of specific groups of plants (Deng et al., 2015;
Guo et al., 2015; Hanke, Flachowsky, Peil, & Hattasch, 2007; Ramirez &
Davenport, 2010; Sun et al., 2014; Weller & Ortega, 2015).

Despite all of the efforts aiming at understanding how different species
perceive environmental cues and endogenous signals to promote flower
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formation, only scarce information concerning the molecular signaling of
reproductive meristem formation is available for perennials with a winter
dormancy period. This may be due to the fact that differentiation of vege-
tative meristems into flower organs usually occurs concomitantly with the
formation of buds for the next growing cycle (known as flower buds)
(Foster, Johnston, & Seleznyova, 2003; Hanke et al., 2007) and also because
plants tend to resume flowering soon or immediately after bud break, which
makes dormancy the main limiting factor for the cultivation of temperate
plants in warmer climates.

Noteworthy, regardless of the pathway that a given plant may utilize to
promote floral development, the integration of the flowering pathways
seems to converge to the FT gene and this appears to be highly conserved
among higher plants, between dicots and monocots, and between annual
and perennial species (Blumel et al., 2015; Khan et al., 2014; Lucas-Reina
et al., 2016; Putterill & Varkonyi-Gasic, 2016). For instance, in both rice
and Arabidopsis, the FT gene is expressed in leaves and the protein and
mRNA are translocated to the apical meristem, acting as a strong promoter
of flowering (Amasino & Michaels, 2010; Andrés & Coupland, 2012;
Jackson & Hong, 2012; Sun et al., 2014). Similarly, studies involving woody
perennial dicots and the annual herbaceous plant Arabidopsis revealed the
conserved role of FT genes on flowering (Kotoda et al., 2010; Trankner
et al., 2010). More specifically, the constitutive expression of the apple
MdoFT1 gene was able to induce flowering of in vitro shoot cultures of apple
and Populus (Kotoda et al., 2010; Trankner et al., 2010). Ectopic expression
of the apple MdoFT1 or MdoFT?2 genes in the annual plant Arabidopsis was
also able to induce an early-flowering phenotype under long days in wild-
type background plants (Kotoda et al., 2010; Trankner et al., 2010). Besides,
several other reports involving the homologous and heterologous expression
of FT and FT-like genes from different plants show that FT is able to pro-
mote flowering regardless of the species (Blumel et al., 2015; Putterill &
Varkonyi-Gasic, 2016; Wickland & Hanzawa, 2015). Thus, the FT signaling
network appears to constitute a highly conserved convergence hub for the
flowering pathways in higher plants (Fig. 2).

4.2 Epigenetic Control of FT Expression

The expression of a given gene is aftected by difterent factors, including the
genetic information that is contained in the DNA sequence (e.g. cis-elements
in a promoter), and by epigenetic modifications in the chromatin that can, in
some cases, be transmitted to progeny (e.g. histone modifications and DNA
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methylation; see chapters 1 and 2). Like many other genes, FT chromatin is
also subjected to epigenetic modifications that participate to the control of
gene expression, thereby determining flowering time, as illustrated below.

As part of the ambient temperature flowering pathway, Arabidopsis plants
growing under long days in temperatures of 27°C show accelerated flower-
ing compared to plants growing at 23°C. This has been attributed to
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) binding to
the FT promoter under high temperatures (27°C). At 23°C, binding of
PIF4 to the FT promoter is hampered by the occupancy of histone H2A
variant H2A.Z at the FT locus. Exposure of plants to high temperatures
of 27°C triggers the eviction of H2A.Z nucleosomes occupying the FT'
locus. The rate of histone H2A.Z occupancy in the chromatin is one of
the factors that mediate temperature responses in Arabidopsis and its presence
on the FT locus decreases accordingly under high temperatures, allowing
the binding of PIF4 to the FT promoter and flowering (Fig. 3; Lucas-Reina
et al., 2016; Song et al., 2013).

The protein AT-HOOK MOTIF NUCLEAR LOCALIZED 22
(AHL22) was described as a repressor of flowering. Overexpression of
AHL22 causes a late-flowering phenotype by reducing the levels of FT
mRNA. AHL22 binds to AT-rich DNA sequences within the FT locus
where it recruits histone deacetylases (HDACs), HDA1/HDA19, HDAG®,
and HDA9. These HDACs remove acetyl groups from the N-terminal
tail of histones H3, thus promoting the silencing of the FT gene. Evidence
also suggests that AHL22 mediates dimethylation of histone H3K9 by
recruiting specific histone methyltransferases, as suggested by the
increase of H3K9me2 mark abundance in lines overexpressing AHL22
(Fig. 3; Yun, Kim, Jung, Seo, & Park, 2012).

In Arabidopsis, it has been shown that activation of the FT gene by CO in
the photoperiodic pathway is dependent on the direct interaction between
MORF RELATED GENE (MRG) group proteins, MRG1 and MRG2,
with the CO protein. The proteins MRG1 and MRG2 recognize
H3K4me3 and H3K36me3 histone marks on the FT chromatin and allow
the binding of CO to the FT promoter (Fig. 3). The mrg1 mrg2 double
mutant has reduced FT mRNA levels and a late-flowering phenotype
associated with impaired binding of CO to the FT promoter under long
photoperiods (Bu et al., 2014).

Presence of H3K4me3 close by the TSS is generally associated with
active transcription (Guo et al., 2015; He, 2012). Absence of two redundant
H3K4me3 demethylases, Jumonji 4 (Atfmj4) and EARLY FLOWERING 6
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Figure 3 Epigenetic mechanisms controlling FT expression in Arabidopsis. The binding
site of PIF4 to the FT promoter is occupied by the histone variant H2A.Z. Exposure to
high temperatures causes the eviction of H2A.Z from the FT locus, allowing the binding
of PIF4. MRG1 and MRG2 recognize methylated H3K4 and H3K36 histone marks, allow-
ing the binding of CO to the FT promoter. The binding of CO can be counteracted by
the activity of H3K4me3 demethylases (AtJmj4 and ELF6). The CLF-PRC2 complex si-
lences FT via trimethylation of histone H3K27 and via demethylation of H3K4me3
marks. REF6 removes H3K27me3 marks, acting against the CLF-PRC2 complex to allow
FT transcription. AHL22 represses FT by recruiting histone deacetylases (HDA1/19,
HDA®6, and HDA9) and histone H3K9 methyltransferases. Active and repressive histone
modifications are indicated in the upper right, respectively. Proteins acting to activate
FT transcription are depicted in blue, whereas proteins whose function is to silence FT
expression are pictured in yellow.

(ELF6), causes an early-flowering phenotype in Arabidopsis under both short
and long days (Fig. 3; Jeong et al., 2009). In another study, CURLY LEAF
(CLF), an Enhancer of zeste protein constitutive of PRC2, was shown to be
a strong repressor of FT by mediating the trimethylation of H3K27 and by
partially suppressing H3K4me3 marks into the FT chromatin (Jiang, Wang,
Wang, & He, 2008). In contrast, RELATIVE OF EARLY FLOWERING
6 (REF6) was shown to be an important histone H3K27 demethylase
promoting FT expression, acting dynamically against the CLF-PRC2
complex (Fig. 3; He, 2012).

Interestingly, it has been demonstrated that deposition of active
and repressive histone modifications occur independently of each other
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and are mutually antagonistic (Jiang et al., 2008; Shafiq, Berr, & Shen, 2014).
In other words, activation or repression of FT expression in Arabidopsis relies
on the relative abundance of active or repressive epigenetic marks. The im-
plications of this finding is that, in order to fully understand how plants
control the time of flowering, it may be necessary to look further into the
mechanisms that regulate the balance of active and repressive epigenetic
marks on the FT chromatin.

In rice, chromatin methylation also appears to play an important role in
the expression pattern of two FT homologs, Heading date 3a (Hd3a) and
RICE FLOWERING LOCUS T 1 (RFT1). Knockdown plants with
reduced synthesis of S-Adenosyl-l-methionine, a universal methyl group
donor, show low levels of histone H3K4me3 and DNA methylation at
the Hd3a and RFT1 loci, which was associated with reduced expression
of these genes and late-flowering phenotype (Sun et al., 2014). Two genes
that are responsible for histone H3K36 di- and tri-methylation, SET
DOMAIN GENE 724 (SDG724) and SDG725, were also shown to be
important for flowering time regulation in rice. A loss-of-function mutant
for SDG724 and a knockdown plant for SDG725 were associated with a
reduction of H3K36 methylation and transcription of RFT1 and Hd3a,
and of other flower-related genes (Sun et al., 2014). The presence of
H3K9ac around the TSS of RFT1 was also correlated with active gene
transcription and flowering in rice (Sun et al., 2014).

As mentioned above, little information regarding the flowering
pathways of perennial plants is available, and even less or no information
at all on the epigenetic regulation of FT genes of perennials might exist.
Nevertheless, a study with sexual dimorphism in poplar has shown that
DNA methylation is an important regulatory factor for lower development
in Populus tomentosa (Song et al., 2012b). In another work using the early-
flowering trifoliate orange Poncirus trifoliate, the authors treated plants with
5-azacytidine, a DNA methyltransferase inhibitor, and observed several
abnormalities related to vegetative development, without noticeable
changes in the flowering time of the already precocious trifoliate orange
(Zhang, Mei, Liu, Khan, & Hu, 2014). Notwithstanding, it was observed
an increase in CiFT transcript accumulation with increasing concentrations
of 5-azacytidine. The expression level of other flowering genes CiLFY,
CiAP1, TERMINAL FLOWER 1 (CiTFL1), and CiFLC was highest at
250 uM of 5-azacytidine and then decreased at higher concentrations
(Zhang et al., 2014). Because a decrease in the overall DNA methylation
pattern led to an increase in the expression of five major floral genes, the
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authors concluded that DNA methylation plays an important role in
the regulation of the early-flowering trait of trifoliate orange (Zhang
et al., 2014).

The knowledge regarding how plants lower is of utmost importance for
breeding programs, especially for perennial fruit trees, in which a long
juvenile phase represents a significant hindrance. Activation of FT and
FT-like genes through homologous or heterologous expression in juvenile
perennials is sufficient to accelerate entrance into the reproductive phase. FT
is regarded as the master switch that must be turned on by angiosperm plants
to initiate flower formation and complete their reproductive cycle.
Epigenetics is a rapidly growing field and we address here that a direct
link between epigenetics and the FT gene is essential to flowering. As a
future perspective, we believe that understanding the genetic mechanisms
underlying the epigenetic control of FT expression (and how this is linked
to repression of FT expression in juvenile perennials) could help breeding
programs seek important characteristics to shorten the juvenile phase in
perennial fruit trees.

S 5. CHROMATIN REMODELING AND HORMONAL
STIMULUS: AN INHERENT PART OF THE FLOWERING
PROCESS

The regulation of flowering time depends on many factors including
environmental, genetic, and epigenetic mechanisms as detailed in the previous
sections. Hormonal regulation plays a central role in this process, integrating
internal and external stimulus. In this section, we will explore the importance
of well-known phytohormones in the flowering process, connecting them
with epigenetic modifications that occur in the chromatin during floral tran-
sition (Campos-Rivero et al., 2017; Yamamuro, Zhu, & Yang, 2016).

5.1 Gibberellins

In the model plant A. thaliana, the timing of flowering mediated by GA
signaling has been extensively studied, leading to the elucidation of some
of the underlying molecular mechanisms. The induction of flowering starts
with the perception of bioactive GAs and is mediated, among other factors,
by nuclear proteins called DELLA. Briefly, DELLA are negative regulators
of GA signaling that sequestrate transcriptional activators, inhibiting
flowering (Achard & Genschik, 2009; Harberd, 2003). In leaves, the
transcriptional activators of FT, like CO and PIF4 are sequestered by
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DELLA proteins, preventing them from binding to DNA and activating
FT transcription (Conti, 2017; de Lucas et al., 2008; Tiwari et al., 2010;
Wang et al., 2016; Xu et al.,, 2016). In the SAM, DELLAs bind to
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) tran-
scriptional regulators and prevent their function as transactivators on target
genes (Conti, 2017; Hyun et al., 2016; Yu et al., 2012). When GA is pre-
sent, the GID1 receptor undergoes conformational changes, increasing its
affinity for DELLA proteins (Griffiths et al., 2006; Willige et al., 2007).
This interaction (DELLA-GID1) favors the binding of the E3 Ubiquitin
ligase SLEEPY1 (SLY1) that marks DELLA for degradation by proteasome
26 (Dill, Thomas, Hu, Camille, & Steber, 2004). Without DELLA pro-
teins, the activators CO and PIF4 are free to promote FT expression.
In the SAM, SPLs are able to activate LFY, FRUITFUL (FUL), SUP-
PRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and
AP1 by directly binding to their promoter regions. Expression of these
genes contribute to the amplification of the FT-FD signal and causes the
activation of the floral meristem identity genes (Abe et al., 2005; Conti,
2017; Melzer et al., 2008; Moon et al., 2003). In contrast to Arabidopsis,
application of exogenous GAs were shown to inhibit flower formation
in some perennial crops like apple (Marcelle & Sironval, 1963; Zhang
et al., 2016), peach (Southwick & Glozer, 2000) and citrus (Goldberg-
Moeller et al., 2013; Guardiola, Monerri, & Agusti, 1982; Tan & Swain,
20006), as previously described in this chapter. Some works reporting the
molecular link between chromatin modifications and GA responses have
been already published and will be now more thoroughly discussed.

PKL genes code for an CHD3-family ATP-dependent chromatin
remodeling factor, that promote the trimethylation of H3K27, contributing
for tissue-specific gene repression in plants (Ogas, Kaufmann, Henderson, &
Somerville, 1999; Zhang et al., 2008, 2012b). Interestingly, analyses of pkl
mutant plants showed a defective ability to respond to GA, demonstrating
the important role of methylation in the induction of GA transcriptional
network (Rider et al., 2003; Zhang et al., 2008). A recent study showed
that PKL is required to promote flowering in Arabidopsis, probably due
to its close interaction with DELLA proteins (Park et al., 2017). Another
interesting point is that histone modifications are able to regulate genes
involved in GA biosynthesis. Some examples as GA REQUIRINGI1
(GA1), GA2, GA3, ENT-KAURENOIC ACID HYDROXYLASE1
(KAOT) and KAO?2 have already been reported to undergo H3K27ac
modification (Charron, He, Elling, & Deng, 2009).
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Dioxygenase genes (GA20x7 and GA30x2) are the major targets for light
regulation in the GA metabolism (Kamiya & Garcia-Martinez, 1999) and
showed to be downregulated by H3K27me3. The higher transcript accu-
mulation of GAZ20x7 and GA30x2 correlates with the reduction of
H3K27me3 abundance over the promoter regions and first exons of
dioxygenase genes, removing the repressive effect of this modification
(Charron et al., 2009). On the other hand, genes that are not aftected by
the GA signaling have no differences in H3K27me3 levels (Charron et al.,
2009). These results suggest an import role of epigenetics modifications in
GA biosynthesis, signaling and response, influencing flowering time.

5.2 Jasmonic Acid

Jasmonic acid (JA) is a fatty acid-derived molecule that orchestrates different
responses to abiotic and biotic stress in plants (Browse, 2009; Stintzi &
Browse, 2000) and plays important functions in the regulation of floral
development in Arabidopsis (Park et al., 2002; Stintzi & Browse, 2000),
rice (Cai et al., 2014; Xiao et al., 2014), maize (Acosta et al., 2009; Yan
et al., 2012), tomato (Li et al., 2004) and tobacco (Stitz, Hartl, Baldwin,
& Gaquerel, 2014). The currently accepted model proposes that, in the
absence of JA, repressors of JASMONATE-ZIM domain (JAZ) family
interact with the transcriptional factors MYB21 and MYB24, preventing
them to activate responsive JA genes. In contrast, the JA signal makes JAZ
proteins a potential target for the F-box protein CORONATINE INSEN-
SITIVE PROTEIN 1 (COI1) to ubiquitination and subsequent degradation
(Chini et al., 2007). As soon as JAZ is degraded, these factors are released and
can activate genes involved in anther development and filament elongation
(Song et al., 2011).

Studies developed in Arabidopsis have now revealed the importance of
HDAG6, a RPD3-type histone deacetylase, in JA response, senescence and
flowering (Wu, Zhang, Zhou, Yu, & Chaikam, 2008). The interaction of
HDAG6 with COI1, has been demonstrated (Devoto et al., 2002), suggesting
an important connection between JA response and histone modifications.
The analysis of axel-5, a splice site mutant of AtHDA6 (Murfett, Wang,
Hagen, & Guilfoyle, 2001) and HDA6-RNAi plants have showed
that the JA responsive genes, PDF1.2, I’SP2, JIN1, and ERF1 were down-
regulated in these plants, reinforcing the idea that HDAG is necessary to the
JA-responsive pathway (Wu et al., 2008). Furthermore, axe1-5 and HDA6-
RNAI plants displayed increased leaf longevity and late flowering compared
to wild type plants. These plants also showed an hyperacetylation of histones
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at the FLC gene and an increase in its expression, suggesting that HDAG6 is
required for FLC deacetylation and repression (Wu et al., 2008). Little is
known about epigenetics modification and JA response in perennial plants,
revealing a huge gap that remains to be investigated.

5.3 Brassinosteroids

Brassinosteroids (BR) are a class of polyhydroxylated steroidal phytohor-
mones that are involved in many aspects of plant biology, including cell
elongation, cell division, root growth, photo-morphogenesis, stomatal and
vascular differentiation and seed germination (Gudesblat & Russinova,
2011; Wei & Li, 2016). Phenotype analyses of BRs defective mutants
revealed a delayed flowering time, indicating a positive role of BRs in the
establishment of flowers (Domagalska et al.,, 2007; Li, Li, Chen, & An,
2010). A higher level of FLC transcripts and increased levels of histone
H3 acetylation normally associated with active chromatin at the FLC locus
were observed in these mutants, suggesting that BRs could contribute to a
silenced epigenetic state at the FLC promoter, helping to downregulated it
and promote flowering (Domagalska et al., 2007).

The transcriptional factor BRI1-EMS suppressor 1 (BES1), one of the
major regulators of BR signaling that coordinates several genes in response
to BR (Yin et al., 2005), directly interacts with REF6 and its homolog,
EARLY FLOWERING 6 (EFL6), both jumonji N/C (JmjN/C)
domain-containing proteins essential to catalytic demethylation of his-
tones (Agger, Christensen, Cloos, & Helin, 2008). REF6 and EFL6
(recruited by BES1) have been shown to be involved in BR signaling
by affecting histone methylation in the promoters of BR-responsive genes
(Noh et al., 2004; Yu et al., 2008). BES1 can also recruit a histone lysine
methyltransferase called SET DOMAIN GROUP 8 (SDG8), which is
implicated in H3K36 di- and trimethylation (Wang et al., 2014; Xu
et al., 2008).

Analysis of the rice plasticity 1 (rpl1) mutant that is impaired in a gene
involved in plastic response of rice plants to environmental changes, have
also demonstrated an interesting connection between BRs and histone
modification (Zhang et al., 2012a). The rpl1 mutant showed an increased
in DNA methylation level and a decrease in overall histone acetylation.
Responses to various plant phytohormones including BRs were also
negatively affected. Noteworthy, the putative rice BR receptor OsaBRI1,
a key hormone signaling gene, was extremely downregulated in the rlp1
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mutant concomitantly to changes in histone marks in the OsaBRI1 gene
locus (Zhang et al., 2012a), reinforcing the importance of epigenetic
regulations in BR perception and signaling.

5.4 Ethylene

Ethylene (ET) is a volatile organic chemical compound involved in fruit
ripening, senescence of leaves, response to stress and a floral repressor in
Arabidopsis (Achard et al., 2006). The transcription factor ETHYLENE
INSENSITIVE 3 (EIN3) and EIN3-like (EIL) mediate ET transcriptional
responses (Guo & Ecker, 2003). EIN3 accumulation delays flowering by
activating the ETHYLENE RESPONSE 1 (ERFI1) related genes. The
negative role of ET in flowering through the EIN3-ERF1 is attributed to
reduced bioactive GA levels, causing enhanced accumulation of DELLA
proteins (Achard et al., 2007). In the work reported by Zhou, Zhang,
Duan, Miki, and Wu (2005), the importance of HDA19, a RPD3-type
histone deacetylase, in integrating hormonal stimulus and epigenetic regula-
tions was analyzed in Arabidopsis. By overexpressing HDA19, an increased
expression of ERF1 was detected, showing that histone deacetylation posi-
tively regulates ERF1, contributing to an increased delay in flowering (Zhou
etal., 2005). These observations contributed to elucidate the roles of histone
modification and ET response. However much more efforts need to be
done to completely understand this hormonal-epigenetics regulation.

5.5 Salicylic Acid

Salicylic acid (SA) is an important phytohormone that belongs to the group
of phenolic compounds and plays distinct roles in many aspects of plant
growth and development, as well as in disease resistance (Vicente &
Plasencia, 2011). The importance of SA in the flowering process is already
described (Cleland & Ajami, 1974; Lee & Skoog, 1965) but the knowledge
about its role in the floral regulatory network is still very limited. Arabidopsis
SA-deficient plants show a late-flowering phenotype and an increased
expression of FLC. Low levels of FT transcripts were also observed in these
mutants compared to wild type, under short day or long day conditions
(Martinez, Pons, Prats, & Leon, 2004).

On the other hand, the CO and SOC1 genes showed a different profile
under the same daylength conditions in SA-deficient plants (Martinez et al.,
2004). CO and SOC1 expression decreased in long day conditions, while in
short day-grown plants, amounts of CO transcripts increased and SOC1
remained stable (Martinez et al., 2004). Given that, CO and SOCT are
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strictly regulated by light changes (Suarez-Lopez et al., 2001), suggesting
that SA regulates lowering by interacting with the photoperiod dependent
pathway (Martinez et al., 2004; Vicente & Plasencia, 2011).

Sumoylation is a post-translational modification that conjugates small
ubiquitin modifier peptides (SUMO) to protein substrates (Mahajan,
Delphin, Guan, Gerace, & Melchior, 1997; Matunis, Coutavas, & Blobel,
1996). In mammals and yeasts sumoylation has been included in the list
of histone modifications associated to transcriptional repression (Garcia-
Dominguez & Reyes, 2009; Nathan et al.,, 2006; Shiio & Eisenman,
2003). In plants, it is related to biotic and abiotic stress responses, lowering
and development (Chosed, Mukherjee, Lois, & Orth, 2006; Jin et al., 2008;
Novatchkova, Budhiraja, Coupland, Eisenhaber, & Bachmair, 2004).
Analysis of plant mutants in the SUMO E3 ligase (SIZ1) gene, which play
crucial role during SUMO steps, revealed an early flowering time pheno-
type under short day (Jin et al., 2008). It has also showed elevated SA levels,
suggesting an important connection between SUMO modification and SA
response (Jin et al., 2008).The authors concluded that under low levels of SA
an increased SIZ1 expression is observed, contributing to sumoylation of
FLOWERING LOCUS D (FLD) and its consequent low expression. The
FLD gene encodes a plant homolog to an important protein in mammals
histone deacetylase complexes (He, Michaels, & Amasino, 2003). Mutations
in FLD and its consequent low expression promote hyperacetylation of his-
tones in FLC chromatin, leading to its transcriptional activation and delayed
flowering time (He et al., 2003). Nevertheless, when high levels of SA are
perceived, SIZ1 is repressed, which increases FLD levels and results in lower
FLC transcript amounts, allowing floral transition (Campos-Rivero et al.,
2017; Jin et al., 2008).

5.6 Cytokinins

CK are plant hormones involved, in cell proliferation, differentiation and
many other related processes (Werner et al., 2008; Werner & Schmulling,
2009). Their role in the progress of dormancy to flowering is still unclear,
although studies showed that cell division is higher in SAM during floral
transition (Jacqmard, Gadisseur, & Bernier, 2003). The literature about
epigenetic regulation and the role of CK in flowering induction is still sparse,
but some insights have been described (Godge, Kumar, & Kumar, 2008; Li
et al., 2008; Meijon, Jesus Canal, Valledor, Rodriguez, & Feito, 2011;
Tanaka et al., 1997). The study of Li et al. (2008) analyzed A. thaliana plants
mutated for the S-adenosyl-L-homocysteine hydrolase (SAHH) gene, which
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codes for a key enzyme in the stabilization of methylation potential in cells
(Palmer & Abeles, 1979; Tanaka et al., 1997). They also investigated RINA1
lines with reduced AtSAHH?2 gene expression and observed a global reduc-
tion of DNA methylation levels and high levels of endogenous CK, even
when compared to CK overproducers (Catterou et al., 2002; Chang, Jones,
Banowetz, & Clark, 2003).

Similarly, increased levels of CK were observed in sahh1-1 tobacco
mutants (Tanaka et al., 1997). In tobacco plants, it was also observed
that CK upregulate genes encoding Cytosine DNA methyltransferases
(Li et al., 2008). The overexpression of SAHH1 and Adenosine kinase 1
(ADK1) in response to CK was similarly detected (L1 et al., 2008; Pereira
et al., 2007). Taken together, these results indicate a ‘feedback-regulatory
loop between cytokinin and DNA methylation: reduced DNA methyl-
ation potential in plant cells seems to lead to an increased level of CK,
which in turn stimulates the genes encoding enzymes of the DNA methyl-
ation machinery’ (Li et al., 2008). Moreover, the delayed flowering time
found in Arabidopsis mutants knockdown for SAHH could be related to
the accumulation of CK in response to reduction of global DNA methyl-
ation (Campos-Rivero et al., 2017; Li et al., 2008; Rocha et al., 2005). In
the same way, the treatment with 9-(S)-(2,3-dihydroxypropyl)-adenine
(DHPA), an inhibitor of SAHH in tobacco plants resulted in global
DNA hypomethylation, flower morphology alterations, reduced fertility
and upregulation of floral organ identity genes (Fulnecek et al., 2011).
The analysis of a gene coding for a CK binding protein, PETUNIA
CYTOKININ BINDING PROTEIN (PETCBP) from Petunia hybrida
cv. Mitchell, revealed a highly similar sequence (85%—90%) to the
SAHH gene from several plant species (Godge et al., 2008). Authors sug-
gest that PETCBP could be a positive regulator of CK response, mainly by
modulating CK signal transduction. They also report that antisense expres-
sion of this gene resulted in plants with delayed flowering time (Godge
et al., 2008).

Another work reported by Meijon et al. (2011) investigated if the
treatment with GA inhibitors applied to improve flower production in orna-
mental azaleas plants could also influence DNA methylation and other
phytohormones (as CK) during floral transition. They found that before
flower set, low DNA methylation levels were seen, but when floral organs
formation was achieved, genomic DNA became hypermethylated. They
also observed low levels of GAs (as expected) and high endogenous CK
amounts during floral transition. The authors suggested that CK could
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induce DNA demethylation, thereby contributing to the induction of gene
expression during flowering transition (Meijén et al., 2011).

5.7 Abscisic Acid

ABA is a phytohormone associated mostly with drought stress and important
to coordinate an adaptive response during water deprivation (Shinozaki &
Yamaguchi-Shinozaki, 2007). Moreover, ABA plays important roles in
plant development, even without stress stimuli, like induction of seed and
bud dormancy (Barrero et al., 2005). During the transition of flowering,
both positive and negative effects of ABA have been reported (Riboni,
Test, Galbiati, Tonelli, & Conti, 2016, 2013; Shu et al., 2016; Wang
et al., 2013; and reviewed by; Shu, Luo, Meng, & Yang, 2018). Briefly,
the delay of A. thaliana floral transition is strictly related to ABSCISIC
ACID-INSENSITIVE (ABI) genes. Studies analyzing the Arabidopsis abi3,
abi4 and abi5 mutants revealed an early flowering phenotype; consistently
to that, transgenic plants overexpressing those genes (ABI3, ABI4 and
ABI5) showed delayed floral transition (Shu et al., 2016; Wang et al.,
2013). ABI4 and ABI5 directly induces FLC transcription, while FLC
further represses expression of FT in Arabidopsis, regulating the flowering
process in a negative way (Shu et al., 2018; Wang et al., 2013).

Recently, Shu et al. (2016) proposed that ABI4 negatively controls GA
biogenesis, suggesting that it may repress flower formation through the
GA flowering pathway. Positive regulation of flowering mediated by
ABA response occurs especially under environmental stress conditions,
such as drought (Riboni, Galbiati, Tonelli, & Conti, 2013, 2016). It is
already described that drought stress causes early flowering in various plant
species and high level of ABA biosynthesis (Budak, Hussain, Khan, Ozturk,
& Ullah, 2015; Munemasa et al., 2015; Riboni, Test, Galbiati, Tonelli, &
Conti, 2014). Molecular mechanisms required for ABA response in order
to promote flowering and overpass the drought stress is still under evalua-
tion, but some key factors were already described. Riboni et al. (2016)
proposed that in Arabidopsis, ABA induces the drought escape response
by promoting FT expression, for which CO and flower-promoting gene
GIGANTEA (GI) genes are required in a photoperiod dependent manner.
In citrus species, water deficit promotes flowering, and the higher level of
ABA was also detected during the floral inductive stage (Li et al., 2017).
Furthermore, in litchi species, drought stress combined with low tempera-
ture remarkably promoted flowering; however, the detailed relationship
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between ABA biosynthesis and/or signaling and flowering in litchi needs
further investigation (Shen, Xiao, Qiu, Chen, & Chen, 2016).

In the epigenomic context, the nuclear interaction of SWI/SNF (chro-
matin remodeling complex) with ABA HYPERSENSITIVE (HAB1) gene,
involved in negative regulation of ABA signaling and flower induction in
Arabidopsis, was reported as necessary for ABA-responsive gene regulation
(Rodriguez, Leube, & Grill, 1998; Saez, Rodrigues, Santiago, Rubio, &
Rodriguez, 2008).

Another work showed that Arabidopsis mutants impaired in the ABA
OVERLY-SENSITIVE (ABO4) gene that encodes an important regulator
of ABA plant responses (Liu et al., 2010), showed an early flowering pheno-
type. abo4-1 plants showed lower expression of FLC and high amounts of
FT transcripts. An altered histone modification pattern in these two loci
were also observed (Yin et al., 2009). Thirunavukkarasu et al., (2014)
reported that stress-responsive genes involved in the ABA signaling promote
floral transition and are regulated by epigenetic events under water stress
condition in maize. Altogether, these findings suggest an important crosstalk
between epigenetics, ABA responses, drought stress and flowering.

5.8 Auxins

Auxins are phytohormones involved in many aspects of plant biology such
as vascular tissue formation, adventitious root initiation, tropistic responses,
apical dominance and fruit development (Goldfarb, Lanz-Garcia, Lian, &
Whetten, 2003; Luo, Zhou, & Zhang, 2018; Sundberg & Ostergaard,
2009). The first link between auxin and floral transition was reported
when the auxin transport mutant pinl (PIN-FORMED1) was character-
ized (Galweiler et al., 1998). The PINT gene encodes for a member of
the putative auxin efflux regulator proteins, important in polar auxin
transport (Galweiler et al., 1998) and have been related to plant organ for-
mation by regulating auxin distribution (Benkova et al., 2003; Furutani
et al., 2004). The most intriguing characteristic of the pinl mutant was
the formation of inflorescence without flowers. Two other mutants
showed very similar phenotypes: pinoid (Bennett, Alvarez, Bossinger, &
Smyth, 1995) and monopteros (mp) (Przemeck, Mattsson, Hardtke, Sung,
& Berleth, 1996). PINOID is a serine/threonine protein kinase and have
been reported to be involved in signaling and polar auxin transport
(Benjamins, Quint, Weijers, Hooykaas, & Oftringa, 2001). MP/ARFS5 is
a member of a family of transcription factors called auxin response factors
(ARFs), and are essential to auxin signaling and response (Hardtke &
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Berleth, 1998; Quint & Gray, 2006). Interestingly, these mutants could
progress from vegetative to reproductive phase while the inflorescence is
formed, however no flower is observed (Cheng & Zhao, 2007). These
findings demonstrate the important role of auxin in flower formation,
even if the complete pathways connecting auxins and formation of floral
primordial remain unclear (Cheng & Zhao, 2007). The link between
epigenetic, auxin response and floral initiation was reported in a recent
study which identified an auxin hormone-regulated chromatin state switch
in order to promote floral primordial development in Arabidopsis (Wu
et al., 2015). Based on these findings a model for cell auxin sensing and
recruitment of chromatin remodeling factors was proposed. The presence
of low auxin levels triggers a repressor system for auxin responsive genes
that is orchestrated by monopteros (MP) and auxin sensitive Aux/IAA
proteins (ASP). In this way, ASP binds to the MP factor associated with
its target loci. ASP directly recruits the TOPLESS (TPL) repressor and
the histone deacetylase HDA19, preventing gene expression (Guilfoyle
& Hagen, 2012; Szemenyei, Hannon, & Long, 2008; Wu et al., 2015;
Yamaguchi et al., 2013). The system also prevent recruitment of SWI1/
SNF ATPase subgroup BRAHMA (BRM) and SPLAYED (SYD)
chromatin remodeling complexes, creating an inactive chromatin state
(Wu et al., 2015). However, when high levels of auxin are present,
ASPs are degraded and prevent the action of TPL and HD19. The recruit-
ing of BRM or SYD complexes is possible and an open chromatin state is
achieved, enabling the activation of the general transcriptional machinery
(Wu et al. 2015). In loss of function studies, the authors also showed that
the SWI/SNF ATPase activity is essential for flower primordium initiation,
revealing a ‘simple and elegant mechanism for small-signaling-molecule-
regulated chromatin state switch’ that respond to auxin signal and is
essential for flower development (Wu et al., 2015).

S 6. BUD BREAK AND FLOWERING: CONSEQUENCES IN
AGRICULTURE AND BREEDING

Throughout the evolution, temperate fruit trees have developed bud
dormancy as an adaption to seasonality (Campoy et al., 2011; Ionescu,
Moller, & Sanchez-Pérez, 2017). Bud break and subsequent flowering
happen after chilling and heating requirements have been fulfilled during
winter and spring, respectively. Within the context of global climate change,
there are a number of evidences that increasing temperatures results in
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shifting the timing of phenological events, mainly in springtime, when plants
resume growth (Hanninen & Tanino, 2011; Legave, Guédon, Malagi, El
Yaacoubi, & Bonhomme, 2015; El Yaacoubi, Malagi, Oukabli, Hafidi, &
Legave, 2014). Early bud break and flowering have many implications
such as an increased risk of frost damage (Cannell & Smith, 1986; Vitasse,
Lenz, & Karner, 2014) affecting the photosynthetic capacity of the trees
(Ensminger, Schmidt, & Lloyd, 2007), bud burst delay combined with
low burst and poor fruit set (Abbott, Zhebentyayeva, Barakat, & Liu,
2015; Celton et al., 2011; Dirlewanger et al., 2012; Erez, 2000), fertility
abnormalities due to mis-synchronization of flowering of self-incompatible
cultivars (Dirlewanger et al., 2012), changes in flower size and timing of
anthesis (Scaven & Ratferty, 2013) and modifications of fruit harvesting
periods and fruit marketing logistics (Dirlewanger et al., 2012). The produc-
tion of floral scent, nectar and pollen can also be affected by temperature.
Altered floral scent emission at higher temperatures affect the detectability
of flowers by pollinating insects, such as moths, that rely on long-distance
cues to locate floral resources (Kevan & Baker, 1983; Yuan, Himanen,
Holopainen, Chen, & Stewart, 2009). Changes in nectar production and
composition have immediate effects on pollinators activity and fitness
(Burkle & Trwin, 2009), especially for those insects, such as some lepidop-
terans and wasps, that rely on nectar for amino acids as well as for sugars
(Kevan & Baker, 1983). Similarly, decreased pollen production affect the
reproductive success of many bees, which may need to collect pollen
from a large number of plants to successfully rear their offspring (Mduller
et al., 2006). Along with the effects of warming on floral traits, elevated
temperatures can alter other plant characteristics such as vegetative growth.
It has been observed that plants exposed to winter warming of 1.5°C via
open top chambers were several centimeters taller than plants in control
chambers (Liu, Mu, Niklas, Li, & Sun, 2012). In contrast to the negative
effects of the warming temperatures over the floral traits, increased vegeta-
tive growth may represent a benefit for agriculture in certain circumstances,
such as wood and fruit crop production in sub-optimal environments. For
example, the Brazilian apple cultivar ‘Castel Gala’, which is originated
from a spontaneous bud sport mutation from a ‘Gala Standard’ tree, features
a low CR when compared to the original cultivar, exhibits a precocious
growth cycle that starts 25 days earlier and produces fruits that are anatom-
ically and nutritionally equivalent (Denardi & Seccon, 2005). Due to its
earlier bud burst, ‘Castel Gala’ also presents taller and more vigorous plants,
reaching full production capacity earlier and can be planted in warmer
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climate sites than its parental type. Examples like this and the abovemen-
tioned information help pave the way to better analyze the challenging
context of breeding strategies to deal with bud phenology traits in order
to generate adapted cultivars to the new climate scenarios for agriculture.

Bud dormancy can still be considered a biological black box, in which
the outputs to certain inputs can be predicted with some degree of certainty,
but the internal workings remain obscure. Epigenetic regulation seems to
play roles in some central steps of the bud dormancy cycles, including
gene expression adjustments that remain stable over cell cycles and the
quantification of cold exposure. Although the participation of epigenetic
modifications in bud dormancy is suggested by many research data in the
literature, the genes responsible for transducing epigenetic marks into
phenological behaviour remain to be fully characterized. DAM and EBB
genes, at this time, are the most promising candidates; however, further
studies on repressors of FT transcription in temperate woody plants may
uncover new pieces of this puzzle.

Exploiting epigenetic variations (DNA methylation and histone PTM:s)
for breeding applications depends on the plant propagation strategies (sexual
versus clonal, McKey, Elias, Pujol, & Duputié, 2010). Because DNA
methylation patterns can be transmitted after mitosis and meiosis, DINA
methylation marks could be useful in all crops, irrespective to their propaga-
tion mode. By contrast, histone modifications are reset during meiosis
(Ingoutft et al., 2010; Xiao & Wagner, 2015), therefore, they would be of
little benefit for breeding purposes in sexually propagated crops. However,
they could be applicable for clonally propagated crops, such as in perennial
fruit crops, because new epigenetic patterns could be maintained in meri-
stems for grafting propagation (Brautigam et al., 2013; Douhovnikoff &
Dodd, 2014). As examples of heritable epigenetic states, epimutations, irre-
spective of their origin (induced or natural epialleles), are generally stable in
plant populations and can be selected as classical phenotypes in breeding
schemes. An extensive review about the use of epigenetics for breeding
purposes is described by Gallusci et al. (2017).

A successful example of the use of epigenetic research and its applica-
tion for breeding purposes has been demonstrated in the African oil
palm Elaeis guineensis, where a flower and fruit abnormality known as
‘mantled’ can develop in oil palm cultivars derived from tissue culture
and the resulting mantled palms can become unproductive (Ong-Abdullah
et al., 2015). By performing a genome-wide, unbiased, DNA methylation
analysis to look for loci epigenetically associated with the mantled
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phenotype, it was discovered that hypomethylation of a single Karma fam-
ily retrotransposon embedded in the intron of the homeotic gene DEFI-
CIENS 1s common to all mantled clones and associated with aberrant
splicing and termination of the gene transcript. Loss of methylation —
dubbed the Bad Karma epiallele — predicts a loss of oil palm yield and
this property enable screening for higher-performing clones at the plantlet
stage. This finding is likely to provide a way to detect unproductive palms
much earlier than was previously possible, enabling their timely replace-
ment in plantations, which besides the obvious economic importance,
also benefits the environment. The results found for the ‘mantled’ pheno-
type in E. guineensis have also other key implications. For instance, a well-
planned and performed genome-wide methylation mapping can pinpoint
precise spots in the genome of a non-model organism that are responsible
for a trait of interest.

Unveiling the molecular mechanisms responsible for the regulation of
dormancy completion and flowering time in woody perennials is an impor-
tant front for both basic and applied research. The compatibility between
CR and the local climate is one of the main factors determining the success
of a temperate fruit production enterprise. Conventional tree breeding,
especially for dormancy traits, is costly and highly time-consuming because
of protracted generation times. The advances in genomic research in woody
perennials has now opened the opportunity to assist the breeders with tools
generated through extensive sequencing, genome wide association studies
and high density genotyping arrays that lead to the discovery of highly pre-
dictive molecular markers for traits of horticultural interest (Laurens et al.,
2018). Therefore, markers linked to genes proved to participate in
dormancy and flowering can be an invaluable asset for assisted breeding stra-
tegies. In combination with a biotechnological approach, master controllers
of flowering time and bud dormancy could be used as tools to shorten the
juvenile phase of target plant materials in order to accelerate breeding
programs. This type of approach is already being suggested with the employ-
ment of transgenes that have the ability to induce flowering, such as FT
(Yamagishi, Kishigami, & Yoshikawa, 2014), TFL (Freiman et al., 2012)
and BpMADS4 (Flachowsky et al., 2011; Weigl, Wenzel, Flachowsky,
Peil, & Hanke, 2015) genes, but the use of dormancy regulators in similar
strategies 1s still to be proposed. A different and potentially game changer
strategy would be to modify the expression of dormancy controlling genes
by means of state of the art technologies such as CRISPR/Cas9 (Bortesi &
Fischer, 2015). This could potentially be done in already grown plants
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employing viral vectors, a plant-breeding technique with no transmission of
genetic modification to the next generation (Yamagishi et al., 2014). In fruit
production, the application of chemical compounds is already used as a tool
to modulate flowering time and increase yields (see review in lonescu et al.,
2017). Because epigenetic mechanisms participate in gene expression con-
trol and hormonal signaling, an alternative for plant breeding approaches
is to engineer flowering time by combining efforts on modern genetics
and chemicals via the external application of flower-inducing compounds.
This is an illustration of how the understanding of flowering time and
dormancy control can be important to applied research and to agriculture.
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SUMMARY

Type-B response regulators (BRRs) are essential transcription factors in cytokinin (CK)
signaling pathway, being responsible for CK-responsive gene modulation. We performed
a genome-wide analysis aiming to identify apple BRR family members and understand
their involvement in dormancy regulation in apple trees. This investigation resulted in the
identification of ten MdoBRR protein-coding genes. A higher expression of three
MdoBRR (MdoBRR1, MdoBRR9 and MdoBRR10) was observed in dormant buds in
comparison to other developmental stages. Interestingly, these three MdoBRR genes were
upregulated in a CK-dependent manner in ecodormant buds. Transcription profiles
determined during dormancy cycle under field and artificially controlled conditions,
revealed that MdoBRR1 and MdoBRR8 played important roles in the transition from endo-
to ecodormancy, probably mediated by endogenous CK stimuli. The expression of
MdoBRR7, MdoBRR9 and MdoBRR10 was induced in ecodormant buds exposed to warm
temperatures, indicating a putative role in growth resumption after chilling requirement
fulfillment. Contrasting expression patterns between MdoBRRs and MdoDAM1, an
essential dormancy establishment regulator, were observed during dormancy cycle and in
CK-treated buds. Thereafter, in vivo transactivation assays showed that CK stimuli
combined with transient overexpression of MdoBRR1, MdoBRR8 and MdoBRR10
resulted in downregulation of the reporter gene gusA driven by the MdoDAM1 promoter.
These evidences point to the integration of CK-triggered responses through MdoBRRs
that are able to downregulate MdoDAML, thus contributing to dormancy overcome in

apple.
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This work reports experimental evidences that contribute to the understanding of apple
dormancy release mediated by CK stimuli and MdoBRRs activation. The results suggest
an important role of MdoBRRs in the transition from endo- to ecodormancy. In vivo
transactivation assays showed that CK stimuli and the transient overexpression of
MdoBRR1, MdoBRR8 and MdoBRR10 were able to downregulate MdoDAML1, an
essential dormancy establishment regulator.

INTRODUCTION

The cytokinin (CK) signal transduction is a multiple step phosphorelay pathway
that culminates in the activation of type-B response regulators (BRRs; Kakimoto 2003;
To and Kieber 2008; Werner and Schmdilling 2009; Hill et al. 2013). This protein family
Is characterized by the presence of two essential domains: a signal receiver (REC),
involved in phosphorylation-mediated switches of response regulators, and a Myb-like
DNA binding domain (Imamura et al. 1999; Hosoda et al. 2002). The REC domain core
consists of a quintet of highly conserved amino acid residues comprising three adjacent
Asp, one Ser/Thr and one Lys residue. In the Asp triplet, the first one is associated with
the phosphorylation site and the other two with metal ion binding (Mg?*), important for
phosphoryl group changes. The conserved Thr/Ser interacts with the phosphoryl group
and together with the conserved Lys enables phosphorylation-mediated conformational
changes. The Myb-like output of BRRs shares a B-motif of approximately 60 amino acids
and is responsible for DNA binding and transcription factor activity (Sakai et al. 2000;
Hosoda et al. 2002). BRRs play a pivotal role in the early CK plant responses, being
involved in shoot cell division, seed and root development and light responses (Argyros
et al. 2008).

CKs are generally considered positively regulators of shoot apical meristems
through stimulating cell division and negatively regulators of root apical meristem
through promoting cell differentiation (Mok and Mok 2001; Argueso et al. 2012; Kieber
and Schaller 2018). Besides that, studies have suggested that CKs are important regulators
of bud dormancy release, acting upstream of the gibberellic and abscisic acid response
pathways by stimulating meristematic activity (Cutting et al. 1991; Faust 1997; Liu and
Sherif 2019).

Dormancy is defined as a self-arrest state of the shoot apical meristem, which is
maintained even under growth-promoting conditions (Paul et al. 2014). Perception of
external signals like photoperiodic changes and chilling exposure as well as internal
stimuli such as hormonal balance, genetic and epigenetic regulation are key factors
modulating the main physiological aspects of bud dormancy (Beauvieux et al. 2018;
Lloret et al. 2018; Cattani et al. 2018; Miotto et al. 2019). Bud dormancy cycle is divided
into endo-, eco- and paradormancy stages (Lang et al. 1987). Endodormant buds are not
capable of resuming growth even when exposed to permissive conditions. This growth
arrest is mainly determined by endogenous plant signals. At the ecodormancy stage,
growth inhibition is associated to adverse external stimuli, and once environmental
conditions become favorable, the vegetative growth restart. Paradormancy is related to
growth suppression by distal organs signaling, and is usually referred as apical dominance
(Lang et al. 1987).

The dormancy mechanism in Malus species is cyclic and the same perception of
low temperatures during the autumn that induces bud set is necessary for budburst, as a
result of continuous chilling exposure over the winter until spring. The chilling
requirement for dormancy release is genotype dependent and guided by a complex
molecular network. The first important dormancy regulator genes were identified in the
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evergrowing (evg) peach mutant, which phenotype is associated to dormancy settlement
failure (Bielenberg et al. 2008). The peach evg locus is related to six tandemly repeated
MIKC®type MADS-box genes named Dormancy-associated MADS-box (DAM;
Bielenberg et al. 2008). These genes have been widely associated with dormancy cycle
control in several tree species, and are phylogenetic related to the Arabidopsis floral
regulator SHORT VEGETATIVE PHASE (SVP; reviewed in Falavigna et al. 2019). In
Arabidopsis, SVP plays important roles in the response to ambient temperature changes
and in the modulation of hormonal responses, delaying flowering by directly repressing
flowering-time genes (Lee et al. 2007; Andrés et al. 2014). Similarly, environmental
signals, hormonal pathways and epigenetic changes modulate the transcriptional
regulation of DAM genes during bud dormancy (Falavigna et al. 2019). However, the
transcriptional regulators identified so far do not fully explain the expression dynamics
of the DAM genes during the dormancy cycle.

In apple (Malus x domestica Borkh.), one of the most cultivated perennial species
worldwide, ectopic expression of MdoDAMb and MdoSVPa resulted in delayed bud break
and changes in plant architecture due to constrained lateral shoot outgrowth (Wu et al.
2017). Moreover, the promoter analysis of MdoDAM1, an important regulator of
endodormancy, revealed the presence of BRRs binding sites, suggesting that the CK
pathway may act upstream of the DAM genes (Porto et al. 2016). However, the functional
relevance of these sites has not yet been evaluated. Therefore, considering the importance
of CK in plant growth and the lack of knowledge about transcriptional regulators of the
DAM genes, this study aimed to understand the roles of MdoBRRs factors during
dormancy and investigate whether they could be involved in the modulation of DAM
genes expression, a key regulator of dormancy cycle.

RESULTS
Identification, structural and phylogenetic analysis of apple BRR genes

The in silico identification of apple BRRs was performed based on the new haploid
genome GDDH13 v1.1 (Daccord et al. 2017) and resulted in 10 predicted gene models
(Table 1). In this study, we propose an update on the nomenclature of the members of
apple BRR gene family, based on: the identification of two extra genes (MdoBRR2 and
MdoBRR3) and the use of a more curated version of the apple genome compared to the
previous study conducted by Li et al (2017). Additionally, the MdoBRR gene names were
inferred following the guideline developed for Rosaceae family members (Jung et al.
2015).

Table 1: Identification of apple BRR genes

Genome Chromosomal Li et al. Proposed GenBank
accession? localization? (2017) nomenclature accession
MD08G1059000 Chr08:4701285..4705253 MdRRB3 MdoBRR1 MN590295
MD16G1036100 Chr16:2601907..2605099 - MdoBRR2 MN590296
MD01G1047800 Chr01:15007174..15008926 - MdoBRR3 MN590297
MD02G1229600 Chr02:27354515..27358617 MdRRB1 MdoBRR4
MD16G1108400 Chrl16:7572032..7576420 MdRRB10  MdoBRR5 MN590298

MD13G1108300 Chr13:7783159..7786774 MdRRB7 MdoBRR6 MN590299
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MD16G1159400 Chr16:12890367..12894414 MdRRB11  MdoBRRY MN590300
MD13G1159700 Chr13:12567112..12571259 MdRRB9 MdoBRR8 MN590301
MD13G1019800 Chr13:1246553..1250362 MdRRB6 MdoBRR9 MN590302
MD16G1017900 Chr16:1305300..1309682 MdRRB4 MdoBRR10 MN590303

aGenome accession codes and chromosomal localization are provided by the ‘Malus x domestica
Genome’ (http://rosaceae.org/) based on GDDH13_v1.1 version.

Full-length coding regions of seven identified MdoBRRs (MdoBRR1; MdoBR5-
10) amplified from cDNA were confirmed by sequencing using specific primers (Table
S1). Partial sequences were obtained for two MdoBRRs (MdoBRR2 and MdoBRR3),
covering 70% and 40% of the coding regions, respectively. For MdoBRR4, just the RT-
gPCR amplicon could be retrieved under our PCR conditions. These genes are located in
a genomic region rich in repeated sequences, what may explain the difficulty in obtaining
amplification products. With the exception of MdoBRR4, all sequences (partial and full-
length) were deposited in the GenBank database and accession codes are presented in
Table 1. In the case of partial sequences, the genome GDDH13 v1.1 predicted gene
models for MdoBRR2, MdoBRR3 and MdoBRR4 were used as input for further analysis.

The functional annotation of MdoBRR deduced-protein sequences was performed
with InterPro (Mitchell et al. 2019) and resulted in the identification of the REC domain
(IPR001789) and the plant Myb-like family (IPR006447) domain (Figure 1A). The motif
related to MdoBRR REC domain shows the quintet of highly conserved amino acid
residues essential to REC activity (Figure S1A). The conserved Lys and Ser residues were
found in all MdoBRR proteins. The presence of the three-conserved Asp was observed in
seven MdoBRRs. MdoBRR2, MdoBRR3 and MdoBRR4 exhibited an amino acid
substitution in the second position of the triplet (Figure S1A). The B-motif related to
Myb-like family in MdoBRRs shares a group of highly conserved amino acid residues in
all protein sequences. Exceptionally, MdoBRR2 presents gaps and a good number of
substitutions (Figure S1B).
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Figure 1. Identification of conserved domains and phylogenetic analysis of
MdoBRRs. (A) Graphical illustration representing the position of the two conserved
domains found in MdoBRR proteins. The first Met of each protein is considered as
position number 1. (B) The phylogenetic tree was inferred by the Bayesian method using
68 protein sequences annotated as BRR from six different species (A. thaliana, O. sativa
sub. Japonica, P. trichocarpa, P. persica, P. bretschneideri and M. domestica). MdoBRRs
are colored in blue.

The plant model Arabidopsis (Arabidospis thaliana), the monocot rice (Oryza
sativa sub. Japonica) and the dicot species poplar (Populus trichocarpa), peach (Prunus
persica) and pear (Pyrus bretschneideri) were used in MdoBRR phylogenetic analysis
(Table S2). The ten MdoBRRs deduced-protein sequences along with 58 other full-length
proteins already described as BRRs were used for phylogenetic inference. The results
allowed the identification of six MdoBRRs putative orthologs with pear and peach
(Figure 1B). Pear proteins B-PpRR3, B-PpRR2, B-PpRR8, B-PpRR5 and B-PpRR9 are
more closely related to MdoBRR1, MdoBRR2, MdoBRR5, MdoBRR8 and MdoBRR10,
respectively and the PpARR14-b and MdoBRR3 grouped separately. The remaining
proteins MdoBRR6, MdoBRR7, MdoBRR9 grouped in the same cluster of MdoBRR5,
MdoBRR8 and MdoBRR10, respectively. The MdoBRR4 did not group with any other
apple, pear or peach protein sequences, but with three Arabidopsis BRRs (AtARR13,
AtARR21 and AtARR23).

Expression patterns of MdoBRR genes in different apple developmental stages

Based on the Fleckinger scale (EPPO 1984) we selected 12 tissues that encompass
vegetative, reproductive and dormant cycles of apple trees to analyze MdoBRRs
expression. Results showed that in general, among all tissues, the highest expression
levels were observed for MdoBRR6-10 genes (Figure 2). MdoBRR6 was preferentially
expressed in seeds of unripe fruit (JS) and in leaves independently of the stage (E2L, IL
and JL). MdoBRR7 transcripts accumulated in apple inflorescences (E2IN). Expression
of MdoBRR8 is higher in flowering (E2IN) and fruit development (J). MdoBRR9 and
MdoBRR10 together with MdoBRR1 presented higher expression levels in close terminal
buds (A), especially MdoBRR10 (Figure 2), leading us to better investigate their roles
during the bud dormancy cycle. Transcriptional profile of MdoBRR5 showed higher
transcript levels in skin and pulp of unripe 40 mm apple fruit (J). MdoBRR2, MdoBRR3
and MdoBRR4 exhibited the lowest transcript levels (Figure 2). MdoBRR4 expression was
only barely detected in seeds of unripe fruit (JS). Based on these results, these three BRRs
(MdoBRR2-4) were excluded from further analyses.
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(EPPO, 1984). “A”, closed dormant buds; “C”, buds in late sprouting stage; “E2 L”,
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young leaves at E2 stage; “E2 IN”, flower buds at E2 stage; “I L, leaves at | stage; “I
F”, whole set fruits at | stage; “J SK”, fruit skin at J stage; “J L”, mature leaves at J
stage; “J P>, fruit pulp at J stage; “J S”, seeds at J stage; “M P>, pulp from mature fruits
at M stage; “M SK”, skin from mature fruits at M stage. Relative expression was
calculated based on the calibrator represented by the levels of mMRNA from MdoBRR5
gene at stage A. Different letters indicate statistically significant differences between
means using one-way ANOVA followed by Tukey’s test (p<0.05). Error bars represent
the standard error of the mean. ND: None detected.

Transcriptional profiles of MdoBRR genes during the bud dormancy cycle

In apple trees, chilling hours (CH) exposure stimulates removal of the
endodormancy physiological blocks that inhibit growth, culminating in ecodormancy.
Subsequently, buds are able to resume growth (bud break) after a certain amount of warm
temperatures. In order to monitor all stages of dormancy cycle progression, an artificially
controlled induction assay was performed to determine the transcriptional profile of
MdoBRRs and MdoDAM1 under the perspective of chilling accumulation and growth
promotion conditions. Additionally, quantification of the most prevalent CK found in
higher plants, zeatin, at the active trans form (t-zeatin; Schmitz et al. 1972) was performed
in these samples. ‘Royal Gala’ buds were collected in the field in the beginning of
endodormancy with 315 CH and conditioned in a dark chamber with the constant
temperature of 3 °C. In this condition, ecodormancy was achieved at 1,067 CH. After
that, buds were transferred to permissive growth conditions (25+1.5 °C, 16 h photoperiod
and 70 % relative humidity) for 360 h in order to favor bud break.

Results revealed that MdoBRR1 and MdoBRR8 showed a peak of expression after
the transition from endo- to ecodormancy (after 1000 CH). At the same time point,
MdoDAML1 expression started to decrease (Figure 3). The initial hours under growth
promoting conditions (25 °C) upregulated MdoBRR10 transcripts, which remained
constant all over the sampled time-points. The expression of MdoBRR has also increased
from 24 to 96 h during 25 °C temperature exposition. In a later response, after 168 h at
growth permissive conditions, dormant buds started to accumulate MdoBRR7 transcripts.
The importance of MdoBRR7, MdoBRR9 and MdoBRR10 during bud growth resettlement
was further reinforced in the ‘Royal Gala’ annual cycle transcriptional profile assay,
which demonstrated upregulation of these three MdoBRRs during summer (Feb/09) when
compared to autumn and winter (May-Aug/09; Figure S2). The expression of MdoBRR5
and MdoBRR6 did not change along the dormancy cycle (Figure 3). Peaks of t-zeatin
accumulation were observed before the ecodormancy stage, decreasing after that, and
resuming after prolonged warm temperatures exposure, close to bud break (Figure 3).

96



MdoDAM1

-® MdoBRR10

= MdoBRRY
(=]

'z -k~ MdoBRRS

95’_ ¥ MdoBRR7
[

s MdoBRR6

© MdoBRRS

= MdoBRR1
°
o~

=@ t-Zeatin

ng/g DM

SRS S A L SN S

3°C hours 25°C hours

Warm

Endodormancy Ecodormancy
- tem peratures

Bud break

Bud dormancy progression

Figure 3. Expression pattern of MdoDAM1 and MdoBRR genes over ‘Royal Gala’
bud dormancy progression under artificially controlled conditions. RT-gPCR was
performed with dormant buds of ‘Royal Gala’ twigs sampled in the begging of
endodormancy with 315 CH and conditioned into dark controlled chambers (3 °C) until
the ecodormancy stage was reached (50% of green tip buds). After 1,403 CH, the
ecodormant buds were transferred to growth permissive conditions (25£1.5 °C, 16 h
photoperiod and 70 % relative humidity) for 24 to 360 h in order to favor bud break.
Expression data was calculated in relation to MdoBRR1 gene at 315 CH point. t-zeatin
guantification was done using UPLC-ESI-MS/MS. The asterisks indicate statistical
differences (¥*0.01 <p <0.05, **0.001 <p <0.01***) between means of MRNA levels of
each evaluated gene at 315 CH and the distinct time-points sampled. Amounts of t-zeatin
were compared in the same way. Error bars represent the standard error of the mean. DM:
dry mass.
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Aiming to study the pattern of MdoBRRs expression during the transition from
endo- to ecodormancy in the context of field cultivation conditions, ‘Castel Gala’ buds
were sampled at four time-points from 118 to 778 CH (Figure 4). Castel Gala cultivar
was chosen because it is a natural mutant of ‘Gala’ (Kidd’s Orange X Golden Delicious)
that requires 50% less CH to bud break (Denardi and Seccon 2005) becoming capable of
reach ecodormancy in natural field conditions. The same is not observed in the Royal
Gala cultivar, that is also a spontaneous mutation from ‘Gala’, more commercially
attractive but not able to accumulate enough CH to reach ecodormancy without the usage
of chemical inducers, such as hydrogen cyanamide.
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Figure 4. Transcriptional profile of MdoDAM1 and MdoBRR genes under the field
transition from endo- to ecodormancy in ‘Castel Gala’ buds. Relative expression of
MdoDAM1 and seven MdoBRRs was evaluated by RT-gPCR in dormant buds of ‘Castel
Gala’ sampled in two different time-points of endo- (118 and 325 CH) and ecodormancy
(707 and 778 CH). Calculation of expression data and statistical analysis was performed
as described in Figure 3 considering point 118 CH as reference; *0.01 <p<0.05,
**0.001 <p <0.01***. Error bars represent the standard error of the mean.
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In ‘Castel Gala’ buds, the transition from endo- to ecodormancy was observed at
approximately 700 CH, concomitantly with increased transcript amounts of MdoBRR1,
MdoBRR8 and MdoBRR9 from 325 to 707 CH and t-zeatin amounts. From 707 to 778
CH, transcript amounts of MdoBRR1 and MdoBRR8 kept increasing in the same way as
t-zeatin (Figure 4), suggesting the induction of MdoBRRs by the endogenous CK during
ecodormancy stage. In an opposite way, the highest levels of MdoDAM1 were observed
from 118 to 325 CH, during endodormancy, followed by a significant reduction at 700
and 778 CH. The expression of the other four MdoBRRs (MdoBRR5-7; MdoBRR10)
remained constant all over the dormancy cycle.

Taken together, these results indicate that CK accumulation with consequent
MdoBRR upregulation and activation, followed by MdoDAM1 downregulation constitute
important steps in the transition from endo- to ecodormancy stage, as well as for bud
break.

CK triggers MdoBRR gene expression in ecodormant buds

In order to determine if the CK stimulus could affect MdoBRR expression and
investigate if the dormant stage could influence on this modulation, exogenous CK was
applied in the same way on both endo- and ecodormant apple buds. The most effective
treatment in MdoBRR transcriptional activation was achieved in ecodormant buds treated
by the TOP method (direct CK application, for more details see Experimental
Procedures). In this case, MdoBRR9 and MdoBRR10 demonstrated almost four-fold more
transcripts when compared to the control after treatment with 4 mM of 6-
benzylaminopurine  (BAP). In these same samples, downregulation of
MdoDAMZ1lexpression was also observed (Figure 5A). Conversely, thidiazuron (TDZ)
treatments showed a clear tendency of MdoBRR9 and MdoBRR10 induction with a
significant MdoDAM1 repression. The CK influx through diffusion via xylem into
ecodormant buds (BASE method) resulted in lower responses compared do the direct CK
application (TOP method). In this case, after 16 h MdoBRR7 expression was induced with
4 mM TDZ at the same time that MdoDAM1 was repressed, showing again an opposite
modulation of MdoBRR and MdoDAM1 transcriptional patterns by the CK stimulus
(Figure 5B). However, the same was not observed with MdoBRR1 and MdoBRR7
activation with 1 mM BAP treatment (Figure 5B). The expression of MdoBRR5,
MdoBRR6 and MdoBRR8 did not change in any of the tested conditions (Figure S3). After
48 h of treatment with the BASE method, no significant modulation of MdoBRR by CK
was observed in ecodormant buds (Figure S3).
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Figure 5. The transcriptional modulation of MdoDAM1 and MdoBRRs in CK-
treated ecodormant buds. The relative expression of MdoBRRs and MdoDAML1 genes
were measured in ecodormant buds treated for 16 h with 1, 2 or 4 mM BAP or TDZ by
the methods of (A) direct application (TOP) or (B) influx (BASE). The expression level
of each gene in the different treatments was calibrated and compared to its respective
control. Asterisks indicate statistically significant differences between means using one-
way ANOVA followed by Dunnet’s test (*0.01 <p <0.05, **0.001 <p <0.01***), Error
bars represent the standard error of the mean.
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The influence of the dormancy stage in the CK-mediated MdoBRRs transcriptional

modulation could be clearly seen when exogenous CK was applied to endodormant buds.
In this case, the direct application of CK (TOP method) did not induce any MdoBRR
expression (Figure S4A), resulting in a completely different response to that obtained in
ecodormant buds (Figure 5). Additionally, CK transport in endodormant buds for 16 h
(BASE method) resulted mainly in downregulation of MdoBRR6 (Figure S4B) and after
48 h, just a subtle induction of MdoBRR6 and MdoBRR10 was achieved in the TDZ
treatment (Figure S4C).
In summary, these findings corroborate with those found during the dormancy cycle
evaluation (Figures 3 and 4) which showed that MdoBRR activation is only achieved
during the bud ecodormancy stage. Furthermore, we could also observe that the CK signal
was not just able to increase the level of MdoBRR9 and MdoBRR10 transcripts, but also
to downregulate MdoDAM1 expression.

CK and transient overexpression of MdoBRRs negatively regulate MdoDAM1 gene
expression

Considering the different putative roles of MdoBRRs and MdoDAM1 during the
bud dormancy cycle, and taking into account that the CK stimuli induces MdoBRRs
expression whilst downregulates MdoDAM1, we aimed to evaluate whether MdoBRR
could modulate MdoDAM1 expression through an in vivo transactivation assay using
Arabidopsis protoplasts. For this purpose, a segment of 503 bp from the MdoDAM1
promoter region containing two putative BRR binding sites (Figure S5A; Porto et al.,
2016) was used to control the gusA reporter gene (MdoDAM1prom::gusA) in the
pGUSXX-90 vector (Pasquali et al. 1994). Based on their consistent expression pattern
related to a possible role during bud dormancy, MdoBRR1, MdoBRR8 and MdoBRR10
were chosen to be tested as effectors on the transactivation assays (Figures 3 to 5).

Results revealed that all MdoBRRs tested were able to bind BRR motifs and
downregulate MdoDAM1prom::gusA activity in wild type protoplasts (Figure 6A).
Wondering to know if CK signal is also capable to repress MdoDAM1 expression as
observed in CK-treated ecodormant buds (Figure 5), Arabidopsis wild type protoplasts
suspensions were transfected just with MdoDAM1prom::gusA construction, without any
effector (MdoBRR1, MdoBRR8 or MdoBR10). For this group of samples, TDZ was
applied in increasing concentrations (as described in experimental procedures section),
leading to a significant reduction in MdoDAM1prom::gusA activity even when the lowest
concentration was tested, confirming the repressive effect of CK signal on MdoDAM1
gene regulation (Figure 6B).
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Figure 6. MdoDAM1 downregulation mediated by MdoBRRs and CK signal. The
modulation of gusA driven by the MdoDAML1 promoter through MdoBRR1, MdoBRR8
and MdoBRR10 was evaluated in Arabidopsis wild type (A) and arr triple loss of function
mutant protoplasts (C). The effect of exogenous application of TZD (from 0.0001 to 1.0
uM) and DMSO (control) was also tested for both wild type (B) and arr backgrounds
(D). Site-specific mutations were introduced into the MdoDAM1 promoter and the biding
ability of MdoBRRs effetors was tested in wild type protoplasts (E). The GUS/LUC
activity was calculated through dividing the enzymatic GUS activity by rLUC
luminescence. RR1, RR8 and RR10 represent MdoBRRs respective coding regions cloned
into the pART7 vector for protoplasts transient overexpression. Different letters indicate
statistically significant differences between means using one-way ANOVA followed by
Tukey’s test (p<0.05). Error bars represent the standard error of the mean.

The availability of the Arabidopsis triple loss-of-function mutant (arr1-3 arr10-5
arrl2-1) allowed us to perform the same assay described above, with the advantage of
minimizing the Arabidopsis ARR(s) endogenous effects and possible technical artifacts,
since these plants have lost the ability to respond to external CK stimuli (Argyros et al.
2008). Consistent with the previous observations, the assay employing arr triple mutant
protoplasts resulted in MdoDAM1prom::gusA repression when transient overexpression
of MdoBRR1, MdoBRR8 and MdoBRR10 was tested, confirming that MdoDAM1
downregulation is due to MdoBRRs (Figure 6C). Moreover, the comparison between
control (DMSO) and TDZ treatments resulted in no significant differences in
MdoDAM1prom::gusA activity, reinforcing the hypothesis that MdoDAM1
downregulation occurs by cellular perception of CK stimuli through ARRs (Figure 6D).
In order to confirm the MdoBRRs ability to bind in BRR regulatory motifs, site-specific
mutations were introduced into the two BRR biding sites found along the MdoDAM1
promoter region (Figure S5B). The results showed that the loss of native BRR biding sites
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disrupted the ability of MdoBRR1, MdoBRR8 and MdoBRR10 to downregulate
MdoDAM1prom™t::gusA activity, confirming the hypothesis that the transient
overexpression of MdoBRR1, MdoBRR8 and MdoBRR10 is responsible for the
transcriptional repression of MdoDAML1 (Figure 6E). These findings suggest a redundant
mechanism on which MdoDAM1 downregulation could be mediated by CK signaling
(probably mediated by the activation of already existing pools of BRRs in the cell)
followed by de novo transcriptional induction of MdoBRR1, MdoBRR8 and MdoBRR10
and CK post-translational activation.

DISCUSSION

BRR genes were firstly reported in Arabidopsis (D’ Agostino et al. 2000) followed
by rice (Schaller et al. 2006); poplar (Ramirez-Carvajal et al. 2008), peach (Immanen et
al. 2013), pear (Ni et al. 2017) and apple (Li et al. 2017). It is already known that activated
BRRs are responsible for transcription modulation in a CK-dependent manner of many
downstream genes involved in plant development (reviewed by Kieber and Schaller
2018). However, their potential regulatory role during the bud dormancy cycle has not
been well explored. Our investigation based on the GDDH13 v1.1 apple genome dataset
(Daccord et al. 2017) rendered the identification of ten MdoBRRs, including two
additional members for the family (MdoBRR2 and MdoBRR3; Table 1) when compared
to the previous report (Li et al. 2017) that explored the apple draft genome described by
Velasco et al. (2010). It is important to consider that the GDDH13_v1.1genome has a
higher accuracy and a better contig assembly with a consequent more precise gene
annotation. As example of the problems of the first apple genome draft assembly and
annotation, the three predicted gene models (MDP0000607144, MDP0000307383 and
MDP0000124301) were considered as true MdoBRRs by Li et al. (2017) but, in fact, these
sequences are miss-predicted versions of MdoBRR1, MdoBRR6 and MdoBRRY,
respectively and are not even assigned in GDDH13 v1.1 dataset.

The ten MdoBRR deduced proteins (Table 1) contain the two typical REC and
Myb-like domains necessary for activation and DNA binding, respectively (Figure 1A).
Detailed analysis of all MdoBRR REC motifs revealed the lack of one of the three highly
conserved Asp residues in MdoBRR2, MdoBRR3 and MdoBRR4 deduced-proteins
(Figure S1). Another class of response regulators is characterized by atypical receiver
domains and is related to the absence of one or more residues in the core region of the
REC domain. This class is called pseudo-response regulators and also lacks the invariant
phospho-accepting Asp residue, often replaced by a Glu residue (Mizuno and Nakamichi,
2005; Bourret 2010). Although MdoBRR2, MdoBRR3 and MdoBRR4 deduced-proteins
do not have the Asp triplet, they present the phospho-accepting Asp residue (Figure S1)
and consequently do not fit to this definition, remaining as true members of the apple
BRR family. Exactly these three BRR genes showed very low expression levels in all
apple tissues tested (Figure 2), which could be associated to a potential pseudogenization
process through loss-of-function mutations, once the recent duplication of the apple
genome created two copies of most genes, resulting in gene function diversification
(Panchy et al. 2016).

The transcripts from nine out of the ten MdoBRR genes were detected in all twelve
apple tissues evaluated. MdoBRR4 was the exception, whose transcripts were detected
only in seeds of 40 mm developing fruit (Figure 2). This wide distribution of BRR
expression was already reported in Arabidopsis and rice (Mason et al. 2004; Ito and
Kurata 2006). We have also observed higher amounts of MdoBRR transcripts during
developing stages rather than in ripened fruit (Figure 2). These data are in agreement with
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peach BRR expression profiles that present higher transcript amounts in rapidly growing
tissues like semi-opened flowers, fruits at expansion stage and young leaves (Zeng et al.
2017). Similar results were also found in pear in the early stage of fruit growth (Ni et al.
2017) and in Arabidopsis where BRR expression was observed at shoot apical
meristematic cells and young developing leaves (Mason et al. 2004). In general, our data
could not be related to the results obtained by Li et al. (2017), probably by the distinct
tissue sampling strategy used and apple cultivars tested (‘Gala Baigent’ versus ‘Nagafu’).

Our particular interest in studying MdoBRRs was to gather evidences to
understand their involvement in bud dormancy regulation. Within this context, we found
three MdoBRRs (MdoBRR1, MdoBRR9 and MdoBRR10) that showed significant levels
of expression in bud tissues (Figure 2). The evaluation of MdoBRR expression during
dormancy cycle demonstrated that the transition from endo- to ecodormancy in ‘Castel
Gala’ buds is associated with MdoBRR1, MdoBRR8 and MdoBRR9 transcriptional
upregulation, t-zeatin accumulation and MdoDAM1 gene repression (Figure 4). In
agreement, ‘Royal Gala’ ecodormancy stage was achieved concomitantly with MdOBRR1
and MdoBRR8 transcriptional activation and MdoDAM1 downregulation. Moreover,
when ecodormant buds were transferred to permissive growth conditions, we could
observe the negative regulation of MdoBRR1, MdoBRR8 and MdoDAML1 and the
activation of three MdoBRR in a continuous (MdoBRR10), early (MdoBRR9) and late
(MdoBRRY7) response to warm temperatures (Figure 3). Accordingly, the evaluation of
‘Royal Gala’ buds during a full year growing cycle showed higher transcriptional activity
of MdoBRR7, MdoBRR9 and MdoBRR10 during the summer (Feb/10; Figure S2) and a
remarkable reduction of MdoDAML1 expression in the same period (Porto et al. 2016).

The potential regulatory role of BRR genes in the transition from endo- to
ecodormancy was also reported in pear RNA-Seq analysis that showed increased
transcript levels of B-PpRR9/6 and B-PpRR5/3 genes in ‘Suli’, and B-PpRR7 gene in
‘Kosui’ after endodormancy release (Ni et al. 2017). Complementing these findings, our
phylogenetic studies revealed putative orthology between MdoBRR1 and B-PpRR3;
MdoBRRS8 and B-PpRR5; MdoBRR10 and B-PpRR9 proteins (Figure 1B), the same
MdoBRRs involved in apple buds dormancy cycle transition.

Although the expression of MdoBRR1 and MdoBRR8 showed similar patterns in
the transition from endo- to ecodormancy between field (‘Castel Gala’) and artificially
controlled ('Royal Gala’) conditions, the same was not observed for t-zeatin (Figures 3
and 4). In this case, it is important to consider that the CK source is different in these two
distinct dormancy datasets. The origin of endogenous CKs that control shoot branching
is still controversial. Some studies associate it with root-derived CK and others with local
production (Faiss et al. 1997; Matsumoto-Kitano et al. 2008; Muller and Leyser 2011).
‘Castel Gala' buds were sampled from plants under field conditions, and the two sources
of CK (root-derived and locally synthesized) were available. On the other hand, the
progression of 'Royal Gala' dormancy was evaluated under controlled artificial conditions
where independent twigs containing terminal buds were sampled from apple trees, being
in this case, the CK local biosynthesis, the only source.

Little is known about the consequences of exogenous CK treatments in buds at
dormant stage. The vast majority of reported studies tested CK just in newly flowered
buds (Chen et al. 2014; Fogelman et al. 2015; Li et al. 2016). Therefore, in order to
investigate whether MdoBRRs transcriptional regulation could be mediated by CK stimuli
in endo- and ecodormant buds, we envisaged to test different concentrations, types of
synthetic CKs and treatments. The most relevant effect of the treatments was the
transcriptional activation observed for MdoBRR9 and MdoBRR10 (Figure 5) in
ecodormant buds treated with 4 mM BAP. In agreement to our results, the activation of
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Arabidopsis BRR (ARR10) in a CK-dependent manner has been already reported (Hill et
al. 2013; Zubo et al. 2017). The transcriptome analysis of rice plants treated with CK
showed that the BRR gene OsRR22 was downregulated in roots and upregulated in shoots.
In addition, OsRR26 was downregulated in roots and unaffected in shoots (Raines et al.
2016). The lack of a widespread BRR upregulation in response to CK stimulus could be
related to its mode of action. BRR proteins are present independently of CK signaling and
their activation is primarily related to the Asp phosphorylation in the REC domain rather
than protein turnover. This is in contrast with other hormone-regulated transcriptional
activators like EIN3, involved in ethylene signaling, which is just stabilized in the
presence of ethylene (Guo and Ecker 2003; Kurepa et al. 2014). Even though our results
demonstrated that MdoBRRs could be activated by the CK stimulus in ecodormant buds
(Figure 5), the same response was not observed in endodormant buds (Figure S4). This
can be attributed to callose accumulation in the plasmodesmatas that closes the symplastic
transport and interrupts intercellular communication during endodormancy (Wu et al.
2018). Throughout the process of dormancy overcoming, callose is degraded and the flow
of water, nutrients and signaling molecules is reestablished. In peach bud cells, for
example, the fluidity of the plasma membranes increases with chilling accumulation
during dormancy release (Portrat et al. 1995). Moreover, studies have demonstrated that
TDZ is not effective to induce growth during apple endodormancy and it only exerts an
effect when a substantial part of the chilling requirement is reached (Steffens and Stutte
1989; Faust et al. 1991).

Since 2008, with their initial characterization in the evg peach mutant (Bielenberg
et al. 2008), DAM genes have been associated to dormancy establishment and
maintenance in many species. The current evaluated dormancy cycles demonstrated
higher levels of transcripts of MdoDAM1 during endodormancy and a drastic reduction
towards transition to ecodormancy (Figures 3 and 4). Accordingly, apple DAM genes
(MdoDAM1, MdoDAM3,and MdoDAM4) are characterized by a seasonal oscillating
transcript accumulation pattern, with a remarkable repression at ecodormancy stage
(Mimida et al. 2015; Porto et al. 2016). Based on the potential different roles of
MdoDAM1 and MdoBRR1, MdoBRR8 and MdoBRR10 during the dormancy cycle, in vivo
transactivation assays were performed in order to evaluate the MdoBRR ability to
modulate MdoDAML1 expression. Our results demonstrated an interesting regulatory
mechanism on which transient overexpression of MdoBRR1, MdoBRR8 and MdoBRR10
showed a repressive effect on the MdoDAM1 gene promoter (Figure 6A). Additionally,
the CK signal led to a downregulation of MdoDAM1prom::gusA (Figure 6B), agreeing
with results found in CK-treated ecodormant buds, where MdoDAM1 was also repressed
(Figure 5).

The use of Arabidopsis arr triple loss-of-function mutant confirmed the
consistency of the previously data obtained using wild type plants in two aspects:
minimizing the effect of endogenous BRRs (Figure 6C) and discarding possible technique
artifacts once the mutant does not respond to exogenous CK stimuli (Figure 6D; Argyros
et al. 2008). Moreover, the regulatory region of MdoDAM1 shares the same DNA motif
[AGAT(T/C)] found in already described CK-responsive genes (Hosoda et al. 2002; Zubo
et al. 2017) and the introduction of site-specific mutations in native BRR biding sites
(Figure S5B) disrupted MdoDAM1prom™!::gusA modulation by MdoBRR1, MdoBRR8
and MdoBRR10 (Figure 6E). Therefore, this data strongly suggest that MdoBRR proteins
recognize regulatory cis-elements acting as negative regulators of MdoDAM1 expression.

The regulatory mechanism that involves MdoDAM1 modulation by MdoBRRs
might be associated to a physical barrier, created by MdoBRR protein binding. This
barrier prevents DNA correct structural conformation necessary to MdoDAML1 activation
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by other MADS-box factors that recognize the CArG-box elements found along the
promoter region (Figure S5A; Kaufmann et al. 2005). Thus, in a very simple way, our
proposed hypothetical model is based on accumulation of CK in dormant buds towards
the transition from endo- to ecodormancy, which triggers MdoBRRs transcriptional
activity and post-translational modifications. Once phosphorylated, MdoBRRs bind to
MdoDAML1 promoter, repressing it. Turning off MdoDAM1 expression, dormancy release
is then favored (Figure 7).

Endodormancy
MdoDAM1
CK {
T MdoBRR . MdoBRR
Histidine phosphotransferases
Ecodormancy

P
MdoBRR X MdoBRR

I—' BRR )—'CArGH

Figure 7. Hypothetical model of MdoDAM1 modulation through CK signal and
consequent MdoBRRs transcriptional activation towards the transition from endo-
to ecodormancy in apple buds. The model is based on accumulation of CK in dormant
buds towards the transition from endo- to ecodormancy, which activate MdoBRRs
transcriptional activity and post-translational modifications (highlighted in yellow). Once
activated, MdoBRRs bind to MdoDAM1 promoter on their BRRs motifs, preventing that
transcriptional activators, like MADS-box factors, bind to their cis-elements (CArG
boxes), creating a physical barrier that does not enable DNA correct conformation,
culminating in the repression of MdoDAM1 gene. P: phosphate group. Designed using
IBSv.10.3

In conclusion, throughout the dormancy cycle, our results indicate that MdoBRR1
and MdoBRR8 apparently exhibit an important regulatory role towards the transition from
endo- to ecodormancy, while MdoBRR7, MdoBRR9 and MdoBBR10 genes were
upregulated only after ecodormancy was achieved and favorable environmental
conditions were restored, indicating their potential roles in growth resumption. Besides
that, in the ecodormancy stage, MdoBRR1, MdoBRR9, MdoBBR10 were activated in a
CK-dependent manner, leading to MdoDAM1 downregulation. In vivo transactivation
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assays showed that the transient overexpression of MdoBRR1, MdoBRR8 and MdoBRR10
genes and CK stimuli have negative regulatory effects on MdoDAM1 expression. Finally,
these findings link CK hormonal stimulus with molecular responses through a regulatory
mechanism of MdoDAML repression mediated by CK-activated MdoBRRs, that within
the complex regulation of dormancy in perennials, represents a contribution to the
understanding of dormancy overcome in apple.

EXPERIMENTAL PROCEDURES
Identification, sequencing and phylogenetic analysis of MdoBRRs

The identification of predicted gene models coding for BRRs was performed by
BLASTP (Altschul et al. 1990) using the apple genome version GDDH13 v1.1
(https://www.rosaceae.org/; Daccord et al. 2017). Two conserved domains were used as
queries: REC (Imamura et al. 1999) and a Myb-like DNA binding domain (Hosoda et al.
2002). Only predicted gene models that were annotated as response regulators and
exhibited both domains were selected for further analysis. To confirm the presence of the
conserved domains, the deduced-protein sequences of the selected candidates were used
asinputin NCBI's CDD (Conserved Domain Database) tool (Marchler-Bauer et al. 2015).
Further, protein sequences of MdoBRRs were used as input for the InterPro v.70.0 online
search tool (Mitchell et al. 2019) in order to assign domain families. The graphical
representation of MdoBRR protein domain localization was generated by IBS v.10.3 (Liu
et al. 2015).

Sequence confirmation for coding regions of the ten MdoBRR candidates was
performed through Sanger sequencing using M13 and walking primers in order to cover
full-length sequences (Table S1). MdoBRR CDS regions were amplified by PCR using
Platinum™ Pfx DNA Polymerase (Invitrogen, USA) with specific primers designed using
Vector NTI (Invitrogen, USA; Table S1), followed by amplicon purification (PureLink™
PCR Purification Kit; Invitrogen, USA) and cloning into the pENTR™/D-TOPO™
(Invitrogen, USA) as instructed by manufacturers. In vitro sequencing results were
aligned to Daccord et al. (2017) genome reference using MEGA7 7.0 version software
(Kumar et al., 2016).

For phylogenetic analysis, deduced full-length protein sequences of 68 type-B
response regulators from Arabidopsis thaliana, Malus x domestica, Oryza sativa sub.
japonica, Populus trichocarpa, Prunus persica and Pyrus bretschneideri were aligned
using MUSCLE (Edgar 2004). References and accession codes from all sequences are
listed in Table S2. The phylogenetic tree was inferred using MRBAYES version 3.1.2
(Huelsenbeck & Ronquist, 2001) employing the mixed amino acid substitution model.
Ten million generations were run, sampled every 100 generations and the first 25% of the
trees were discarded as burn-in. The remaining ones were summarized in a consensus
tree, which was visualized and edited using FIGTREE v.1.4.4
(http://tree.bio.ed.ac.uk/software/Figuretree/). All in silico analysis were performed using
software’s default settings.

RNA extraction and RT-gPCR
RNA extraction was performed as described by Zeng & Yang (2002) and was
scaled to micro-centrifuge tubes. The integrity of RNA samples was assessed by 1%

agarose gel electrophoresis. DNA contaminants were removed by TURBO DNAse
treatment (Applied Biosystems, USA) and cDNA synthesis from 1 pg of RNA was
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carried out using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA), following the manufacturer instructions. The complete removal of
DNA contaminants was confirmed by PCR using intron-flanking primers for WD40
(WD40-LIKE REPEAT DOMAIN) gene. The specific primers for Reverse Transcribed
guantitative PCR (RT-gPCR) were designed by Vector NTI Advance 10 (Invitrogen,
USA; Table S1) employing the default parameters. RT-gPCR was performed as described
in Falavigna et al. (2014). Biological samples (n=3) were analyzed in three technical
replicates. Relative expression of mRNA was calculated by the Pfaffl method (Pfaffl
2001). For the MdoBRRs transcriptional profiles in apple developmental stages, the
expression of MdoBRR5 at stage A was chosen as calibrator. For the dormancy cycle
experiments, Pfaffl calculation calibrators were MdoBRR1 transcripts at 118 CH for
‘Castel Gala’ and MdoBRR1 expression at 315 CH for ‘Royal Gala’. In the CK treatments,
gene expression is varying in relation to its respective control. Threshold cycle (CT)
values were normalized by reference genes MDH (malate dehydrogenase), TMp1 (type 1
membrane protein-like) and WD40 (transcription factor WD40-like repeat domain) when
samples of tissues were analysed. Specifically for bud samples calculations, TMpl was
replaced by ARCS as described in Perini et al. (2014).

Transcriptional profile of MdoBRRs in different apple developmental stages

Sampling strategy was done according to Perini et al. (2014) and different plant
tissues were harvested from 3-year-old clones of Gala Baigent® apple trees grafted on
Marubakaido rootstock with M.9 as interstem. Apple trees were located in the
experimental orchard at the Temperate Fruit Tree Experimental Station of Embrapa Uva
e Vinho (TFES), in Vacaria, RS, Brazil (28°30°50°’S, 50°54°41>’W, 972 m altitude).
Tissues were collected through the vegetative and reproductive cycle of 2009/2010. The
different developmental stages were classified according to the Fleckinger scale (EPPO
1984) and their complete description is reported in Perini et al. (2014). The chosen tissues
were (A) closed terminal buds and (C) bud-set at initial bursting, essential to understand
dormancy progression. Furthermore, at blooming stage, we selected (E2IN) flower buds
and (E2L) young leaves. Following the cycle, fruit set was also analyzed with (IF) whole
10 mm just-set fruits and (IL) mature leaves. The fruit development was monitored
through (JL) leaves, (JP) pulp, (JSK) skin and (JS) seeds of unripe 40 mm fruits. (M)
apple mature fruits with approximately 70 mm diameter partitioned into (MP) pulp and
(MSK) skin were also investigated (Perini et al. 2014). Three sets of ten clonal trees each
were considered as three biological replicates. From each set, equal samples were
harvested and frozen in liquid nitrogen in the field and stored at -80 °C until RNA
extraction.

Dormancy cycle evaluation

Terminal dormant buds of ‘Castel Gala’ were harvested at four different time
points under field conditions (118, 325, 707 and 778 CH) in the experimental orchard at
TFES during the year of 2016 (Table S3a). Immediately thereafter, 45 buds divided into
three biological replicates (15 each) were frozen in liquid nitrogen and stored at -80 °C
until RNA extraction. In order to evaluate bud dormancy physiological stage (endo- or
ecodormancy), a batch of samples (40 twigs) at each sampled time-point was forced to
bud break in a growth chamber (25+1.5 °C, 16 h photoperiod and 70 % relative humidity).
After 35 days, the percentage of bud break was calculated by dividing the number of
green tip buds by all viable buds tested. In this study, we defined that the transition from
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endo- to ecodormancy was reached when more than 50% of the buds were at the green
tip stage. For the dormancy treatment under artificially controlled conditions, twigs from
the Royal Gala cultivar were sampled in the experimental orchard at TFES in June 2016
with 315 CH. The twigs containing terminal buds (20 cm long) were decontaminated and
wrapped in black plastic bags as described by Falavigna et al. (2015). Chilling treatments
were performed by placing bags inside growth chambers in the dark with terminal buds
positioned upwards with a constant temperature of 3 °C. Sampling occurred in six
different chilling points (563, 731, 899, 1,067, 1,235 and 1,403)

After 1,403 CH, twigs were transferred to growth permissive conditions (25+1.5
°C, 16 h photoperiod and 70% relative humidity) and sampled after 24, 48, 96, 168, 240
and 360 h). Buds were frozen in liquid nitrogen and stored at -80 °C until RNA extraction.
Three biological replicates, constituted of 15 twigs each were used in the 13 different
treatments.

For ‘Royal Gala’ annual growing cycle evaluation, buds were harvested during a
full year at six different dates to cover all seasons (Table S3b). Sampling was done in an
experimental area belonged to a commercial orchard in Papanduva, SC, Brazil
(26°26'68"S, 50°05'47"W, at 788 m altitude), during the 2009/2010 cycle.

t-zeatin quantification

The hormone extraction was performed adding 4.0 mL of extraction solution
(methanol:water:formic acid, 75:20:5, v:v:v) in a tube containing 500 mg of plant
material. Samples were incubated at -20 °C for 3 h. After that, they were conditioned in
an ultrasound bath (40 kHz frequency) for 25 min at 4 °C and supernatants were
recovered by centrifugation at 1,750 g at 4 °C for 30 min. Extraction step was repeated
twice. The supernatant was transferred into a new 1.5 micro-centrifuge tube and dried in
a benchtop vacuum centrifuge (Eppendorf, DE) at 1,400 rpm at 30 °C under 20 mbar
vacuum pressure until reaching the mark of 100 pL of residual liquid. To this remaining
solution, 1.0 mL of water was added followed by full homogenization in a vortex. The
samples were then transferred to Oasis MCX columns (Waters Corporation, USA). The
column elution was conducted using a gradient of ammonium hydroxide (Acros Organics
cat. no 205840025) from 0.004 to 0.4 M. To the eluted solution, 1.7 % w/v of PVPP
(Sigma, cat. no. P6755) was added and the samples were homogenized in a vortex. The
sample supernatants were recovered by centrifugation at 10,000 g for 45 min at 4 °C. The
supernatant was then transferred into a new 1.5 micro-centrifuge tube and dried in the
vacuum centrifuge as described above. After drying, samples were ressuspended in 75
pL of methanol and filtered through a 0.22 pum polytetrafluoroethylene (PTFE)
membrane. The quantification analysis was carried in UPLC-ESI-MS/MS (Waters
Corporation, USA). Results are represented in ng of t-zeatin / g of dry mass.

CK treatments

Twigs of ‘Royal Gala’ apple trees were harvested in the experimental orchard at
TFES. Sampled twigs containing terminal buds (10 cm long) were sanitized as described
by Falavigna et al. (2015) and CK treatments were performed by two different ways: the
TOP method consisted in dipping terminal buds of each twig in 10 mL of the tested CK
solution for 10 min. Subsequently, twigs were vertically planted in floral foams inside a
growth chamber (25+1.5 °C, 16 h photoperiod and 70% relative humidity) for 16 h. The
BASE method consisted in submerging the basal portion of the twigs in 10 mL of the
tested CK solution for 16 or 48 h. During this period, the twigs were conditioned in the
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growth chamber described above. After each time-point, terminal buds were harvested,
frozen in liquid nitrogen and stored at -80 °C until RNA extraction. Two types of synthetic
CK were used: BAP (Sigma, cat. no B3408) and TDZ (Sigma, cat. no 45686) in three
different concentrations (1, 2 and 4 mM). All CK solutions were diluted in 0.5 % Tween
20 (Sigma, cat. no P7949). Treatments were performed in three biological replicates with
15 twigs each, totalizing 45 twigs in each of the 21 different treatments. A solution of 0.5
% Tween 20 was used as control. Endodormant (254 CH - 9 % bud break) and ecodormant
(1,614 CH — 100 % bud break) buds were used in each CK treatment.

Vector constructions for transactivation assays

The promoter region of MdoDAML1 (-614 to -111 bp) was amplified by PCR from
gDNA of ‘Royal Gala’ buds using Platinum™ Pfx DNA Polymerase (Invitrogen, USA)
and specific primers (Table S1), followed by amplicon purification (PureLink™ PCR
Purification Kit; Invitrogen, USA) and cloning into the entry vector pGEM®-T Easy
(Promega, USA) as instructed by manufactures. The directional cloning of MdoDAM1
promoter into the multiple cloning site 1 (MCS1) of pGUSXX-90 vector (Pasquali et al.
1994) was done by double-digest with BamHI and Hindlll restriction enzymes. The
ligation reaction was performed by T4 DNA ligase (New Engand BiolLabs, EUA)
following manufactures instructions.

The mutated MdoDAM1 promoter for the two BRR biding sites was synthetized
and cloned into pMK-RQ vector by GeneArt® Gene Synthesis (Thermo Fisher Scientific,
USA). Four nucleotides substitutions on each BRR biding site were introduced (-
518A>C, -517G>C, -516 A>T, -513T>G) and (-179A>C, -178G>C, -177A>T, -176 T>G).
The mutated MdoDAM1 promoter was digested from pMK_RQ entry vector and cloned
into pGUSXX-90 by double-digest with the same restriction enzymes used in the native
version. The final construction consists of the promoter region of the respective native or
mutated version of MdoDAM1 promoter fused to CaMV 35S -90 minimal promoter
region, that together guide the expression of gusA reporter gene into pGUSXX-90 vector,
creating the vectors constructions MdoDAM1promo::gusA (native promoter) and
MdoDAM1promo™t:gusA (mutated promoter). The cloning of both native and mutated
MdoDAM1 promoter regions as well as the BRR biding sites was confirmed by
sequencing.

The transient overexpression of MdoBRR1, MdoBRR8 or MdoBRR10 was
achieved by cloning each CDS region into the pART7 vector (Gleave 1992) using
Gateway® technology (Thermo Fisher Scientific, USA). The Renilla Luciferase (rLuc)
gene cloned into p2rL7 (De Sutter et al. 2005) was used as an internal control of the
transfection process.

Transactivation assay

Five-week-old A. thaliana plants were used for protoplast isolation by the Tape-
Arabidopsis Sandwich method (Wu et al. 2009). Two genotypes of A. thaliana were used
in the experiments: Col-0 (wild type) and the loss of function triple mutant arr1-3/arr10-
5/arr12-1, purchased from the Arabidopsis Biological Resource Center (ABRC; Stock
number: CS39992). A. thaliana mutant plants were genotyped by PCR using specific
primers to T-DNA insertion sites (Table S1). PEG—calcium mediated transfection method
was used to deliver plasmid DNA into protoplasts, followed by 16 h incubation to allow
gene expression (Yoo et al. 2007). Three independent plasmids were transfected to 1x10°
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protoplast suspension: p2rL7::rLuc, MdoDAM1promo::gusA (native or mutated version)
and the respective pART7::MdoBRR tested.

In the assay using CK treatments, protoplasts were transfected just with
p2rL7::rLuc, and MdoDAMZ1promo::gusA without MdoBRRs effectors. After overnight
incubation, three different concentrations of TDZ (1.0, 0.1 and 0.0001 pM; diluted in 1%
of DMSO) were added to protoplasts for 4 h. DMSO 1% was also used as control. For
each transactivation experiment, four biological and three technical replicates were
analyzed. Fluorescence and luminescence were evaluated as described in Yoo et al.
(2007) using a SpectraMax® i3 Multi-Mode Detection Platform (Molecular Devices,
USA).

Statistical analysis

All datasets were statistically analyzed using GraphPad Prism version 6.01 for
Windows, GraphPad Software (La Jolla, California, USA). All datasets were compared
using One-way ANOVA followed by a multiple comparison test (Tukey or Dunnet) with
statistical significance set at 0.05. For transcriptional profiles in different apple
developmental stages and transactivation assays, Tukey multiple comparison test was
used in order to compare all against all. In the evaluation of MdoBRRs and MdoDAM1
expression in the dormancy cycle, t-zeatin quantification and CK treatments experiments,
Dunnet multiple comparison test was the choice, once samples were compared against a
specific point. For ‘Castel Gala’ dormancy cycle evaluation, the relative expression of
each MdoBRR and t-zeatin amounts were compared to 118 CH time-point. In controlled
conditions for ‘Royal Gala’, the time-point chosen was 315 CH. Relative expression of
each MdoBRR tested in the CK treatments was compared to its respective control.
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Figure S1. Conserved motifs found in apple BRRs. Alignment of protein motifs related
to the two conserved domains found using InterPro v.70.0 database. (A) The quintet
(DDDS/TK) of essential amino acid residues for REC activity is highlighted in black. (B)
Alignment of the B-motif related to Myb-like DNA biding domain family in MdoBRRs.
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Figure S2. Expression pattern of MdoBRR in ‘Royal Gala’ buds during an annual
growing cycle. The relative expression of each evaluated MdoBRR was compared to its
respective data found in May/09. The calibrator value used in Pfaffl calculation was
MdoBRR1 at May/09. Statistical analysis was done through One-way ANOVA followed
by Dunett test with GraphPad Prism v.6 software (*0.01 <p<0.05, **0.001 <p
<0.01***),
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Figure S3. CK treatments in ecodormant apple buds. Relative expression of MdoBRRs
that did not respond to CK stimulus is shown for (A) TOP, (B) BASE for 16 h or (C) 48
h treatment methods for ecodormant buds. Statistical analysis resulted in non-significant
differences (One-way ANOVA followed by Dunett test with GraphPad Prism v.6
software).
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Figure S4. CK treatments in endodormant apple buds. Endodormant buds treated with
BAP or TDZ at 1, 2 or 4 mM by the (A) TOP or BASE method for (B) 16 h or (C) 48 h.
Statistical analysis was performed comparing the relative expression of each evaluated
gene to its corresponding control with One-way ANOVA followed by Dunett test with
GraphPad Prism v.6 software (*0.01 <p <0.05, **0.001 <p <0.01***),
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Figure S5. Structure of MdoDAML1 promoter region. (A) The representative image is
composed by the promoter region (green box), exons (orange boxes), and introns (black
lines). The cis-elements are represented by a vertical black line, along with the distance
from the start codon; adapted from Porto et al. (2016). (B) Alignment among predicted
MdoDAML1 promoter region (Ref) and sequencing results (Seq) of wild type (wt) and
mutated (Mt) sequences. The sequence of BRRs motifs are highlighted in red for wild
type and in blue for mutated sites.
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Table S1. Primers used in this work

Reference

sequence? Usage Sequence (5'-3") Product (bp)
CDS CACCATGACCGTTGAGCG
amplification | CTATCTCCTTTCCTGTTTGAT 2,114
AGCTTGTCGGGCTTGAGAT
MdoBRR1; RT-0PCR 4 GGGTGATTCCCTTCATCAC 85
MD08G1059000 CATTGACTGGACCTGCG
Sequencing GCTCAGCCATCTGCGT -
CCACAATGCTGGTTCGTTG
CACCATGGAAGACATGAGCCCTA
CDs CTATGGTGAATCCGGGCTCT 2,235
MdoBRR2; amplification - e GTCATTGATTCAAGCTTC -
MD16G1036100 GAATGTGCCTGATATAACGGTGCG
RT-gPCR CTCGTCGTGCCAACCTCCTG 93
CACCATGTATTTGCGCAACAAC
CDS TCACCAGAAATCATCGAAATTG 2,334
MdoBRR3; amplification CACCTGAATGATGAGAAGGCCGT
MD01G1047800 TTAATCAAGGATTACAGAGC 873
CTCGTCCATGCTGCTTTCCC
RT-gPCR GGCTTTCCACCAGTCGTTTTTCT 95
CaccATGCTCTCTCCCCCTCTTTC
CDS CTACACGTTCGAGAGGAGCTTG 1,926
MdoBBR4; amplification cacCATGCGAAGGCCTAAGAGAGG
MD02G1229600 CTACCATGACAAATATTTATACGA 1476
ACAAGGCTGTTCCAAAAAGAATCC
RT-gPCR GATATTTCTGCAAATGACTTGC 87
CDS caccATGGAGAGTAGCTTCT
amplification | CTATGACAGAATATTCTGATGGG 1,914
MdoBRRS; GAGCAGAAGCCACTTATTCAGTTG
MD16G1108400 RT-gPCR GAAGGTCTTGGACTAATGGAAGG 119
Sequencing | TGGCAGCATGTCTTTAGAAGG 3
CDS caccATGGAGAGTAGCTTCTC
MdoBRRG6; amplification TCATGATATGAATAGACCTTGACC 1,842
MD13G1108300 GTCTGTTTGGCAGAAGTTGGTCC
RT-gPCR GCAGCCTACTCAAGTAGAGCCG 118
GAACTTCATCAACAGTTTGTGGGC
MdoBRR7*; RT-gPCR CAGGAACATTCATCAACTCCAAAAT 81
MD16G1159400 Sequencing | CAAAACAGCTTGCCAACTTGC ;
CDS cacCATGCATCTGAGCAAC
MdoBRRS; amplification CTACACAGGAATATTATCCAAGGA 2,013
MD13G1159700 GCGGGTTGTTTGGTCAGTCG
RT-gPCR ACTCCAGAATTTTCTTAGGCACGG 95
cDS CACCATGGCTGCTTTGCAG
amplification | CTAATCAGCGAAAGGACTCATG 2,013
MdoBRRY: RT-GPCR GGGACCTCTTAGGAATCTCGGA 100
MD13G1019800 GATCCTTCCAGGGTTCAAGTTGC
_ ATGATGATGGTGATACAGAAAACG
SEQUeNCING == e A ATCCGTTATTTCTGCTG -
CDS cacCATGGCTGCTTTGCAG
MdoBRR10; amplification | CTAATCAGTGAAAGGACTCAT 2,217
MD16G1017900 RT-gPCR GGTGCCCTAGTCAAGCAGGAG 117
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CAAGAGACATCGGCTAACCACAAA
CAAGCGTTGTTATGAGAGGA
Sequencing TCTTGAAATGATGAATGTACCCG -
ACCTTGCCGTTCGTTTAATGT
Manson, et al. CTTCAAGCACTAGCCGTCACAGGTCAGTT ]
(2005)° AATGTTATCGATGGAGTATGCGTCAAAGT 1,306
Argyros, et al. arr triple GCCACCTTCAGGTGAGAGTTAGACTATGAT ;
(2008)° err‘]‘(;]tta“itn AGCTGACAAAGAAAAGGGAAAATGGAGTTT 1,149
- 9ENOYPING  FGTGATTTGATCCACATATGGTG )
SIGnAL; Salk GCTGATTAGCCACACCACTGA 1,151
GGAGAAGGGGGATTTTCAAGA
MdoDAM1: RT-gPCR CGTGATGAATCGTGGGTTGA 288
MDP0000322567 Promoter | GGATCCCCGTTGATTGAAGTTCCATG 1o
amplification | TTATCAGAAACCCAGAAAATATATTGAAGCTT

aPrimers were designed using GDDH13_v1.1 apple genome as reference and accession codes are available at

http://rosaceae.org/.

bPrimers already described by the authors

°Primers designed by "T-DNA Primer Design" tool available at http://signal.salk.edu/tdnaprimers.2.html

dAmplicon size when Arabidopsis wild type DNA is used as template

*Primers used for coding region (CDS) amplification of MdoBRR7 are the same as those employed for
MdoBRR6 since genes share the same 5' and 3' ends. RT-qPCR primers are specific

Table S2. Type B reponse regulators protein sequences used in phylogenetic analysis

Organism Gene name Genome acession Reference
code?
ARR1 At3g16857
ARR2 At4g16110
ARR10 At4g31920
ARR11/ARP3 | Atlg67710
ARR12 At2g25180
Arabidospis ARR13 At2g27070 TAIR Gene Family avalible in
thaliana ARR14 At2g01760 https://www.arabidopsis.org/browse/genefamily/ARR.jsp
ARR18 At5g58080
ARR19 At1g49190
ARR20 At3962670
ARR21 At5g07210
ARR23 At5g62120
Rr21 0s03g12350
Rr22 0s06g08440
Rr23 0s02g55320
Rr24 0s02g08500
Rr25 0s06g43910
Oryza sati_va sub. E:i? 828;322;28 Pareek et al. (2006); Ito and Kurata (2006); Doi et al.
Japonica (2004); Schaller et al. (2006)
Rr28 0s04g28160
Rr29 0s04g28130
Rr30 0510932600
Rr31 0s08g35650
Rr32 0s08g17760
Rr33 0s08g35670
PtRR13 Potri.010G001000.1 Immanen et al. (2013)
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PtRR14

Potri.008G181000.1

PtRR15 Potri.008G135500.1
PtRR16 Potri.010G105600
PtRR17 Potri.012G133800.1
PtRR18 Potri.006G262100.1

Populus PtRR19 Potri.018G111300

trichocarpa PtRR20 Potri.015G136000
PtRR21 Potri.010G053100
PtRR22 Potri.018G021300.1
PtRR23 Potri.006G188000
PtRR24 Potri.010G001000.1
PtRR25 Potri.018G094700.1
PpARR10 ppa023099
PpARR11-a ppa002679
PpARR14-b ppa020007m
PpRR1 ppa002408
Prunus persica | PpRR10 ppa023185 Immanen et al. (2013); Zeng et al. (2017)
PpRR4 ppa002900
PpRR5 ppa018934
PpRR6 ppa024819
PpRR7 ppa002493
B-PpRR1 Pbr032760.1
B-PpRR2 Pbr013363.1
B-PpRR3 Pbr19035.2
B-PpRR4 Pbr28774.1
B-PpRR5 Pbr011993.1
bret;m”; deri | B-PORR6 Pbr020017 Ni et al. (2017)

B-PpRR7 Pbr034277.2
B-PpRR8 Pbr036239.1
B-PpRR9 Pbr012127.1
B-PpRR10 Pbr034723.1
B-PpRR11 Pbr039458.1
MdoBRR1 MD08G1059000
MdoBRR2 MD16G1036100
MdoBRR3 MD01G1047800
MdoBRR4 MD02G1229600

Malusx MdoBRR5 MD16G1108400

domestica MdoBRR6 MD13G1108300 Present data

MdoBRR7 MD16G1159400
MdoBRR8 MD13G1159700
MdoBRR9 MD13G1019800
MdoBRR10 MD16G1017900

aprotein full-leght sequences were extracted from Plant TFDB (http://planttfdb.cbi.pku.edu.cn/) or PLAZA
databases (https://bioinformatics.psb.ugent.be/plaza/)
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Table S3a. Dates and chilling accumulation of ‘Castel Gala’ buds harvested in 2016 in
Vacaria, Rio Grande do Sul - Brazil.

Date Hours bellow 7.2°C

05/04/2016 118
06/09/2016 325
07/28/2016 707
08/18/2016 778

Table S3b. Dates and chilling accumulation of ‘Royal Gala’ buds harvested in 2009
and 2010. The experimental area belonged to a commercial orchard in Papanduva, Santa
Catarina, Brazil.

Season Date Hours bellow 7.2°C
Autumn  05/26/2009 53
Winter 07/01/2009 282
Winter 07/30/2009 446
Spring 11/24/2009 0
Summer  02/08/2010 0
Autumn  04/13/2010 0
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5 CAPITULO III

Characterization of potential regulatory functions of MdoICE1 and MdoCBFs
genes during dormancy progression in apple.

Artigo a ser submetido ao periddico “Plant Science”
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ABSTRACT

Dormancy is an important adaptive response of plants from temperate regions to increase
their protection from low temperatures during winter. As soon as cold is perceived, CBF
genes are rapidly upregulated, promoting the modulation of downstream responsive
genes. The upstream regulation of CBFs is mediated, among others factors, by ICE1 that
starts the transcriptional cascade used by plants to cold acclimation. In apple trees, the
ICE1 gene was found in a QTL for bud break time, becoming an interesting candidate in
the regulation of this trait. Aiming to understand if ICE1-CBF pathway is involved in
apple bud dormancy control, we characterized the transcriptional profile of MdoCBFs
and MdolICEL1 genes throughout the dormancy cycle and tested if MdoICEL is capable to
modulate them in a cold-dependent manner. The analysis of different plant developmental
stages demonstrated that MdoICE1, MdoCBF2, MdoCBF4 and MdoCBF5 were highly
expressed in dormant buds. Further, the evaluation of buds dormancy cycle revealed the
accumulation of MdoCBF2 and MdoCBF4 transcripts during the beginning of
endodormancy phase. The expression of MdolCE1 did not oscillate throughout the
transition from endo- to ecodormancy, being repressed only after 96 h of exposure to
warm temperatures (25 °C). Additionally, in these samples, the analysis of the growth
regulators that may affect CBF-dependent cold acclimation route, like abscisic (ABA),
gibberellic (GA) and salicylic (SA) acids reveled peaks of ABA accumulation throughout
all cycle. GA amounts increased in the periods of ecodormancy and bud break while SA
was exclusively upregulated at the bud burst stage. The in vivo transactivation assay
showed that cold stimuli increased GUS activity in the reporter constructions driven by
the promoters of MdoCBF4 and MdoCBF5 genes. Room temperature incubation and the
addition of MdoICEL1 effector were not able to activate any of the tested MdoCBF
promoters. Finally, the results showed that MdoCBF2 and MdoCBF4 are important genes
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in endodormancy establishment and their activation is mediated by cold stimulus,
independently of MdoICEL1 activation.

Key words: Apple, Bud dormancy, MdoCBFs, MdoICE1, Cold sensing

1. INTRODUCTION

Dormancy is an important adaptive trait for temperate fruit crops and it overlaps with
cold acclimation processes induced by low and non-freezing temperatures in apple trees
[1]. The winter low-temperature signals induce bud-set and endodormancy establishment.
At this stage, apical meristems are protected inside scales, forming the terminal buds, and
cell communication is blocked by callose deposition in plasmodesmata channels avoiding
the influx of water, nutrients and signaling molecules [2,3]. Throughout continuous
chilling accumulation, endodormancy is released and ecodormancy is achieved. The
amount of chilling accumulation to reach ecodormancy is genotype/variety dependent. At
the ecodormancy stage, growth is only restored after an appropriate period of exposure to
light and warm temperatures [4].

The cold hardiness involves cellular adaptations like biochemical changes, hormonal
homeostasis, metabolic balance and gene expression regulation in order to prevent cell
dehydration by extracellular ice and freezing temperatures. [5]. In this scenario, the
COLD-INDUCIBLE = C-REPEAT/DEHYDRATION-RESPONSIVE  ELEMENT
BINDING FACTORS (CBF/DREB), henceforth called CBF, are key activators that
regulate a number of COLD-REGULATED (COR) genes [6,7]. CBFs are transcriptional
factors that have three particular domains: the AP2 DNA binding, the
PKKP/RAGRXKFXETRHP (abbreviated to PKKPAGR) and the DSAWR motif.
Moreover, in some cases, they also show a LSWY signature in the C-terminus region [5].

In Arabidopsis, several studies have been correlating CBF expression to frost
tolerance [8-11]. The cellular pathway is triggered by low temperatures which leads to
an increase in cytosolic calcium levels, changing calcium-sensor proteins that activate
pre-existing transcription factors to induce CBFs expression [12,13]. One of the most
important CBF activators is the INDUCER OF CBF EXPRESSION 1 (ICE1) that belongs
to the family of MYC-like bHLH transcriptional factors. The icel loss of function
mutation in Arabidopsis disrupted cold and freezing tolerance and resulted in a drastic
reduction in the expression of CBF3 and its target genes [14]. In the same way, ICE1
overexpression in wild-type plants improved freezing tolerance and activated the CBF
regulon in a cold-dependent manner [14]. CBFs are able to modulate COR genes that
encode a diverse array of proteins such as enzymes involved in respiration and
metabolism of carbohydrates, lipids, phenylpropanoids and antioxidants; molecular
chaperones and other antifreeze proteins [15].

In apple, four ICE, five CBFs and one pseudo-CBF genes were already identified
[16,17]. The ectopic expression of peach CBF1 in apple trees resulted in plant growth
reduction, increased cold tolerance, anticipation of leaf senescence and delayed bud break
[17-19]. Similarly, the ectopic expression of MbDREB1, a CBF-type transcription factor
from dwarf apple (Malus baccata), enhanced plant tolerance to low temperature, drought
and salt stress via both abscisic acid (ABA)-dependent and independent pathways
[17,20]. Besides ABA, other plant growth regulators like gibberellins (GA) and salicylic
acid (SA) might affect the CBF-dependent cold acclimation pathway [21-23].

Among all identified ICE genes in apple, MdoICE1 was already described in a
QTL related to bud break time [24]. Another study also demonstrated that MdolICEL1 is
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differentially expressed throughout the dormancy cycle in cultivars with contrasting
chilling requirement [25], indicating a potential regulatory role in dormancy control.
Moreover, the overexpression of an MdolCE-like gene, encoded by MdoCIbHLH,
improved cold tolerance in Arabidopsis and tobacco transgenic plants if compared to
wild-type [16].

Based on the idea that dormancy and cold acclimation are overlapping
mechanisms in woody species, and little is known about CBF role along the bud
dormancy cycle, the aim of this study was to characterize the apple CBF gene family in
the perspective of bud dormancy regulation. Additionally, we investigated whether the
potential regulator MdolICEZ1 is able to modulate them.

2. MATERIAL AND METHODS

2.1 Structural analysis of apple CBFs and ICE1 genes

The in silico functional annotation of the predicted apple CBFs and ICE1 proteins
[16,17] was performed by NCBI’s CDD (Conserved Domain Database) for MdoCBFs
[26] and by SMART (Simple Modular Architecture Research) for MdolCE1 [27]. The
search for the two CBF specific motifs PKKPAGR and DSAWR was done by BLAST
Needleman-Wunsch Global Align tool [28] using as query the PKKPAGR motif found
in Arabidopsis CBF1 gene [29] and the DSAWR signature.

The validation of the predicted coding region (CDS) of MdoCBFs was performed
through Sanger sequencing. CDSs were amplified by PCR using Platinum™ Pfx DNA
Polymerase (Invitrogen, USA) and specific primers designed by Vector NTI v.10
software (Invitrogen, USA; Table S1). Amplicons were purified (PureLink™ PCR
Purification Kit; Invitrogen, USA) and cloned into pENTR™/D-TOPO™ (Invitrogen,
USA) as instructed by the manufacturer. M13 primers were used in the sequencing
reactions. Sequencing results were aligned against the GDDH13 reference genome [30]
by MEGAT7 7.0 version software [31]. The graphical representation of the localization of
the protein domains was designed by I1BS v.10.3 [32].

2.2 Transcriptional profile in apple developmental stages

Thirteen different apple tissues and organs were sampled from Gala Baigent® trees
in the experimental orchard at the Temperate Fruit Tree Experimental Station of Embrapa
Uva e Vinho (TFES), in Vacaria, RS, Brazil (28°30°50°’S, 50°54°41°°W, 972 m altitude).
The sampling strategy was based on the Fleckinger scale [33] and encompassed
reproductive and vegetative cycles. Closed terminal buds (A), buds at initial bursting (C),
flower buds (E2IN), young leaves (E2L), 10 mm just-set fruit (IF) and mature leaves (IL)
were harvested. The fruit development was also monitored in unripe 40 mm fruit through
leaves (JL), skin (JSK), pulp (JPU) and (JS) seeds. Apple mature fruit with approximately
70 mm diameter partitioned into skin (MSK), pulp (MPU), and (MS) seeds were also
investigated. The complete descriptions of the developmental stages evaluated in this
study can be found in Perini et al. (2014). Three biological replicates containing a pool
of samples harvested from ten clonal trees were frozen in liquid nitrogen and stored at -
80 °C until RNA extraction.

2.3 RNA extraction and RT-gPCR
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RNA extraction was performed as described by Zeng & Yang (2002) with
modifications found in Falavigna et al. (2014). One pg of total RNA per sample was
treated with TURBO DNAse (Applied Biosystems, USA) and reverse-transcribed
following manufacturer instructions in a 20 pl reaction volume by High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, USA) with random primers. The
complete removal of DNA contaminants was confirmed using intron-flanking primers for
TRANSCRIPTION FACTOR WD40-LIKE REPEAT DOMAIN (WD40) gene through PCR
reaction.

The obtained cDNA was hundred-fold diluted with water and 10ul was used in RT-
gPCR. Analyses were carried out in a 20 ul volume using SYBR ® Green (ThermoFisher,
USA) in three technical repeats as described in Falavigna et al. (2014). RT-qPCR specific
primers were designed by Vector NTI Advance v.10 (Invitrogen, USA; Table S1). The
relative expression level was calculated using the Pfaffl method [36] and the threshold
cycle (CT) values were normalized by the reference genes MALATE DEHYDROGENASE
(MDH), TYPE 1 MEMBRANE PROTEIN-LIKE (TMp1) and WD40 when all tissues were
analysed. For bud samples calculation, TMpl was replaced by ARC5 as described in
Perini et al. (2014). Primers efficiencies were obtained from Lin-RegPCR version 2017.1
tool [37]. The calibrator used in Pfaffl calculation when all apple tissues were analysed
were the stages A (MdoCBFs) or MPU (MdolCE1). MdoCBF genes were calibrated by
MdoCBF1. For dormancy cycle evaluation, the calibrator is MdoCBF1 at 180 CH.

2.4 Dormancy cycle evaluation

The dormancy cycle evaluation was performed using dormant buds from twigs of
‘Royal Gala’ sampled in the orchard of TFES with 180 chilling hours (CH) in June 2017.
Twigs (20 cm long) were decontaminated and wrapped in black plastic bags as described
by Falavigna et al. (2015). The bags were placed inside growth chambers in the dark with
terminal buds positioned upwards in a constant temperature of 3 °C. Sampling occurred
every seven days (168 h) of chilling exposition (316, 484, 652, 820, 988 and 1,156, 1,324
and 1,492). After 1,492 CH, twigs were transferred to growth permissive conditions
(25£1.5 °C, 16 h photoperiod and 70% relative humidity) and sampled after 24, 48, 96,
144, 240 and 360 h. Buds at the different time-points were frozen in liquid nitrogen and
stored at -80 °C until RNA extraction. Three biological replicates, containing 15 buds
each, were used in each of the 15 different treatments. In order to evaluate the
physiological stage of bud dormancy (endo- or ecodormancy), a batch of 40 twigs at each
sampled point was conditioned in a growth chamber (25+1.5 °C, 16 h photoperiod and
70% relative humidity). After 35 days, the percentage of bud break was calculated by
dividing the number of green tip buds by all viable buds tested. In this study, we defined
that the transition from endo- to ecodormancy was reached when more than 50% of the
buds were at the green tip stage.

2.5 Hormonal quantification

The hormone extraction was performed adding 4.0 mL of extraction solution
(methanol:water:formic acid, 75:20:5, v:v:v) in a tube containing 500 mg of plant
material. Samples were incubated at -20 °C for 3 h. After that, they were conditioned in
an ultrasound bath (40 kHz frequency) for 25 min at 4 °C and supernatants were
recovered by centrifugation at 1,750 g at 4 °C for 30 min. Extraction step was repeated
twice. The supernatant was transferred into a new 1.5 micro-centrifuge tube and dried in
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a benchtop vacuum centrifuge (Eppendorf, DE) at 1,400 rpm at 30 °C under 20 mbar
vacuum pressure until reaching the mark of 100 pL of residual liquid. To this remaining
solution, 1.0 mL of water was added followed by full homogenization in a vortex. The
samples were then transferred to Oasis MCX columns (Waters Corporation, USA). The
column elution was conducted using a gradient of ammonium hydroxide (Acros Organics
cat. no 205840025) from 0.004 to 0.4 M. To the eluted solution, 1.7 % w/v of PVPP
(Sigma, cat. no. P6755) was added and the samples were homogenized in a vortex. The
sample supernatants were recovered by centrifugation at 10,000 g for 45 min at 4 °C. The
supernatant was then transferred into a new 1.5 micro-centrifuge tube and dried in the
vacuum centrifuge as described above. After drying, samples were ressuspended in 75
pL of methanol and filtered through a 0.22 um polytetrafluoroethylene (PTFE)
membrane. The quantification analysis was carried in UPLC-ESI-MS/MS (Waters
Corporation, USA). Results are represented in ng per g of dry mass of each
phytohormone.

2.6 MdolICEL1 sequencing

The CDS sequence of MdolCE1 was PCR amplified using iProof™ High-Fidelity
DNA Polymerase (Bio-Rad Laboratories, USA) and specific primers (Table S1). cDNA
of dormant buds from three different cultivars (‘Eva’, ‘Castel Gala’ and ‘Gala Standard’)
were used as templates. Amplicons were purified (PureLink™ PCR Purification Kit -
Invitrogen, USA) and cloned into the entry vector pPGEM®-T Easy (Promega, USA) as
instructed by manufactures. The transformants were confirmed by restriction enzyme
digestion and submitted to Sanger sequencing. In order to cover all MdolCE1 sequence,
T7, SP6 and one internal primer were used in the sequencing reactions (Table S1). The
results from sequencing were analyzed and aligned using MEGA7 7.0 version software
[31].

2.7 Constructions of vectors used in transactivation assays

The promoter region of MdoCBF1 (from -2,290 to -1 bp), MdoCBF2 (from -2,166 to
-1 bp), MdoCBF3 (from -2,451 to -1 bp), MdoCBF4 (from -2,500 to -1 bp) and MdoCBF5
(from -2,248 to -1 bp) were amplified by PCR from gDNA of ‘Royal Gala’ buds using
Platinum™ Pfx DNA Polymerase (Invitrogen, USA) and specific primers (Table S1).
Amplicons were purified using PureLink™ PCR Purification Kit, (Invitrogen, USA) and
cloned into the entry vector pGEM®-T Easy (Promega, USA) as instructed by
manufactures. The directional cloning of all five MdoCBFs promoters into the multiple
cloning site 1 (MCS1) of pGUSXX-90 vector [39] was done by double digestion with
appropriate restriction enzymes for each case. Ligation reaction was performed by T4
DNA ligase (New England BioLabs, EUA). The final construction consists of the
promoter region of the respective MdoCBF fused to CaMV 35S -90 minimal promoter
region that together guide the expression of gusA reporter gene into pGUSXX-90 vector,
creating the constructions MdoCBFxpromo::gusA. The cloning of all MdoCBFs promoter
regions was confirmed by sequencing. The MdoICEL transient overexpression was
achieved by cloning its CDS region into the pART7 vector [40] using Gateway®
technology (Thermo Fisher Scientific, USA). The internal control of the transfection
process is made by Renilla Luciferase (rLuc) gene cloned into p2rL7 [41].

2.8 Transactivation assays
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Five-week-old Arabidopsis plants were used for protoplast isolation by the Tape-
Arabidopsis Sandwich method [42]. PEG—calcium mediated transfection was used to
deliver plasmid DNA into protoplasts. After transfection, protoplasts were incubated
under 25 °C or 0 °C by 16 h [43]. Three independent plasmids were transfected to 1x10°
protoplast suspension: p2rL7::rLuc, MdoCBFpromo::gusA and pART7::MdolCEL. For
each transactivation experiment, four biological and three technical replicates were
analyzed. Fluorescence and luminescence were evaluated as described in Yoo et al.
(2007) using a SpectraMax® i3 Multi-Mode Detection Platform (Molecular Devices,
USA). Results are presented as the fraction of GUS activity and rLUC luminescence.

2.9 Statistical analysis

One-way ANOVA followed by a multiple comparison test (Tukey or Dunnet) with
significance set to 0.05 was used in statistical analysis. The calculation was performed by
GraphPad Prism version 6.01 for Windows, GraphPad Software (La Jolla, California,
USA). Tukey multiple comparison test was used in transcriptional profiles of different
apple developmental stages and transactivation assays, aiming to compare all against all.
Dunnet multiple comparison test was the choice in the hormonal quantification and
transcriptional profiles of MdoCBFs and MdolCE1 during dormancy cycle in order to
compare dataset with 180 CH time-point.

3. RESULTS AND DISCUSSION
3.1 Structure analysis of MdoCBFs

The MdoCBF gene family was reported in 2011[17], right after the first apple genome
draft became public [44]. The recent availability of the high-quality GDDH13_v1_1 apple
genome [30] allowed us to reanalyze and confirm the presence of all the five MdoCBF
genes previous described (Table S2). The full-length coding regions of MdoCBF1,
MdoCBF3 and MdoCBF5 were confirmed by sequencing using specific primers (Table
S1). Additionally, the sequence of MdoCBF1 submitted in the GenBank (Table S2) also
matched to our in vitro results. For MdoCBF2 gene, only partial sequence (60%) of the
coding region was obtained. The alignment among MdoCBF2 prediction in the GDDH13
genome [30] and the in vitro sequencing results revealed that the coding region of
MdoCBF2 in GDDH13 genome was annotated in the wrong direction. The correct open
reading frame is localized in antisense DNA strand and corresponds to that found in the
GenBank (Table S2). For MdoCBF4, only the RT-gPCR amplicon could be retrieved
under our PCR conditions. The sequencing of MdolCE1 also confirmed GDDH13
prediction [30].

The confirmed deduced-protein sequences of the three MdoCBFs (MdoCBFl1,
MdoCBF3 and MdoCBF5) were used as query on NCBI’s CDD search. For MdoCBF2
and MdoCBF4, sequences were obtained from GenBank and GDDH13 genome,
respectively. The protein functional annotation confirmed the presence of the AP2
domain (cd00018) in all analyzed proteins (Figure 1A). Additionally to AP2, the two
important PKKPAGR and DSAWR domains were also found (Figure 1A). The alignment
of all motifs revealed a high degree of amino acid residues conservation among family
members (Figure 1B).

131



A)

PKKPAGR AP2 _ DSAWR
MdoCBF1 I I

MdoCBF2

MdoCBF3

MdoCBF4

MdoCBF5

B)

MdoCBF1
MdoCBF2
MdoCBF3
MdoCBF4
MdoCBF5
consensus

MdoCBF1
MdoCBF2
MdoCBF3
MdoCBF4

MdoCBF5 RER CE RI Tz

consensus yRGVRRRNn KWVceEVREPNKKksSRIWLGTypTAEMAARAHDVAALIAfRGr1ACLNFADS
DSAWR

MdoCBF1 115 119

MdoCBF2 121 q 125

MdoCBF3 117 q 121

MdoCBF4 184 q 188

MdoCBF5 119 q 123

consensus 1

Figure 1. Conserved domains found in MdoCBFs proteins. (A) The in silico functional
annotation of all MdoCBF proteins revealed the presence of AP2 domain (pink),
PKKPAGR (yellow) and DSAWR (green) motifs. (B) The alignment of amino acid
residues from MdoCBFs motifs demonstrated a high degree of conservation among
family members.

3.2 Dormant apple buds showed high transcripts amounts of MdoCBF2,
MdoCBF4 and MdoCBF5

Characterization of the transcriptional profile of all MdoCBFs and MdoICE1 among
different apple developmental stages revealed that MdoCBF4 has remarkable expression
in dormant buds (A), being practically not detected in other plant tissues (Figure 2).
Dormant buds (A) also presented high transcriptional levels of MdoCBF2 and MdoCBF5.
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Moreover, MdoCBF2 and MdoCBF5 showed similar transcript patterns, with high
expression in skin and pulp of ripe and unripe fruits (JSK, JPU, MSK and MPU).
MdoCBF3 transcripts were higher in the skin of J and M stages than other tissues and
MdoCBF1gene was preferentially expressed in seeds of mature fruits (MS; Figure 2).
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Figure 2. Transcriptional profiles of MdoCBFs and MdolCE1 among different apple
developmental stages. The relative expression of five MdoCBFs and MdolCEL genes
were evaluated in dormant buds (A), green tip buds (C), young leaves (E2L), flowers
(E2IN), 10 mm developing fruit divided in leaves (IL) and whole fruit (IFRU). Moreover,
40 mm unripe fruit were investigated on leaves (JL), skin (JSK), pulp (JPU) and seeds
(JS). Mature apple fruit of 70 mm (M) were portioned in the same way. The relative
expression found in the different developmental stages was compared to the mRNA levels
of MdoBRR1 at A stage for MdoCBFs gene family. For MdolICEL its expression level at
MPU stage was used as reference. Different letters indicate statistically significant
differences between means using one-way ANOVA followed by Tukey’s test (p<0.05).
Error bars represent the standard error of the mean. ND: None detected.

133



In general, our data demonstrated that MdoCBFs are preferentially expressed in
dormant buds and apple fruit (Figure 2). According to that, studies using the Tea plant
Camellia sinensis showed high levels of CBF transcripts during fruit development [45].
The transcriptional activation of CBFs genes has also been reported in pulp and skin of
grape fruits during postharvest storage at low temperatures [46]. Similarly, the CBF-
dependent cold tolerance pathway was triggered in different fruits such as tomato, peach,
kiwifruit and mango that were kept under long-term periods of chilling [47-49].

In poplar, the tissue-specific induction of CBF1 and CBF3 expression was seen in
dormant buds, leaves and stem [50]. In a similar fashion, grape CBF1-3 were upregulated
in dormant buds and young leaves [51]. In agreement, our data also demonstrated high
levels of MdoCBF2, MdoCBF4 and MdoCBF5 transcripts in dormant buds, however the
same was not observed in leaves, on which little expression of MdoCBFs was detected
(Figure 2).

In comparison to MdoCBF genes, we noted a more widespread accumulation of
MdolICE1 transcripts among different apple developmental stages. This general
expression pattern was also observed in Arabidopsis and wheat [14,52]. Specifically, we
could highlight that MdoICE1 expression is higher in dormant buds (A), young (IL) and
mature leaves (JL; Figure 2) [24]. In agreement, previous results showed that the
expression of an ICE-like gene (MdCIbHLH1) was higher in dormant and floral buds,
young and matures leaves than in fruit [16]. Interestingly, dormant buds showed high
levels of both MdoCBFs and MdolCEL1 transcripts, taking us to further investigate if the
regulation of dormancy cycle in apple buds is modulated by ICE1-CBF route.

3.3 MdoCBF2 and MdoCBF4 genes were upregulated in the endodormant phase.

The accumulation of chilling hours (CH) over time leads to the transition from
endo- to ecodormancy. In sequence, ecodormant buds conditioned long enough under
favorable growing conditions become able to bud break. The expression of MdoCBFs and
MdoICE1 was analyzed during a complete bud dormancy cycle under controlled
conditions. The results showed that MdoCBF2 and MdoCBF4 were activated in the
beginning of endodormancy, between 316 to 484 CH, and drastically decreased at the
ecodormant stage (reached after exposure to 1156 CH) and under permissive conditions
(Figure 3). In accordance to that, another study using Japanese apricot reported that the
transcript amounts of PmCBFs were strongly induced under low temperatures and
repressed in the flower blooming process [53]. The potential regulatory role of CBF genes
in bud dormancy control was reported in different studies that analyzed the ectopic
expression of peach CBF1 in apple plants [17-19]. The overexpression of PpCBF1
resulted in plants exhibiting growth arrest, early bud set and leaf senescence together with
delayed bud break [17,19]. Additionally, PpCBF1 has close homology to MdoCBF2. The
amino acid identity between PpCBF1 and MdoCBF2 is 67%, higher if compared to the
60% found between MdoCBF2 and MdoCBF1, for example [17]. The transcript levels of
the other three MdoCBFs (MdoCBF1, MdoCBF3 and MdoCBF5) did not change
throughout the cycle (Figure 3).
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Figure 3. Expression patterns of MdoCBF gene family and MdolCE1 during a
complete bud dormancy cycle. Transcriptional activation of MdoCBF2 and MdoCBF4
could be observed at 316 and 484 hours of chilling treatment. Relative expression was
calibrated by mRNA levels of MdoCBF1 sampled at 180 CH. Statistical analysis was
performed comparing the different temperature treatments to the 180 CH time-point of
each tested gene; *0.01 <p<0.05, **0.001 <p <0.01***. Error bars represent the
standard error of the mean.

The expression of MdoICE1 did not oscillate alongside transition from endo- to
ecodormancy, being only repressed after 96 h of exposure to warm temperatures. The
absence of an oscillatory expression pattern of MdolCE1 throughout the dormancy cycle
does not mean that it plays a minor role in the CBF-dependent cold acclimation pathway.
In Arabidopsis, the cold-mediated CBF activation is a rapid response which can occur
within the first 15 minutes of exposure to low temperatures [8]. As so, it has been
proposed that CBF transcriptional activators like ICEL should be already present in the
cell to enable this rapid activation [14]. Further, the mode of action of ICEL1 is associated
with post-translational modification like phosphorylation and sumoylation rather than
gene expression activation [54]. Reinforcing this idea, studies have showed that the
expression of Arabidopsis ICE1 and MdCIbHLH1 genes was only slightly upregulated
by cold stimuli [14,16].

In the context of dormancy cycle control, the potential regulatory role of ICE1
was already reported in pear and apple. In pear, high expression of a putative ICE1 gene
was found during endodormancy [55]. In apple, ICE1 was differentially expressed in
cultivars with contrasting chilling requirements during the dormancy stage [32].
Moreover, a recent study localized the MdoICEL gene in a QTL for bud break time in
apple trees [24].

3.4 ABA, GA and SA play different roles during the bud dormancy cycle
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Beyond genetic and molecular control, the plant hormonal balance is essential for a
proper dormancy cycle regulation. Within this context, responses mediated by CBFs have
been related to abscisic acid (ABA), gibberellin (GA3) and salicylic acid (SA)
homeostasis [56—60]. The evaluation of bud dormancy cycle progression reveled that
ABA presented an oscillatory pattern throughout the cycle, while GA3 has accumulated
right after the ecodormancy was reached (Figure 4). SA was present in large concentration
during bud break time (Figure 4).

2000
GA3

SA

1500+ - ABA

10004

ng/g MS

500+

0 T T T T T T T T

T T . T L] T T
180 316 484 652 820 988 1156 1324 1492 24 48 96 144 240 360

3°C hours 25°C hours

Warm

Bud break
temperatures

>

Endodormancy Ecodormancy

Bud dormancy progression

Figure 4. Quantification of ABA, GA and SA during the bud dormancy cycle.
Abscisic acid (ABA), gibberellin (GA3) and salicylic acid (SA) were measured through
UPLC-ESI-MS/MS in ‘Royal Gala’ buds throughout chilling accumulation and growing
conditions. The data were compared to 180 CH point of each quantified hormone. MS:
dry mass. *0.01 <p <0.05, **0.001 <p <0.01***. Error bars represent the standard error
of the mean.

Clustering the expression profiles and hormone quantification we observed that
MdoCBF2 and MdoCBF4 repression is concomitant with GA increased levels during
ecodormancy (Figures 3 and 4). According to that, CBF-overexpression in Arabidopsis,
soybean and tobacco decreases GA levels [23,56,57]. RNA-seq analysis in apple trees
overexpressing peach CBF1 showed that genes involved in storage and inactivation of
GA were generally upregulated [58]. Moreover, in these same plants, the MdoRGLs
genes, which encode DELLA proteins, were upregulated. DELLAs are negative
regulators of GA signaling and act restraining growth [18]. This balance suggests that GA
stimuli might repress CBF expression, assisting the reestablishment of vegetative growth
during dormancy overcome.
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SA levels and MdolCE1 expression also demonstrated distinct profiles. During
bud break, ICE1 is downregulated while higher quantities of SA were observed (Figures
3 and 4). Studies have related SA to cold signaling regulation and growth control [60,
61]. Additionally, the loss of function icel mutant revealed that several SA-inducible
genes were upregulated [61], reinforcing the opposite profile between them.

Since decades, ABA has been related to growth inhibition and dormancy induction
(reviewed in Liu & Sherif [59]). In grapevine, for example, exogenous ABA applications
increased CBF expression [60]. In Arabidopsis, ICEL activity is post-translationally
modulated by OST1, a key component of ABA signaling [62]. Unfortunately, under our
tested conditions, we were not able to infer any biological association among ABA
quantification and MdoCBFs or MdoICEL1 expression throughout the dormancy cycle.
These results could be related to our sampling strategy, on which buds were harvested
from independent twigs rather than apple trees, limiting the availability of ABA sources.
Besides that, our data were analyzed only in the scope of chilling accumulation and it is
already known that the induction of dormancy by ABA is strictly related to photoperiod
changes [63,64].

3.5 Sequencing of MdolCE1 CDS in apple cultivars with contrasting chilling
requirement

Aiming to investigate whether gene mutations in the CBF-dependent cold acclimation
pathway could be involved in the modulation of apple chilling requirement, we analyzed
the CDS region of MdoICE1, one of the first low temperature sensors of the route. As
already mentioned, this gene was identified in a QTL for bud break time [24], becoming
an interesting candidate for dormancy cycle regulation. The CDS region of MdoICE1 was
sequenced in three apple cultivars with distinct chilling requirements (‘Eva’, ‘Castel
Gala’ and ‘Gala’). ‘Castel Gala’ is a spontaneous mutation of ‘Gala’ (Kidd’s Orange X
Golden Delicious) that requires 50% less CH to bud break [65]. ‘Eva’ results from a cross
between ‘Anna’ and ‘Gala’ [66] and is also a low chilling requirement cultivar.

The comparison among ‘Eva’, ‘Castel Gala’ and ‘Gala’ revealed that the CDS
sequence of MdolCE1 from ‘Eva’ presented two unique SNPs. These polymorphisms
resulted in two amino acid substitutions (Q116R and T234M) in the deduced-protein
(Figure 5). Three additional SNPs were found in all tested cultivars if compared to
GDDH13 prediction [30]. From them, two resulted in amino acid substitution (N33S and
V303L) and one in a synonymous mutation (Figure S1).

Q116R T234M
b-HLH

|
MdoICE1 ] -

S-rich

Figure 5. Mutations identified in the deduced protein of MdolCEl from Eva
cultivar. The two amino acid substitution found in ‘Eva’ MdoICEL1 are presented in red.
The b-HLH domain and S-rich motif are also shown.

The Arabidopsis loss of function icel mutant is the result of a punctual amino acid
substitution (R236H). This modification is responsible for significant reduction in plant
chilling and freezing tolerance [14]. The R236H mutation found in icel plants is localized
between bHLH domain and S-rich motif and does not affect ICE1 DNA-binding ability.
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Alternatively, it has been proposed that it may be interfering in homo-oligomer formation,
protein stability, nuclear localization and posttranslational modification [14].

Interestingly, the ‘Eva’ unique mutation (T234M) is also present between the
bHLH domain and the S-rich motif (Figure 5). All tested cultivars share three SNPs in
the CDS region, resulting in two amino acids substitutions in the deduced-protein
sequence if compared to GDDH13 prediction (Figure S1;27). This fact could be
associated to allelic variation, considering that GDDH13 is a ‘Golden Delicious’ doubled-
haploid tree. Unfortunately, the identified mutations could not be associated to distinct
profiles of chilling requirement in the analyzed cultivars.

3.6 Cold stimuli mediate MdoCBF4 and MdoCBF5 activation

The upstream transcriptional regulation of CBF by ICELl is well explored in
Arabidopsis, but poorly understood in woody species [5,14]. In order to investigate if the
CBF dependent pathway is modulated by ICEL in apple, in vivo transactivation assays in
Arabidopsis protoplasts were employed. Results showed a clear activation of
MdoCBF4promo::gusA and MdoCBF5promo::gusA after cold stimuli. The same was not
observed for construction carrying MdoCBF1, MdoCBF2 and MdoCBF3 promoters,
although a tendency of MdoCBF3promo::gusA upregulation could be seen (Figure 6).
Independently of temperature, the addition of MdolICEL1 effector to the cells, did not affect
gusA expression driven by any MdoCBF promoter (Figure 6).
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Figure 6. MdoCBFs modulation by MdolCE1 under cold stimuli. MdoCBF4 and
MdoCBF5 promoters activated the reporter gene gusA in a cold dependent manner,
independently of MdoICE1 effector. pGusXX-90: negative control, pCBF:
MdoCBFpromo::gusA; ICELl: pART7::MdolCEL. Different letters indicate statistically
significant differences between means using one-way ANOVA followed by Tukey’s test
(p<0.05). Error bars represent the standard error of the mean. ND: None detected.

In agreement to our data, the activation of CBF expression in a cold-dependent
manner was already reported in several species [17,51,67,68]. In Arabidopsis, for
example, RNA blot analysis showed that under normal conditions, ICE1-overexpression
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did not transcriptionally activate the CBF3 gene, being necessary the presence of cold
stimuli for its proper modulation [14].

Even though other studies have demonstrated a cold-mediated activation of
MdoCBF1 and MdoCBF2 [16,18,24], the same was not observed under our tested
conditions. The evaluation of apple plants kept at 4 °C revealed that the expression of
these two genes was induced after approximately one-half hour, peaking at 2 hours and
then slowly diminished over a 24 hours period [17]. In our assay, gusA activity was
measured only after 16 h under low temperature, indicating that the initial response may
have been lost. Therefore, we hypothesize that MdoCBF1 and MdoCBF2 have an early
cold response, whereas MdoCBF4 and MdoCBFb5 are late-induced. Additionally, other
mechanisms and regulatory regions that are not encompassed in our study might modulate
MdoCBF1 and MdoCBF2 gene expression.

The investigation based on MdolCE-like gene (MdCIbHLH1) revealed that
MdCIbHLH1 protein could specifically bind to only one of the four MYC recognition
sites associated with cold signaling, in the promoter of AtCBF3. In contrast, the
Arabidopsis ICE1 is able to bind to all sites [14,16]. Further, ChlP-PCR assays showed
that MdCIbHLH1 specifically recognized three region of the MdoCBF2 promoter.
However, it failed to bind to the promoters regions tested in the MdoCBF1, MdoCBF3,
MdoCBF4 and MdoCBF5 genes [16]. Similarly, we observed that transient
overexpression of MdoICEL had no effect on the activity of MdoCBF3promo::gusA,
MdoCBF4promo::gusA  and  MdoCBF5promo::gusA. In the case of
MdoCBF1promo::gusA and MdoCBF2promo::gusA, it is difficult to draw conclusions
once we cannot see a clear response of them to the cold stimulus, needing further
investigation. Therefore, it is possible that MdoCBFs genes may have alternative
upstream regulators.

4. CONCLUSIONS

The CBF-dependent cold acclimation pathway is one of the most well explored
mechanisms of adaptation in Arabidopsis. Besides the many recent efforts done by the
scientific community to extrapolate this data to other species, several gaps remain to be
elucidated. In this study, the ICE1-CBF route was investigated in the perspective of
dormancy control. The analysis of transcriptional profiles revealed that MdoCBF2,
MdoCBF4, MdoCBF5 and MdolCE1 were highly expressed in dormant buds if compared
to other tissues. In this scenario, a remarkable expression of MdoCBF2 and MdoCBF4
was observed in the beginning of endodormancy followed by a drastic drop at
ecodormancy and bud break phases. In contrast, the MdolCE1 gene presented constant
levels of transcripts, being repressed only after 96 h of exposure to growth permissive
conditions. During ecodormancy, the downregulation of MdoCBFs expression was
concomitant to GA accumulation. In a similar fashion, MdolCEL1 repression overlapped
with SA increase, indicating a possible crosstalk between ICE1-CBF and hormone
homeostasis. In vivo transactivation assays demonstrated that MdoCBF4promo::gusA and
MdoCBF5promo::gusA were activated in a cold-dependent manner, irrespective to
MdoICE1. Finally, our data suggest that MdoCBF2 and MdoCBF4 are important
endodormancy regulators and may be regulated by alternative factors, besides MdoICE1.
Thus, the data presented represent a new step towards understanding the orchestrated
molecular networks involved in the control of bud dormancy.
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APPENDIX A. SUPPLEMENTARY DATA

Table S1. Primers used in this work

Reference sequence Usage Sequence (5'-3") Product (bp)
CDS amplification caccgaattcaaaacaATGCTTCCGATGTCGAGCG 1603
Mdolcel ggatccTTACATCATCATATCATGAAATCCAG
olcel;
MD09G1003800 RT-gPCR GTCTGCTCCAACCCTTTTGA 113
GCCGTGAAACCCATCAGAAC
Sequencing GTCTGCTCCAACCCTTTTGA -
CDS amplification CacCATGGATGGTTGCTCTAATTACTACG 666
MdoCBF1; TTAAATGGAAAAACTCCATAAGGGC
MD07G1262900 AACGCCAAGGACATTCAGAC
RT-gPCR 91
CCACAGGAGATCCACAAACC
CDS amplification caccCATGCGCCCGAGCTGCCATCT 393
MdoCBF2; TCAACTTGCAACTCCAAAAAGAAGTG
MD06G1072200
RT-qPCR GCTTGTGTCGTCGGAACTC 102
GCTCAATTTCTCCGACGCAG
CDS amplification CacCATGGATGCTTTCTCTCATTACTACG 663
MdoCBF3; TCAAATGGAAAAACTCCATAATGGC
MD01G1196100
RT-qPCR AGGCTTGTGGTGCTTCTG 84
CCGCTTCCTCATCCATAAAA
CDS amplification cacCATGTGGGCAACATTTCTCCACG 954
MdoCBF4; TTACTTTGAGAAGCTCCACAGATTG
MD04G1067800
RT-qPCR GGGAGAAGGATTGTGGATGT 90
ACGAGCTGCCACTTTGCTCC
CDS amplification cacCATGAATACGATCTTCAGTCAAATCTC 705
MdoCBFb5; TCAATTTGAGAAGCTCCACAGAC
MD06G1072300
RT-qPCR GCACCCGATTTACAGAGGAG 111
GCCGTCTGATAAGTTCCGAG
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Table S2: List of genome accession of MdoCBFs and MdolCE1

Gene name Geno_mea Chror_nospmal GeneBgnk
accession localization? accession
MdoICE1 MD09G1003800 Chr09:335088..338411 -
MdoCBF1 MD07G1262900 Chr07:33199100..33199765 HM992942
MdoCBF2 MD06G1072200 Chr06:17755189..17755884 HM992941
MdoCBF3 MD01G1196100 Chr01:29427231..29427893 -
MdoCBF4 MD04G1067800 Chr04:9200318..9201271 -
MdoCBF5 MD06G1072300 Chr06:17779619..17780323 -

aGenome accession codes and chromosomal localization are provided by the ‘Malus x

domestica Genome’ (http://rosaceae.org/) based on GDDH13 v1.1 version.
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Figure S1: CDS and deduced-protein alignment of MdoICE1 from Eva, Castel
Gala and Gala cultivars.

MdoICET CDS alignment:
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CTCGACGGCGACTTTGGCTTCGAAGGCTTCGATGGCTCGGCCGGCGCTCAGCTGCTGAAC
CTCGACGGCGACTTTGGCTTCGAAGGCTTCGATGGCTCGGCCGGCGCTCAGCTGCTGAAC]

CGGGCTAAGCTCCTGTTCCCTCCCATGGGTGCTCAGCCCACGCTTTTCCAGAAGCGCCGC
CGGGCTAAGCTCCTGTTCCCTCCCATGGGTGCTCAGCCCACGCTTTTCCAGAAGCGCCGC
CGGGCTAAGCTCCTGTTCCCTCCCATGGGTGCTCAGCCCAEGCTTTTCCA AAGCGCCGC
CGGGCTAAGCTCCTGTTCCCTCCCATGGGTGCTCAGCCCACGCTTTTCCAGAAGCGCCGC

CAAAACTCTGTAGGCGATGGGGGTGATAAATTGGGAAATTTGGAGATTTCGGGTCCCAGG
CAAAACTCTGTAGGCGATGGGGGTGATAAATTGGGAAATTTGGAGATTTCGGGTCCCAGG
CAAAACTCTGTAGGCGATGGGGGTGATAAATTGGGAAATTTGGAGATTTCGGGTCCCAGG
CAAAACTCTGTAGGCGATGGGGGTGATAAATTGGGAAATTTGGAGATTTCGGGTCCCAGG

TACGGAGGACTACTGGAGAGTTTGGAGAAGAAAAGGAAGAGGAACGAGGAGGGTGAGATG
TACGGAGGACTACTGGAGAGTTTGGAGAAGAAAAGGAAGAGGAACGAGGAGGGTGAGATG
TACGGAGGACTACTGGAGAGTTTGGAGAAGAAAAGGAAGAGGAACGAGGAGGGTGAGATG
TACGGAGGACTACTGGAGAGTTTGGAGAAGAAAAGGAAGAGGAACGAGGAGGGTGAGATG

GAGGAGGGGAGTCTGGATGTGTCCGGTTTGAATTATGACTCGGATGACTTCAATGAGTAC
GAGGAGGGGAGTCTGGATGTGTCCGGTTTGAATTATGACTCGGATGACTTCAATGAGTAC
GAGGAGGGGAGTCTGGATGTGTCCGGTTTGAATTATGACTCGGATGACTTCAATGAGTAC
GAGGAGGGGAGTCTGGATGTWTCCGGTTTGAATTATGACTCGGATGACTTCAATGAGTAC

AGTCAATTGGAGGTGGAGGAGAATGCGAAGAATGGTGGAAGCAATTCGAATGCCAACAGC
AGTCAATTGGAGGTGGAGGAGAATGCGAAGAATGGTGGAAGCAATTCGAATGCCAACAGC
GTCAATTGGAGGTGGAGGAGAATGCGAAGAATGGTGGAAGCAATTCGAATGCCAACAGC
TGGAGGTGGAGGAGAATGCGAAGAATGGTGGAAGCAATTCGAATGCCAACAGC

ACTGTCACCGGTGTAGAGGGAGGAGACCGGAAGGGCAAGAAGAAGGGTTTGCCGGCCAAA
CTGTCACCGGTGTAGAGGGAGGAGACCGGAAGGGCAAGAAGAAGGGTTTGCCGGCCAAA

ACTGTCACCGGTGTAGAGGGAGGAGACCGGAAGGGCAAGAAGAAGGGTTTGCCGGCCAAA

ACTGTCACCGGTGTAGAGGGAGGAGACCGGAAGGGCAAGAAGAAGGGTTTGCCGGCCAA

AATTTGATGGCGGAGAGGCGGCGGAGGAAGAAGCTCAATGATAGGCTCTACATGCTTAGG
ATTTGATGGCGGAGAGGCGGCGGAGGAAGAAGCTCAATGATAGGCTCTACATGCTTAGG
ATTTGATGGCGGAGAGGCGGCGGAGGAAGAAGCTCAATGATAGGCTCTACATGCTTAGG

TTTGATGGCGGAGAGGCGGCGGAGGAAGAAGCTCAATGATAGGCTCTACATGCTTAGG

TCTGTTGTACCCAAGATAAGCAAGATGGATAGGGCGTCCATACTAGGGGATGCAATTGAT)
TCTGTTGTACCCAAGATAAGCAAGATGGATAGGGCGTCCATACTAGGGGATGCAATTGAT
TCTGTTGTACCCAAGATAAGCAAGATGGATAGGGCGTCCATACTAGGGGATGCAATTGAT)
TCTGTTGTACCCAAGATAAGCAAGATGGATAGGGCGTCCATACTAGGGGATGCAATTGAT)

TATTTGAAAGAGCTTCTACAAAGGATTAATGACCTCCATAACGAGCTGGAGTCAGCTCCA
TATTTGAAAGAGCTTCTACAAAGGATTAATGACCTCCATAACGAGCTGGAGT CAGCTCC!?
TATTTGAAAGAGCTTCTACAAAGGATTAATGACCTCCATAACGAGCTGGAGTCAGCTCCA
TATTTGAAAGAGCTTCTACAAAGGATTAATGACCTCCATAACGAGCTGGAGT CAGCTCCA

CCCGGATCTTTGCTGCCTGCTTCAACAAGTTTTCATCCGTTGACACCCACTCCATCCACC
CCCGGATCTTTGCTGCCTGCTTCAACAAGTTTTCATCCGTTGACACCCACTCCATCCACC
CCCGGATCTTTGCTGCCTGCTTCAACAAGTTTTCATCCGTTGACACCCACTCCATCCACC
CCCGGATCTTTGCTGCCTGCTTCAACAAGTTTTCATCCGTTGACACCCACTCCATCCACC

CTTCCCTGCCGTGTTAAAGAAGAGCTCTGCCCAAGCTCCTTGCTAAGCCCCAAAACTCAG
CTTCCCTGCCGTGTTAAAGAAGAGCTCTGCCCAAGCTCCTTGCTAAGCCCCAAAACTCAG
CTTCCCTGCCGTGTTAAAGAAGAGCTCTGCCCAAGCTCCTTGCTAAGCCCCAAAACTCAG
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GDDH13 IZANRCTTCCCTGCCGTGTTAAAGAAGAGCTCTGCCCAAGCTCCTTGCTAAGCCCCAAAACTC CAG

Gala RSN CCGAAGGTGGAGGTTCGGGTAAGGGAAGGGCGAACTGTTAATATCCACATGTTCTGTTCT

ST AR NR- N RN C CGAAGGT GGAGGTTCGGGTAAGGGAAGGGCGAACTGTTAATATCCACATGTTCTGTTCT
Eva IRCVAN CCGAAGGTGGAGGTTCGGGTAAGGGAAGGGCGAACTGTTAATATCCACATGTTCTGTTCT
GDDH13 RSN C CGAAGGTGGAGGTTCGGGTAAGGGAAGGGCGAACTGTTAATATCCACATGTTCTGTTCT

Gala IRCE NN C GGAGACCAGGTCTCTTGCTCTCTACCATGAGGGCCTTGGATAACCTTGATTTGGACGTC
AN - NI- RN RSN C G GAGACCAGGTCTCTTGCTCTCTACCATGAGGGCCTTGGATAACCTTGATTTGGACGTC
Eva IR N C GGAGACCAGGTCTCTTGCTCTCTACCATGAGGGCCTTGGATAACCTTGATTTGGACGTC
GDDH13 IR NN C GGAGACCAGGTCTCTTGCTCTCTACCATGAGGGCCTTGGATAACCTTGATTTGGACGTC

Gala XY SN CAGCAGGCTGTGATCAGCTGCTTCAATGGGTTTGCTTTAGATGTGTTCCGAGCTGAGCAA
Castel Gala 1441 [extelortelcloiieyyeruiorieciouieloyuiorvvielclepyyyeloyyyvNeruieyyeiyyelolerNeloyerNelorv:
Eva IR/ N CAGCAGGCTGTGATCAGCTGCTTCAATGGGTTTGCTTTAGATGTGTTCCGAGCTGAGC
GDDH13 IR YN CAGCAGGCTGTGATCAGCTGCTTCAATGGGTTTGCTTTAGATGTGTTCCGAGCTGAGCAA

Gala IRSION T GCAGGGAAAACCAGTTCTTGCCAGAGCAAATAAAAGCAGTACTTTTGGATTCAGCTGGA
ST R NR- RN RSION I T G CAGGGAAAACCAGTTCTTGCCAGAGCAAATAAAAGCAGTACTTTTGGATTCAGCTGGA
Eva IRSIONAR T GCAGGGAAAACCAGTTCTTGCCAGAGCAAATAAAAGCAGTACTTTTGGATTCAGCTGGA
GDDH13 IRSIONANT GCAGGGAAAACCAGTTCTTGCCAGAGCAAATARAAAGCAGTACTTTTGGATTCAGCTGGA

Gala IRSINAN T TTCATGATATGATGATGTAA
Castel Gala 1561 jNNNLNNEr NV VNelVNer N EyV:
Eva IRSINAN T T T CATGATATGATGATGTAR
GDDH13 IRSINAN T TTCATGATATGATGATGTAA

MdoICE1 deduced-protein alignment:

Gala IR PMSSGAAWMGGDEDDAASWTRNSTTTHNNNSNEAEPRRNDODS SLGASFSNFKSMLEG]
Castel Gala IRV T.PMS SGAAWMGGDEDDAASWTRNSTTTHNNNSNEAEPRRNDQDS SLGASFSNFKSMLEG
Eva IREMI.PMS SGAAWMGGDEDDAASWTRNSTTTHNNNSNEAEPRRNDQDS SLGASFSNFKSMLEG]
GDDH13 IRMT.PMS SGAAWMGGDEDDAASWTRNSTTTHNNNYNEAEPRRNDQDS SLGASFSNFKSMLEG]

Gala [SYR D1 YMNNVLSNPAQDLHAFSSTQASETTLAPLQPIDSSASCSPSPAFSLDPSQPPQQFLPP
Castel Gala [P D YMNNVLSNPAQDLHAFSSTQASETTLAPLQPIDSSASCSPSPAFSLDPSQPPQQFLPP
Eva 6l DWYMNNVLSNPAQDLHAFSSTQASETTLAPLQPIDSSASCSPSPAFSLDPSQPPQEFLPP
GDDH13 [P D1 YMNNVLSNPAQDLHAFSSTQASETTLAPLQPIDSSASCSPSPAFSLDPSQPPQQFLPP

Gala IS SCFSSLLNVVCSNPFDNSFDLGCDAGFLGSFQGNQPSNSSVLMGFTALNSHAQMGT PEL
STl R NI NN < SCF'SSLLNVVCSNPFDNSFDLGCDAGFLGSFQGNQPSNS SVLMGEFTALNSHAQMGT PELY
Eva IR K SCESSLLNVVCSNPFDNSFDLGCDAGFLGSFQGNQPSNSSVLMGFTALNSHAQMGTPEL

GDDH13 IR SCESSLLNVVCSNPFDNS FDLGCDAGFLGSFQGNQPSNS SVLMGFTALNSHAQMGT PEL

Gala IRSERN S SSAEFPASRLLPVTDNANVLDGDFGFEGFDGSAGAQLLNRAKLLFPPMGAQPTLFQKRR
OEE AN NCERR- RN RN S S SAEFPASRLLPVTDNANVLDGDFGFEGFDGSAGAQLLNRAKLLFPPMGAQPTLFQKRR
Eva B 181 SSSAEFPASRLLPVTDNANVLDGDFGFEGFDGSAGAQLLNRAKLLFPPMGAQPMLFQKR'
GDDH13 RN S SSAEFPASRLLPVTDNANVLDGDFGFEGFDGSAGAQLLNRAKLLFPPMGAQPTLFQKRR

Gala PESON SVGDGGDKLGNLEISGPRYGGLLESLEKKRKRNEEGEMEEGSLDVSGLNYDSDDENEY]
ST N RN VNI ON SVGDGGDKLGNLET SGPRYGGLLESLEKKRKRNEEGEMEEGS LDVSGLNYDSDDENEY]
Eva PYSBON SVGDGGDKLGNLEI SGPRYGGLLESLEKKRKRNEEGEMEEGSLDVSGLNYDSDDFENEY]
GDDH13 VL SRON SVGDGGDKLGNLEI SGPRYGGLLESLEKKRKRNEEGEMEEGSLDVSGLNYDSDDENEY]

144



Gala

Castel Gala
Eva

GDDH13

Gala

Castel Gala
Eva

GDDH13

Gala

Castel Gala
Eva

GDDH13

Gala

Castel Gala
Eva

GDDH13

SQLEVEENAK]
SQLEVEENAKNG
JLEVEENAKI

LP'RVKEEL(E
LPCRVKEELC

\GEF'HDMMMd

145



REFERENCES

[1]
[2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

O.M. Heide, A.K. Prestrud, Low temperature, but not photoperiod, controls growth
cessation and dormancy induction and release in apple and pear, Tree Physiol. 25
(2005) 109-114

D. Horvath, Bud dormancy and growth, Plant Dev. Biol. (2010) 53-70

SW. Wu, R. Kumar, AB.B. Iswanto, J.Y. Kim, Callose balancing at
plasmodesmata, J. Exp. Bot. 69 (2018) 5325-5339

G. Lang, J. Early, G. Martin, R. Darnell, Endo-, para-, and ecodormancy:
physiological terminology and classification for dormancy research, HortScience.
22 (1987) 371-377

M. Wisniewski, A. Nassuth, C. Teulieres, C. Marque, J. Rowland, P.B. Cao, A.
Brown, Genomics of Cold Hardiness in Woody Plants, CRC. Crit. Rev. Plant Sci.
33 (2014) 92-124.

Q. Liu, M. Kasuga, Y. Sakuma, H. Abe, S. Miura, K. Yamaguchi-Shinozaki, K.
Shinozaki, Two transcription factors, DREB1 and DREB2, with an EREBP/AP2
DNA binding domain separate two cellular signal transduction pathways in
drought- and low-temperature-responsive gene expression, respectively, in
Arabidopsis, Plant Cell. 10 (1998) 1391-1406.

E.J. Stockinger, S.J. Gilmour, M.F. Thomaschow, Arabidopsis thaliana CBF1
encodes an AP2 domain-containing transcriptional activator that binds to the C-
repeat/DRE, a cis-acting DNA regulatory element that stimulates transcription in
response to low temperature and water deficit, Proc. Natl. Acad. Sci (1997) 1035-
1040.

K.R. Jaglo-Ottosen, S.J. Gilmour, D.G. Zarka, O. Schabenberger, M.F.
Thomashow, Arabidopsis CBF1 overexpression induces COR genes and enhances
freezing tolerance, Science 280 (1998) 104-106.

F. Novillo, J. Medina, J. Salinas, Arabidopsis CBF1 and CBF3 have a different
function than CBF2 in cold acclimation and define different gene classes in the
CBF regulon, Proc. Natl. Acad. Sci 104 (2007) 21002-21007.

M.A. Hannah, D. Wiese, S. Freund, O. Fiehn, A.G. Heyer, D.K. Hincha, Natural
genetic variation of freezing tolerance in arabidopsis, Plant Physiol. 142 (2006)
98-112

C. Alonso-Blanco, C. Gomez-Mena, F. Llorente, M. Koornneef, J. Salinas, J.M.
Martinez-Zapater, Genetic and molecular analyses of natural variation indicate
CBF2 as a candidate gene for underlying a freezing tolerance quantitative trait
locus in Arabidopsis, Plant Physiol. 139 (2005) 1304-1312.

H. Knight, Calcium signaling during abiotic stress in plants, Int. Rev. Cytol. 195
(1999) 269-324.

R. Catala, E. Santos, J.M. Alonso, J.R. Ecker, J.M. Martinez-Zapater, J. Salinas,
Mutations in the Ca2+/H+ Transporter CAX1 Increase CBF/DREBL1 Expression
and the Cold-Acclimation Response in Arabidopsis, Plant Cell. 15 (2003) 2940
2951.

V. Chinnusamy, M. Ohta, S. Kanrar, B. ha Lee, X. Hong, M. Agarwal, J.K. Zhu,
ICE1: A regulator of cold-induced transcriptome and freezing tolerance in
arabidopsis, Genes Dev. 17 (2003) 1043-1054.

M.F. Thomashow, Plant cold acclimation: Freezing Tolerance Genes and
Regulatory Mechanisms, 1999.

X.-M. Feng, Q. Zhao, L.-L. Zhao, Y. Qiao, X.-B. Xie, H.-F. Li, Y.-X. Yao, C.-X.
You, Y.-J. Hao, The cold-induced basic helix-loop-helix transcription factor gene

146



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

MdCIbHLH1 encodes an ICE-like protein in apple, BMC Plant Biol. 12 (2012) 22
M. Wisniewski, J. Norelli, C. Bassett, T. Artlip, D. Macarisin, Ectopic expression
of a novel peach (Prunus persica) CBF transcription factor in apple (Malus x
domestica) results in short-day induced dormancy and increased cold hardiness,
Planta. 233 (2011) 971983

M. Wisniewski, J. Norelli, T. Artlip, Overexpression of a peach CBF gene in apple:
a model for understanding the integration of growth, dormancy, and cold hardiness
in woody plants, Front. Plant Sci. 6 (2015)

T.S. Artlip, M.E. Wisniewski, J.L. Norelli, Field evaluation of apple
overexpressing a peach CBF gene confirms its effect on cold hardiness, dormancy,
and growth, Environ. Exp. Bot. 106 (2014) 79-86.

W. Yang, X.D. Liu, X.J. Chi, C.A. Wu, Y.Z. Li, L.L. Song, X.M. Liu, Y.F. Wang,
F.W. Wang, C. Zhang, Y. Liu, J.M. Zong, H.Y. Li, Dwarf apple MbDREB1
enhances plant tolerance to low temperature, drought, and salt stress via both ABA-
dependent and ABA-independent pathways, Planta. 233 (2011) 219-229.

C.H. Liang, C.C. Yang, Identification of ICE1 as a negative regulator of ABA-
dependent pathways in seeds and seedlings of Arabidopsis, Plant Mol. Biol. 88
(2015) 459-470.

F. Cheng, J. Lu, M. Gao, K. Shi, Q. Kong, Y. Huang, Z. Bie, Redox Signaling and
CBF-Responsive Pathway Are Involved in Salicylic Acid-Improved
Photosynthesis and Growth under Chilling Stress in Watermelon, Front. Plant Sci.
7 (2016).

S. Niu, Q. Gao, Z. Li, X. Chen, W. Li, The Role of Gibberellin in the CBF1-
Mediated Stress-Response Pathway, Plant Mol. Biol. Report. 32 (2014) 852-863.
Y.E. Miotto, C. Tessele, A.B.C. Czermainski, D.D. Porto, V. da S. Falavigna, T.
Sartor, A.M. Cattani, C.A. Delatorre, S.A. de Alencar, O.B. da Silva-Junior, R.C.
Togawa, M.M. do C. Costa, G.J. Pappas, P. Grynberg, P.R.D. de Oliveira, M.V.
Kvitschal, F. Denardi, V. Buffon, L.F. Revers, Spring Is Coming: Genetic
Analyses of the Bud Break Date Locus Reveal Candidate Genes From the Cold
Perception Pathway to Dormancy Release in Apple (Malus x domestica Borkh.),
Front. Plant Sci. 10 (2019) 33.

V. da S. Falavigna, D.D. Porto, V. Buffon, M. Margis-Pinheiro, G. Pasquali, L.F.
Revers, Differential Transcriptional Profiles of Dormancy-Related Genes in Apple
Buds, Plant Mol. Biol. Report. 32 (2014) 796-813.

A. Marchler-Bauer, M.K. Derbyshire, N.R. Gonzales, S. Lu, F. Chitsaz, L.Y. Geer,
R.C. Geer, J. He, M. Gwadz, D.I. Hurwitz, C.J. Lanczycki, F. Lu, G.H. Marchler,
J.S. Song, N. Thanki, Z. Wang, R.A. Yamashita, D. Zhang, C. Zheng, S.H. Bryant,
CDD: NCBTI’s conserved domain database, Nucleic Acids Res. 43 (2015) D222
D226.

I. Letunic, T. Doerks, P. Bork, SMART: recent updates, new developments and
status in 2015., Nucleic Acids Res. 43 (2015) D257-60.

S.F. Altschul, W. Gish, W. Miller, EW. Myers, D.J. Lipman, Basic local
alignment search tool, J. Mol. Biol. 215 (1990) 403-410.

D. Canella, S.J. Gilmour, L.A. Kuhn, M.F. Thomashow, DNA binding by the
Arabidopsis CBF1 transcription factor requires the PKKP/RAGRXKFXETRHP
signature sequence, Biochim. Biophys. Acta - Gene Regul. Mech. 1799 (2010)
454-462.

N. Daccord, J.M. Celton, G. Linsmith, C. Becker, N. Choisne, E. Schijlen, H. Van
De Geest, L. Bianco, D. Micheletti, R. Velasco, E.A. Di Pierro, J. Gouzy, D.J.G.
Rees, P. Guérif, H. Muranty, C.E. Durel, F. Laurens, Y. Lespinasse, S. Gaillard, S.

147



[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Aubourg, H. Quesneville, D. Weigel, E. Van De Weg, M. Troggio, E. Bucher,
High-quality de novo assembly of the apple genome and methylome dynamics of
early fruit development, Nat. Genet. 49 (2017) 1099-1106.

S. Kumar, G. Stecher, K. Tamura, MEGA7: Molecular Evolutionary Genetics
Analysis Version 7.0 for Bigger Datasets, Mol. Biol. Evol. 33 (2016) 1870-1874.
W. Liu, Y. Xie, J. Ma, X. Luo, P. Nie, Z. Zuo, U. Lahrmann, Q. Zhao, Y. Zheng,
Y. Zhao, Y. Xue, J. Ren, IBS: An illustrator for the presentation and visualization
of biological sequences, Bioinformatics. 31 (2015) 3359-3361.

EPPO, EPPO crop growth stage keys: apple and pear, Bull. EPPO. 14 (1984) 291—
294.

P. Perini, G. Pasquali, M. Margis-Pinheiro, P.R.D. de Oliviera, L.F. Revers,
Reference genes for transcriptional analysis of flowering and fruit ripening stages
in apple (Malus x domestica Borkh.), Mol. Breed. 34 (2014) 829-842.

Y. Zeng, T. Yang, RNA isolation from highly viscous samples rich in polyphenols
and polysaccharides, Plant Mol. Biol. Report. 20 (2002).

M.W. Pfaffl, A new mathematical model for relative quantification in real-time
RT-PCR, Nucleic Acids Res. 29 (2001) 45.

J.M. Ruijter, C. Ramakers, W.M.H. Hoogaars, Y. Karlen, O. Bakker, M.J.B. van
den hoff, A.F.M. Moorman, Amplification efficiency: Linking baseline and bias in
the analysis of quantitative PCR data, Nucleic Acids Res. 37 (2009).

V. da S. Falavigna, Y.E. Miotto, D.D. Porto, R. Anzanello, H.P. dos Santos, F.B.
Fialho, M. Margis-Pinheiro, G. Pasquali, L.F. Revers, Functional diversification
of the dehydrin gene family in apple and its contribution to cold acclimation during
dormancy, Physiol. Plant. 155 (2015) 315-329.

G. Pasquali, P.B.F. Ouwerkerk, J. Memelink, Versatile transformation vectors to
assay the promoter activity of DNA elements in plants, Gene. 149 (1994) 373-374.
A.P. Gleave, A versatile binary vector system with a T-DNA organisational
structure conductive to efficient intergration of cloned DNA into the plant genome,
Plant Mol. Biol. 20 (1992) 1203-1207.

V. De Sutter, R. Vanderhaeghen, S. Tilleman, F. Lammertyn, I. Vanhoutte, M.
Karimi, D. Inzé, A. Goossens, P. Hilson, Exploration of jasmonate signalling via
automated and standardized transient expression assays in tobacco cells, Plant J.
44 (2005) 1065-1076.

F.H. Wu, S.C. Shen, L.Y. Lee, S.H. Lee, M.T. Chan, C.S. Lin, Tape-arabidopsis
sandwich - A simpler arabidopsis protoplast isolation method, Plant Methods. 5
(2009) 16.

S.D. Yoo, Y.H. Cho, J. Sheen, Arabidopsis mesophyll protoplasts: A versatile cell
system for transient gene expression analysis, Nat. Protoc. 2 (2007) 1565-1572.
R. Velasco, A. Zharkikh, J. Affourtit, A. Dhingra, A. Cestaro, A. Kalyanaraman,
P. Fontana, S.K. Bhatnagar, M. Troggio, D. Pruss, S. Salvi, M. Pindo, P. Baldi, S.
Castelletti, M. Cavaiuolo, G. Coppola, F. Costa, V. Cova, A. Dal Ri, V.
Goremykin, M. Komjanc, S. Longhi, P. Magnago, G. Malacarne, M. Malnoy, D.
Micheletti, M. Moretto, M. Perazzolli, A. Si-Ammour, S. Vezzulli, E. Zini, G.
Eldredge, L.M. Fitzgerald, N. Gutin, J. Lanchbury, T. MacAlma, J.T. Mitchell, J.
Reid, B. Wardell, C. Kodira, Z. Chen, B. Desany, F. Niazi, M. Palmer, T. Koepke,
D. Jiwan, S. Schaeffer, V. Krishnan, C. Wu, V.T. Chu, S.T. King, J. Vick, Q. Tao,
A. Mraz, A. Stormo, K. Stormo, R. Bogden, D. Ederle, A. Stella, A. Vecchietti,
M.M. Kater, S. Masiero, P. Lasserre, Y. Lespinasse, A.C. Allan, V. Bus, D.
Chagné, R.N. Crowhurst, A.P. Gleave, E. Lavezzo, J.A. Fawcett, S. Proost, P.
Rouzé, L. Sterck, S. Toppo, B. Lazzari, R.P. Hellens, C.E. Durel, A. Gutin, R.E.

148



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Bumgarner, S.E. Gardiner, M. Skolnick, M. Egholm, Y. VVan De Peer, F. Salamini,
R. Viola, The genome of the domesticated apple (Malus x domestica Borkh.), Nat.
Genet. 42 (2010) 833-839.

P. Wang, X. Chen, Y. Guo, Y. Zheng, C. Yue, J. Yang, N. Ye, Identification of
CBF Transcription Factors in Tea Plants and a Survey of Potential CBF Target
Genes under Low Temperature, Int. J. Mol. Sci. 20 (2019) 5137.

R. Rosales, I. Romero, C. Fernandez-Caballero, M.I. Escribano, C. Merodio, M.T.
Sanchez-Ballesta, Low temperature and short-term high-CO2 treatment in
postharvest storage of table grapes at two maturity stages: Effects on transcriptome
profiling, Front. Plant Sci. 7 (2016).

L. Liang, B. Zhang, X.R. Yin, CJ. Xu, C. De Sun, K.S. Chen, Differential
Expression of the CBF Gene Family During Postharvest Cold Storage and
Subsequent Shelf-Life of Peach Fruit, Plant Mol. Biol. Report. 31 (2013) 1358-
1367.

Q. Ma, J. Suo, D.J. Huber, X. Dong, Y. Han, Z. Zhang, J. Rao, Effect of hot water
treatments on chilling injury and expression of a new C-repeat binding factor
(CBF) in “Hongyang” kiwifruit during low temperature storage, Postharvest Biol.
Technol. 97 (2014) 102-110.

Z. Zhang, Q. Zhu, M. Hu, Z. Gao, F. An, M. Li, Y. Jiang, Low-temperature
conditioning induces chilling tolerance in stored mango fruit, Food Chem. 219
(2017) 76-84.

C. BENEDICT, J.S. SKINNER, R. MENG, Y. CHANG, R. BHALERAO, N.P.A.
HUNER, C.E. FINN, T.H.H. CHEN, V. HURRY, The CBF1-dependent low
temperature signalling pathway, regulon and increase in freeze tolerance are
conserved in Populus spp., Plant, Cell Environ. 29 (2006) 1259-1272.

H. Xiao, M. Siddiqua, S. Braybrook, A. Nassuth, Three grape CBF/DREB1 genes
respond to low temperature, drought and abscisic acid, Plant, Cell Environ. 29
(2006) 1410-1421.

J. Guo, Y. Ren, Z. Tang, W. Shi, M. Zhou, Characterization and expression
profiling of the ICE-CBF-COR genes in wheat, PeerJ. 2019 (2019).

K. Zhao, Y. Zhou, S. Ahmad, X. Yong, X. Xie, Y. Han, Y. Li, L. Sun, Q. Zhang,
PmCBFs synthetically affect PmMDAM®6 by alternative promoter binding and
protein complexes towards the dormancy of bud for Prunus mume, Sci. Rep. 8
(2018).

K. Miura, B.J. Jing, J. Lee, Y.Y. Chan, V. Stirm, T. Miura, E.N. Ashworth, R.A.
Bressan, D.J. Yun, P.M. Hasegawa, SIZ1-mediated sumoylation of ICE1 controls
CBF3/DREBL1A expression and freezing tolerance in Arabidopsis, Plant Cell. 19
(2007) 1403-1414.

Y. Takemura, K. Kuroki, Y. Shida, S. Araki, Y. Takeuchi, K. Tanaka, T. Ishige, S.
Yajima, F. Tamura, Comparative transcriptome analysis of the less-dormant
taiwanese pear and the dormant Japanese pear during winter season, PLoS One. 10
(2015).

P. Achard, M. Baghour, A. Chapple, P. Hedden, D. Van Der Straeten, P. Genschik,
T. Moritz, N.P. Harberd, The plant stress hormone ethylene controls floral
transition via DELLA-dependent regulation of floral meristem-identity genes,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 6484-64809.

H. Suo, Q. Ma, K. Ye, C. Yang, Y. Tang, J. Hao, Z.J. Zhang, M. Chen, Y. Feng,
H. Nian, Overexpression of AtDREB1A Causes a Severe Dwarf Phenotype by
Decreasing Endogenous Gibberellin Levels in Soybean [Glycine max (L.) Merr.],
PL0S One. 7 (2012) e45568.

149



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]

[68]

T. Artlip, A. McDermaid, Q. Ma, M. Wisniewski, Differential gene expression in
non-transgenic and transgenic “M.26” apple overexpressing a peach CBF gene
during the transition from eco-dormancy to bud break, Hortic. Res. 6 (2019).

J. Liu, S.M. Sherif, Hormonal Orchestration of Bud Dormancy Cycle in Deciduous
Woody Perennials, Front. Plant Sci. 10 (2019).

S. Rubio, X. Noriega, F.J. Pérez, Abscisic acid (ABA) and low temperatures
synergistically increase the expression of CBF/DREB1 transcription factors and
cold-hardiness in grapevine dormant buds, Ann. Bot. 123 (2019) 681-689.

M. Lissarre, M. Ohta, A. Sato, K. Miura, Cold-responsive gene regulation during
cold acclimation in plants, Plant Signal. Behav. 5 (2010) 948-952.

Y. Ding, H. Li, X. Zhang, Q. Xie, Z. Gong, S. Yang, OST1 kinase modulates
freezing tolerance by enhancing ICE1 stability in arabidopsis, Dev. Cell. 32 (2015)
278-2809.

T. Ruttink, M. Arend, K. Morreel, V. Storme, S. Rombauts, J. Fromm, R.P.
Bhalerao, W. Boerjan, A. Rohde, A molecular timetable for apical bud formation
and dormancy induction in poplar, Plant Cell. 19 (2007) 2370-2390.

R.K. Singh, P. Miskolczi, J.P. Maurya, R.P. Bhalerao, A Tree Ortholog of SHORT
VEGETATIVE PHASE Floral Repressor Mediates Photoperiodic Control of Bud
Dormancy, Curr. Biol. 29 (2019) 128-133.

F. Denardi, J.J. Seccon, “Castel Gala” - mutacao da macieira “Gala” com baixa
necessidade de frio e maturacéo precoce, Agropecuéria Catarinense. 18 (2005) 78—
82.

IPAR, Macieira IAPAR 75 EVA, Circ. Técnica, Inst. Agron. Do Parana. (2011).
M. Sahin-Cevik, G.A. Moore, Two AP2 domain containing genes isolated from
the cold-hardy Citrus relative Poncirus trifoliata are induced in response to cold,
Funct. Plant Biol. 33 (2006) 863.

M. Navarro, G. Marque, C. Ayax, G. Keller, J.P. Borges, C. Marque, C. Teulires,
Complementary regulation of four Eucalyptus CBF genes under various cold
conditions, J. Exp. Bot. 60 (2009) 2713-2724.

150



6 DISCUSSAO

O grande impulso inicial ao desenvolvimento comercial da maleicultura no Brasil
se deu a partir da criacdo do Projeto de Fruticultura de Clima Temperado (Profit), pelo
Estado de Santa Catarina, por meio da Lei n°® 4.263, de 1968, e a Lei Federal n° 5.106 de
1966, também conhecida como Lei dos Incentivos Fiscais. Baseado na nova legislacéo,
em meados da década de 1970, iniciou-se a implementacdo de novos pomares que
alavancaram o setor e o tornaram um dos mais importantes no cenario nacional (PETRI
& LEITE, 2008; KIST, 2019).

O cultivo de plantas perenes, como a maciera, em clima temperado requer a
adaptabilidade das mesmas as condi¢es adversas encontradas nos periodos de
outono/inverno. Apo6s o ciclo vegetativo e a percep¢do das primeiras temperaturas baixas,
hd a queda das folhas e a formacdo de estruturas vegetais chamadas de gemas,
caracterizando o periodo inicial da dorméncia. As gemas, por sua vez, protegem 0S
tecidos meristeméaticos de condicfes extremas e garantem que o proximo ciclo
reprodutivo seja vidvel (HORVATH, 2010). Além de um importante mecanismo
adaptativo, a dorméncia é uma caracteristica agrondmica de grande relevancia uma vez
que a produtividade dos pomares esta estritamente relacionada ao seu adequado processo
de superacdo. Especialmente em regides produtoras de maca como o sul do Brasil, que
ndo possui clima tipico temperado, capaz de aportar o frio suficiente para que a brotagdo
ocorrra espontaneamente em condi¢Ges normais de cultivo, € imprescindivel a busca por
solucdes que visem diminuir o requerimento de frio hibernal das plantas e, a0 mesmo

tempo, sejam capazes de manter os padrdes exigidos para a comercializagdo dos frutos.

No ambito genético, sabe-se que o controle molecular da dorméncia de gemas é
altamente hereditario e esta estritamente relacionado a vias de aclimatacdo ao frio. Na
planta modelo Arabidopsis, uma das vias mais bem estudadas em resposta as baixas
temperaturas é mediada pelos genes CBFs, codificadores de fatores de transcri¢ao do tipo
AP2 que modulam a expressao de diversos genes em resposta ao frio (GILMOURARTUS
& THOMASHOW, 1992; STOCKINGERGILMOUR & THOMASCHOW, 1997). Em
macieira, um estudo pioneiro identificando os genes CBFs baseou-se no primeiro
“rascunho” publicado do genoma (VELASCO et al., 2010) que mesmo emblematico,
dadas as dificuldades na sua obtencéo, possui muitos problemas associados a predigéo e

anotacdo de genes. A recente disponibilizagédo de versdes mais curadas do genoma
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(DACCORD et al., 2017; ZHANG et al., 2019) nos permitiu reanalisar os dados ja
reportados na literatura e realizar estudos objetivando investigar se a via de aclimatacao
ao frio dependende de CBF seria capaz de se sobrepor aos passos da dorméncia (Capitulo
I11). Nesse cenario, observou-se que gemas dormentes apresentam maior nivel de
expressao dos genes MdoCBF2, MdoCBF4 e MdoCBF5. Curiosamente, 0s genes
MdoCBF2 e MdoCBF5 também apresentaram altas quantidades de transcritos ao longo
do desenvolvimento dos frutos, o que pode estar vinculado a um mecanismo de protecéo,
desencadeado por eles afim de minimizar possiveis danos causados pelo armazenamento
prolongado sob baixas temperaturas durante etapas de pés-colheita (LIANG et al., 2013;
MA et al., 2014; VAZQUEZ-HERNANDEZ et al., 2017).

O acompanhamento completo da progressao dos estadios da dorméncia de gemas
de ‘Royal Gala’ confirmou a importancia de MdoCBF2 e MdoCBF4 nesses tecidos, uma
vez que foram os Unicos dois membros da familia génica que revelaram um padréo
sazonal de expresséo ao longo do ciclo. Os dados apresentados no Capitulo 111 mostram
ainda que o inicio da endodorméncia é marcado pela ativacédo transcricional de MdoCBF2
e MdoCBF4, com declinio progressivo ao longo do acumulo de HF (3 °C), queda drastica
guando atingida a ecodorméncia e niveis insignificantes quando as gemas foram

submetidas a temperaturas quentes (25 °C).

As primeiras evidéncias concretas do potencial papel regulatério de CBF no
controle da dorméncia de gemas foram obtidas a partir de um estudo utilizando plantas
de macieira superexpressando o gene CBF1 de péssego, que apresenta grande homologia
ao gene MdoCBF2 (WISNIEWSKI et al., 2011). Linhagens de macieiras transgénicas
apresentaram reducéo do crescimento, aumento da tolerancia ao frio e ao congelamento,
antecipacdo da senescéncia das folhas e entrada da dorméncia, bem como atraso no inicio
da brotacdo (WISNIEWSKI et al., 2011). Surpreendentemente, as plantas transformadas
foram ainda induzidas a entrar em dorméncia por meio da exposicao a fotoperiodo curto,
resposta ndo convencional, uma vez que espécies de macieiras sdo induzidas por frio e
ndo pela diminuicdo da disponibilidade de luz, como espécies de pessegueiro (HEIDE &
PRESTRUD, 2005). Alem do mais, nessas plantas ndo foi notada a alteracdo do perfil
transcricional dos genes MdoCBFs enddgenos, indicando que esse fenébmemo incomum
estd de fato relacionado a superexpressdo do gene CBF1 de péssego e ndo aos CBFs de
macieira (WISNIEWSKI et al., 2011). De forma a confirmar os dados iniciais, a linhagem

com maior expressao de PpCBF1 foi plantada a campo e teve o seu desenvolvimento
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acampanhado ao longo de trés ciclos vegetativos (ARTLIP et al., 2014). Comprovando
os resultados anteriores, a planta apresentou reducdo no crescimento, antecipacdo da
senescéncia das folhas, atraso na brotacdo e aumento da tolerancia ao frio (ARTLIP et
al., 2014).

A homeostase hormonal é outro ponto chave no controle da dorméncia que vem
sendo amplamente explorado e ligado a modulacdo da expressdo de diversos genes,
inclusive aqueles relacionados com as vias de resposta as baixas temperaturas. Neste
aspecto, nossos dados permitiram apontar que o aumento nos niveis de GA3 € simultaneo
a uma diminuicao nos transcritos de MdoCBF2 e MdoCBF4 durante a ecodorméncia. De
forma similar, o estudo que avaliou plantas tranformadas com PpCBF1 revelou que, na
primavera, periodo de brotacdo das plantas, os genes envolvidos no armazenamento e na
inativacdo de auxinas, GAs e CKs foram geralmente super-regulados, enquanto que os de
sintese, captacdo ou transducéo de sinal tiveram seus niveis diminuidos (ARTLIP et al.,
2019). Ademais, a expressao ectopica de PpCBF1 em macieira levou a um aumento na
expressao dos genes DELLA, reguladores negativos de GA (WISNIEWSKINORELLI &
ARTLIP, 2015). Com isso, pode-se hipotetizar que o efeito antagbnico de GA sob CBF

pode auxiliar no reestabelecimento do crescimento.

Em Arabidopsis, um dos principais ativadores transcricionais de CBF € o fator de
trancricdo da familia bHLH denominado ICE1 (CHINNUSAMY et al., 2003). Mutantes
de perda de funcéo para esse gene perdem a tolerancia ao congelamento e apresentam um
transcriptoma alterado em relacdo a resposta a baixas temperaturas (CHINNUSAMY et
al., 2003). Em macieira, um QTL (do inglés, Quantitative Trait Loci) associado ao tempo
de brotacéo revelou a presenca do gene MdoICEL, tornando-o um candidato interessante
no controle molecular da dorméncia (MIOTTO et al., 2019). Nesse contexto, a analise de
perfis de expressdo apresentados no Capitulo 111 da presente tese mostra que embora
expresso em quase todos os tecidos, hd um acumulo maior de transcritos de MdoICE1 em
gemas dormentes. A avaliacdo da sua expressdo ao longo do ciclo da dorméncia se
mostrou constante tanto nas fases de endo- como de ecodorméncia. Entretanto, a auséncia
de sazonalidade ao longo do ciclo ndo necessariamente o faz um ator secundario, uma
vez que sua ativacao é preferencialmente mediada por modificagdes pos-traducionais e
néo pela direta modulacao da sua expressao génica (LIU et al., 2019; ZHAO et al., 2017).
Esse modelo é embasado por estudos que mostraram que a ativacdo de CBF apos a

percepcao do frio é rdpida, insinuando que o seu ativador ja deva estar presente na célula,
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necessitando apenas de modificacGes pontuais que levem ao desencadeamento da via
(JAGLO-OTTOSEN et al., 1998).

Ensaios in vivo de transativagédo visando entender se a via de regulagdo mediada
por ICE1-CBF também é verdadeira em maciera mostraram que somente as construcoes
contendo o gene reporter gusA dirigido pelo promotores dos genes MdoCBF4 e
MdoCBF5 foram ativadas. Essa regulagdo positiva foi somente observada quando as
células foram condicionadas a uma temperatura de 0 °C. Os ensaios conduzidos a 25 °C
e aqueles em que o efetor MdoICEL foi adicionado nédo surtiram efeito na modulagéo de
gusA. Dados semelhantes foram apresentados em um estudo com maca utilizando um
gene relacionado a ICE (MdCIbHLH), onde o mesmo ndo foi capaz de ligar
especificamente em 4 dos 5 sitios MYC encontrados no promotor de AtCBF3, como
reportado para AtICEL1 (FENG et al., 2012). Além do que, ensaios in vitro mostraram a
inabilidade de MdCIbHLH em ligar nas diversas regides regulatérias de MdoCBF1,
MdoCBF3, MdoCBF4 e MdoCBF5 (FENG et al.,, 2012), sugerindo que a via de
aclimatacdo ao frio dependente de CBF possa nédo estar diretamente vinculada a ativagao
mediada por MdoICE1. Embora o estudo prévio mostre que MdCIbHLH é capaz de ligar
no promotor de MdoCBF2, o mesmo nédo foi observado nos nossos resultados. O frio
também ndo foi responsavel por ativar as vias regulatdrias desse gene. Nesse caso, uma
conclusao final é ainda preliminar, uma vez que a atividade enzimatica de gusA no ensaio
reportado foi avaliada ap6s 16 h e outros estudos mostram que a expressdo de MdoCBFs
é aumentada ap0s a exposi¢do ao frio ja nas primeiras 2 h e vai diminuindo gradualmente
até 24 h (WISNIEWSKI et al., 2011).

A ativacéo dos genes CBF leva a modulacéo de diversos genes COR. Dentre eles,
tem se sugerido que os fatores de transcricdo denominados DAM podem estar sendo
potencialmente regulados por essa via (NIU et al., 2016; SAITO et al., 2015; ZHAO et
al., 2018). Desde sua descri¢cdo em 2008, os genes DAM vém sendo objeto de estudo em
diversas espécies e se caracterizam por apresentarem um perfil consistente e sazonal ao
longo do ciclo da dorméncia (BIELENBERG et al.,, 2008; KUMAR et al., 2017,
MIMIDA et al., 2015; PORTO et al., 2016; SASAKI et al., 2011b; ZHAO et al., 2018;
ZHU et al., 2015). Em macieira, por exemplo, os genes MdoDAM1, MdoDAMS3 e
MdoDAM4 apresentam transcritos acentuados nos periodos de estabelecimento e
manutencdo da endodorméncia e caem ao longo do acumulo de HF (KUMAR et al., 2017;
MIMIDA et al., 2015; PORTO et al., 2016). Entre os processos regulatdrios envolvendo
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essa familia génica, destacam-se estimulos hormonais como ABA e eventos epigenéticos
como a metilagéo e a acetilacdo de histonas (DE LA FUENTE et al., 2015; LEIDA et al.,
2012; SAITO et al., 2015). Embora esses mecanismos acima citados sejam melhor
explorados, o0 conhecimento acerca de fatores que regulam a expressao dos genes DAM,
além da via mediada por CBF, é ainda limitada e carece de investiga¢cdes mais profundas.
Baseado nesse fato, a busca por cis-elementos em regibes regulatérias nos seis genes
DAM descritos em macieira revelou presenca de sitios de ligacdo para os fatores de
transcricdo denominados reguladores de resposta do tipo-B de Arabidopsis (ARR10;
PORTO et al., 2016). Interessantemente, somente 1,73% dos genes de macieira
apresentam sitio de ligacdo para ARR10. Por fim, embora ainda hajam discordancias
sobre a sua direta ligacdo ao florigeno FT (SAITO et al., 2015; WU et al., 2017), acredita-
se que a ativacdo transcricional de DAM leve a repressdo do mesmo e consequente
inibicdo do crescimento (HAO et al., 2015; NIU et al., 2016).

Os reguladores de resposta do tipo-B (BRRs), potenciais reguladores de
MdoDAML1 conforme descrito por PORTO et al. (2016) sdo fatores de transcricao
envolvidos nas etapas finais da via de sinalizacdo de CK e sdo responsaveis por modular
a expressao de seus genes alvos (EL-SHOWKRUONALA & HELARIUTTA, 2013). A
percepcdo de CK pela célula aciona uma sequéncia de eventos de fosforilacdo que
culmina na transferéncia de um fosfato para um residuo de Asp no dominio receptor
(REC) dos BRRs, tornando-0s, assim, aptos a acionar as respostas dependentes de CK
(TO & KIEBER, 2008). Os BRRs de macieira foram inicialmente descritos em 2017,
embora de maneira superficial e com diversos problemas metodoldgicos (LI et al., 2017).
Os resultados apresentados no Capitulo 11 da presente tese permitiram caracterizar de
forma extensiva essa familia génica com foco especial no controle da dorméncia. Entre
0s principais resultados, destaca-se 0 aumento da expressao dos genes MdoBRR1 e
MdoBRR8 no periodo de transicdo da endo- para a ecodorméncia, que ocorre
concomitantemente com a regulacdo negativa de MdoDAM1. Esses dados foram
confirmados tanto em ensaios de frio controlado como em condigdes a campo. Nesses
dois ciclos, também foram mensurados os niveis de CK que puderam ser fortemente
correlacionados com o aumento da transcricdo dos genes MdoBRRs em ‘Castel Gala’
(campo), embora o mesmo ndo tenha ficado tdo evidente no ciclo de ‘Royal Gala’
(controlado). Mesmo que ainda haja divergéncias sobre a origem da CK (sintese local ou

transportada via xilema) disponivel no periodo de brotacdo (FAISS et al., 1997,
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MATSUMOTO-KITANO et al., 2008), é valido considerar que as gemas das estacas de
‘Royal Gala’ contaram somente com a sintese local enquanto que, em ‘Castel Gala’, as

mesmas puderam usufruir de fontes provenientes de toda a planta.

Da mesma maneira que a ativacdo de MdoBRRs ao longo do ciclo da dorméncia
esta vinculada ao aumento enddgeno dos niveis de CK, gemas ecodormentes tratadas com
6-benzilaminopurina (BAP) a 4 mM mostraram 4 vezes mais transcritos dos genes
MdoBRR10 e MdoBRR9 se comparadas ao controle. Interessantemente, 0 mesmo ndo foi
encontrado para gemas endodormentes, as quais responderam muito pouco aos diferentes
tratamentos testados. Sabe-se que na endorméncia a comunicacado intercelular mediada
por plasmodesmatas é bloqueada por meio do acumulo de calose. Isso leva a interrupgao
do transporte simplastico e a consequente obstrucdo da passagem de agua, nutrientes e
moléculas sinalizadoras (WU et al., 2018). Além disso, a adicdo de CK exdgena em
gemas ecodormentes levou a repressao do gene MdoDAM1, mais uma vez evidenciando

a relacdo antagbnica com os MdoBRRs.

O efeito negativo de MdoBRRs na regulagéo do gene MdoDAML1 foi confirmado
por meio de um ensaio de transativacdo in vivo utilizando protoplastos de Arabidopsis
submetidos a diferentes condi¢bes. Primeiramente, células superexpressando de forma
transiente 0 gene MdoBRR1, MdoBRR8 ou MdoBRR10 mostraram atividade diminuida
do gene reporter gusA dirigido pelo promotor de MdoDAM1 (pMdoDAMZ1::gusA). De
acordo, a aplicacdo de CK exodgena em celulas contendo somente a construgdo
pMdoDAML1.::gusA também levou a diminuicdo da atividade do gene reporter. Em uma
segunda abordagem, objetivando minimizar os efeitos dos ARRs enddgenos e possiveis
artefatos da técnica, foram utilizados protoplastos de Arabidopsis mutados para 3 desse
genes: arrl, arrl0 e arrl2. Nesse novo background genético, a expressdo transiente de
MdoBRR1, MdoBRR8 e MdoBRR10 continuou atuando de forma negativa na atividade
de pMdoDAML1.::gusA, reforcando que os resultados acima relatados ndo eram frutos da
ligacdo de ARRs enddgenos. Quando os protoplastos mutantes foram tratados com CK,
ndo houve diminuicdo da atividade de pMdoDAM1::gusA como observado nos
protoplastos selvagens, descartando artefatos da técnica, uma vez que essas células nao
respondem mais aos estimulos externos de CK (ARGYROS et al., 2008). Os dados ainda
concordam com aqueles encontrados em gemas ecodormentes, onde a aplicagdo de CK
levou a represséo de MdoDAM1. Um terceiro ensaio, utilizando o promotor de MdoDAM1

contendo mutagdes pontuais nos seus dois cis-elementos putativos para BRRs, revelou
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que a perda dos sitios nativos levou a inabilidade de MdoBRR1, MdoBRR8 e MdoBRR10
em modular a expressdo do gene reporter. Enfim, todos os resultados apresentados
permitiram indicar um forte efeito negativo de MdoBRR mediado por CK na regulagéo
de MdoDAML. Hipotetiza-se entdo, que essa regulacdo negativa seja decorrente de uma
barreira fisica criada pela ligacdo dos MdoBRRs na regido promotora, que bloqueia a
ligagéo de ativadores transcricionais do tipo MADS-box nos seus motivos CArG, levando
a diminuicdo nos niveis de expressédo de MdoDAML1.

Baseado no conjunto de resultados relatados nesse trabalho (Capitulos 11 e 111),
propomos um modelo hipotético do controle da dorméncia de gemas de macieira que
abrange tanto aspectos moleculares quanto fisioldgicos. Os eventos iniciam-se com a
percepcdo dos primeiros sinais de frio que, dependente ou independentemente de
MdoICEL, levam a ativacdo dos genes MdoCBF2 e MdoCBF4 que, entdo, modulam os

genes MdoDAM1, desencadeando o inicio da endodorméncia (Figura 4).
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Figura 4. Modelo hipotético da regulacéo do ciclo da dorméncia em gemas de
macieira. Baseado nos resultados encontrados no presente estudo, simplificamos os
achados em um modelo hipotético que integra os mecanismos moleculares desencadeados
pela percepgdo do frio, bem como os eventos fisioldgicos ao longo da progressdo da
dorméncia de gemas. O estimulo ao frio leva a ativacdo de ICE1, que por mecanismos
ainda ndo completamente entendidos leva a ativacdo dos genes MdoCBF4 e MdoCBF2 e
indugdo de MdoDAML1, auxiliando no estabelecimento da endodérmencia. Ao longo do
acumulo de horas de frio, hd um aumento nos niveis de CK e ativacdo de MdoBRR1 e

MdoBRR8, levando a inibicio de MdoDAM1 e transicdo pra ecodorméncia.
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Paralelamente, o aumento de GA na ecodorméncia auxilia na repressao de MdoDAML,
bem como o acumulo de transcritos de MdoBRR10 ao longo da exposi¢do a condi¢bes de

crescimento.

Ao longo do acumulo de HF, hd um aumento nos niveis de CK que levam a
ativagdo dos genes MdoBRR1 e MdoBRR8 e a consequente repressédo do gene MdoDAML1.
Paralelamente, ocorre ainda 0 aumento das quantidades de GA, levando a uma diminuicao
da expressao de MdoCBF2 e MdoCBF4. Com o desligamento de MdoDAML1 e a inibicéo
da via dependente de CBF, a gema atinge a ecodorméncia, tornando-se apta a brotar ap6s
um periodo apropriado de exposi¢do a condi¢des favoraveis de crescimento. A exposicao
a luz e a temperaturas 6timas leva a retomada da atividade meristematica (mediada por
CK) e a ativacdo do gene MdoBRR10, que mantem MdoDAML1 desligado, liberando os

fatores bloqueadores do crescimento por ele ativados (Figura 4).

Por fim, o presente trabalho visa contribuir com a adicdo de potenciais genes
regulatérios a complexa rede molecular envolvida no ciclo da dorméncia, bem como
sugerir o uso potencial dos genes MdoBRR1, MdoBRR8 e MdoBRR10 na geracdo de
plantas geneticamente modificadas. Acredita-se que a superexpressao desses genes possa
levar a obtengdo de macieiras com menor requerimento de frio, uma vez que auxiliam no
desligamento de MdoDAM1, um importante gene envolvido na manutencdo da
dorméncia. Embora estudos mais aprofundados sejam ainda necessarios para comprovar
tal hipdtese, de maneira preventiva, um pedido de analise de patenteteabilidade (Anexo
I) foi encaminhado ao setor responsavel da EMBRAPA. O desenvolvimento dessa nova
tecnologia visa propulsionar o setor produtivo e toda a cadeia vinculada a ele, de maneira

rapida, eficaz e inovadora.

158



7 PERSPECTIVAS

Como principais perspectivas do presente trabalho estdo a concluséo da
caracterizacdo funcional dos genes MdoBRR1, MdoBRR2 e MdoBRR10 em sistema de
expressao heterdlogo usando a planta modelo Arabidopsis thaliana do tipo selvagem.
Para tal, as plantas foram transformadas utilizando Agrobacterium tumefaciens por meio
do método de "floral dip" (CLOUGH & BENT, 1998). As regibes codificantes dos trés
genes foram inseridas no vetor binario pK7WG2D (KARIMIINZE & DEPICKER, 2002)
que contém, na sua regido de T-DNA, o promotor CaMV 35S e 0 gene de resisténcia a
derivados da neomicina NEOMYCIN PHOSPHOTRANSFERASE I (NPTII).
Atualmente, as plantas passam por selecdo em T1 e caracterizacdo fenotipica inicial
considerando aspectos como comprimento de hipocotilos e raiz, tamanho de folhas e
tempo de floracdo. Nas préximas gerac@es, serdo confirmados os dados obtidos em T1 e
ainda realizados tratamentos com diferentes concentracdes de CK exdgena para avaliar o
nivel de sensibilidade das plantas a esse estimulo, bem como as respostas desencadeadas
por ele. Os dados serdo comparados com plantas controles transformadas com pK7WG2D

e 0 gene reporter gusA.

Além do sistema de expressao heter6logo, o potencial uso biotecnoldgico dos
genes MdoBRR sera avaliado em macieiras da cultivar Gala Brookfield®. Para tanto,
plantulas introduzidas in vitro foram transformadas com o gene MdoBRR1 inserido no
vetor pK7WG2D por meio de A. tumefaciens baseado no protocolo descrito em
CHEVREAU et al. (2019). Ap6s cocultivo com A. tumefaciens, os explantes foram
acondicionados na auséncia de luz em meio seletivo contendo canamicina e estdo sendo
acompanhados mensalmente. Nessa etapa, ao longo de 6 meses, verificar-se-a a presenca
de estruturas caulinares com potencial formagao de brotos que, entéo, seréo transferidas
para condicOes Gtimas de cultivo (16 h luz, 23°C). Os brotos resistentes a canamicina
serdo micropropagados e a presenca do gene sera confirmada via PCR. As plantas
positivas serdo entdo enraizadas e aclimatadas em casas de vegetacdo. A avaliacdo
fenotipica compararé plantas transformadas e ndo-transformadas em relagdo ao tempo
necessario para que eventos fisioldgicos como a senescéncia foliar, formagdo de gemas e

brotacdo sejam estabelecidos.
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9 ANEXO I

Utilizacao dos genes MdoBRRs como potencial ativo biotecnoldgico na geracgéo de

plantas de macieia com menor requerimento de frio

Pedido de Patententeabilidade submetido pela Embrapa Uva e Vinho

OBS: Os anexos relatados no presente pedido de patenteabilidade podem ser encontrados

no Capitulo 1l da presente tese.
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FORMULARIO DE ANALISE DE PATENTEABILIDADE

Finalidade: orientar os gestores e os CLPI (Comités Locais de
Propriedade Intelectual) das Unidades da Embrapa no levantamento e
encaminhamento de informacdes a Secretaria de Negécios - SNE para
avaliacdo quanto a protecdo intelectual de novo produto e/ou processo
(inclusive método e sistema) tecnoldgico.

Deve-se anexar ao presente formulario copia de contrato/convénio, termos de sigilo,
autorizacbes de acesso a recursos genéticos, autorizacOes relativas a legislacdo de
biosseguranca, bem como demais instrumentos juridicos, além do proprio projeto de
P&D, conforme o caso, relacionados a geracdo da tecnologia. Esta documentacdo é
importante para que se avalie o contexto do trabalho que originou o produto e/ou
processo, o que implica em efeitos sobre aspectos de propriedade intelectual e exploragédo
econdmica.

Relacionar os documentos anexados:

Tabela 1. Acesso no genoma de macieira dos 10 genes codificadores identificados como
Reguladores de Resposta do Tipo-B (MdoBRR).

Tabela 2. Lista de iniciadores projetados utilizados nos ensaios.

Figura 1. Identificacdo de dominios conservados e andlise filogenética dos MdoBRRs.
(A) Nustracdo grafica representando a posi¢do dos dois dominios conservados encontrados
nas proteinas MdoBRR. O primeiro residuo de metionina de cada proteina foi considerado
como posicdo numero 1. (B) A arvore filogenética foi inferida pelo método Bayesiano usando
68 sequéncias de proteinas anotadas como BRR de seis espécies diferentes (A. thaliana, O.
sativa sub. Japonica, P. trichocarpa, P. persica, P. bretschneideri e M. domestica). Os
MdoBRRs foram coloridos em azul.

Figura 2. Expressdo génica de MdoBRRs em 12 diferentes tecidos e 6rgdos de plantas de
macieira. A expressdo dos genes MdoBRRs foi avaliada por RT-gPCR nos estadios A, C, E2,
I, J e M de acordo com a escala fenoldgica de Fleckinger (EPPO, 1984). A expressao relativa
foi plotada em relacdo a MdoBRR5 no estadio A. Barras de erros estdo representadas. A
andlise estatistica foi realizada com emprego do software GraphPad Prism v.6, utilizando
ANOVA de uma via, seguido do teste de Tukey (p <0,05). ND: Nao detectado

Figura 3. Perfil transcricional dos genes MdoBRR durante a transi¢cdo espontanea de
endo- para a ecodorméncia em gemas da cultivar Castel Gala. A expressdo relativa de
sete MdoBRRs e MdoDAML1 foi avaliada por RT-gPCR em gemas dormentes de 'Castel Gala'
amostradas em quatro pontos de resfriamento diferentes (118, 325, 707 e 778 horas abaixo de
7,2 °C). A quantificacdo da t-zeatina foi realizada usando-se UPLC-ESI-MS / MS. ANOVA
de uma via seguida pelo teste de Dunett com o software GraphPad Prism 6 (* 0,01 <p <0,05,
** (0,001 <p <0,01 ***) foi empregada na analise estatistica. A expresséo relativa foi plotada
em relagdo a MdoBRR1 no ponto 118. Barras de erros estdo representadas. DM: massa seca.

Figura 4. Padréo de expressdo dos genes MdoBRR ao longo da progressao da dorméncia
de gemas de "Royal Gala'. O ensaio de RT-gPCR foi realizado com gemas dormentes de
'Royal Gala’' amostrados com 315 horas de frio (<7,2 °C) e condicionados em camaras escuras
controladas sob temperatura constante de 3 °C. Ap6s 1.403 horas de frio, as brindilas
contendo as gemas dormentes foram transferidas para condi¢des permissivas de crescimento
(25+1,5 °C, 16 h de fotoperiodo e 70% de umidade relativa) por 24 a 360 h. A quantificacdo
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da t-zeatina e a analise estatistica foi realizada conforme descrito na Figura 3. A expressdo
relativa foi plotada em relagdo a MdoBRR1 no ponto 315.

Figura 5. Tratamentos com citocinina exdgena em gemas de macad ecodormentes. A
expressdo relativa dos genes MdoBRRs e MdoDAML1 foi avaliada em gemas ecodormentes
tratadas por 16 h com 1, 2 ou 4 mM de BAP ou TDZ pelo método de spray (TOP) ou influxo
(BASE) A anélise estatistica segue 0s mesmos padrdes descritos na Figura 3.

Figura 6. Regulacdo de MdoDAM1 por MdoBRRs e citocinina. A modulagdo do gene
reporter gusA dirigido pelo promotor de MdoDAML1 por meio da expressdo transiente de
MdoBRR1, MdoBRR8 e MdoBRR10 foi avaliada em protoplastos de Arabidopsis Col-0 (A) e
no mutante triplo arr (C). O efeito da aplicacdo ex6gena de TZD variando de 0,0001 a 1,0
UM) também foi testado para o Col-0 (B) e o mutante triplo arr (D). DMSO foi usado como
controle. O efeito dos efetores MdoBRR1, MdoBRR8 e MdoBRR10 também foi testado na
versdao do promotor mutado de MdoDAML1 para os dois sitios de ligacdo a BRR (E). A
atividade relativa de GUS / LUC foi calculada dividindo a atividade enzimatica de GUS pela
luminescéncia obtida através de rLUC. pGUSXX: controle negativo; pDAM1: pGUSXX-90
+ regido promotora de MdoDAML1 fusionada a gusA. RR1, RR8 e RR10: Os efetores
MdoBRRs clonados em pART7. pDAM1_M: construcdo similar ao promotor nativo de
MdoDAM1, embora com mutagfes pontuais nos dois cis-elementos para BRR. ANOVA de
uma via seguida pelo teste de Tukey com o software GraphPad Prism 6 (p <0,05) foi
empregada para analise estatistica.

Anexo 1. Sequéncia nucleotidica dos 10 MdoBRRs identificados

Entendimento do papel dos Reguladores de Resposta do Tipo-B (BRR) da via de sinalizacao
de citocinina durante o ciclo de dorméncia de gemas em macieira (Malus x domestica Borkh.).
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Bibliografia Patentaria

Listar todas as patentes similares e associadas a presente tecnologia. Recomenda-se
pesquisa preliminar em bases de patentes e pedidos de patentes: www.inpi.gov.br;
www.uspto.gov; http://ep.espacenet.com. A busca nos sites de bases patentarias podem
ser realizadas tanto através de palavras-chave quanto através da numeracdo do
documento.

N&o foram encontradas patentes similares em busca rapida nos bancos de dados acima
mencionados.

Comparacédo com Produtos, Processos e Tecnologias Existentes
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Verificar se hd produtos/processos similares no mercado e descrevé-los, apresentando
também as principais vantagens da presente tecnologia quando comparada aos
produtos/processos ja existentes no mercado.

Desvantagens e/ou Limitacgdes do Invento
Discorrer sobre as possiveis desvantagens e limitacdes da presente tecnologia

O emprego de espécies vegetais que sdo naturalmente recalcitrantes a eventos de transgenia
é um exemplo de limitacdo do presente invento, dado que ele parte da premissa que um gene
codificador de BRR de macieira sera incorporado no genoma da planta alvo, de modo a
sintetizar maiores niveis transcritos que a planta selvagem. A necessidade de utilizacao de
promotores tecidos/6rgaos-especificos pode ser uma limitacdo da presente invencdo, dado
gue nem todos os promotores desse tipo foram amplamente testados e validados numa ampla
gama de espécies vegetais.

Usos Potenciais do Invento
Enumerar os principais usos futuros potenciais que esta tecnologia podera apresentar

Esta invencdo tem como objetivo aumentar os niveis endogenos de transcritos de BRR por
meio de técnicas de transgenia a fim de se obter potenciais plantas de macieiras com menor
requerimento de frio em cultivares ja comercialmente aceitas pelo mercado consumidor.

Trata-se de texto detalhado sobre a tecnologia de forma a atender o critério de suficiéncia
descritiva. Deste modo, o texto deve permitir que qualquer especialista no assunto seja
capaz de reproduzir a tecnologia. Evidenciar, ademais, quando for o caso, o0 melhor modo
de concretizacdo da tecnologia. Anexar ao formulario quaisquer arquivos de computador
contendo figuras, fotografias, videos, texto e outros que tenham relagdo com a presente
tecnologia e possam contribuir para a sua descri¢ao.

A presente invencdo relata o potencial uso dos genes MdoBRRs na geracdo de plantas
de macieira melhor adaptadas aos atuais e futuros cenarios produtivos. Essas plantas terdo
potencialmente um menor requerimento de frio, resultando em uma brotacdo antecipada e
mais uniforme.

O método consiste na geracdo de plantas transgénicas da cultivar Gala que passardo a
exibir niveis mais elevados de transcritos de MdoBRRs, auxiliando na repressdo do gene
MdoDAM1 e possivelmente facilitando assim, a transicdo da endo- para a ecodorméncia.

A presente invengéo cobre todos 0s genes de macieira que codificam proteinas capazes
de sintetizar os fatores de transcricdo BRRs. Além disso, os genes MdoBRRs podem ser
isolados a partir de qualquer tecido vegetal de macieira.

A informacdo sobre as sequéncias nucleotidicas codificadoras desses genes pode ser
obtida em diversos bancos de dados publicos de sequéncias disponiveis tais como GenBank,
Genome Database for Rosaceae, The Apple Genome and Epigenome, entre outros.
Exemplos de genes codificadores de MdoBRRs estéo apresentados no Anexo 1 (MdoBRR1
a MdoBRR10). Sequéncias nucleotidicas derivadas desses genes tais como por delecéo,
insercéo, adicdo, inversdo, substituicdo, entre outros, também estdo englobadas na presente
invencdo, incluindo varia¢des naturais das sequéncias
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A presente invencdo versa sobre sequéncias nucleotidicas oriundas de macieira capazes
de sintetizar os fatores de transcrigdo BRRs. Exemplos de métodos para aumentar a
atividade de BRRs incluem a incorporacdo de um gene de MdoBRR em um vetor, o qual
permite a expressao desse gene em uma planta, ou partes de uma planta, ap6s um evento de
transformacéo ou edicdo genética.

EXEMPLO

A invencdo esta representada pelo exemplo a seguir. O exemplo a seguir é apenas uma
forma representativa de utilizacdo da tecnologia e ndo possui a intencao de limitar o seu uso
para essa forma particular de representacao.

Exemplo
1 Isolamento de genes codificadores de BRR em macieira

A busca por modelos génicos preditos que codificam para BRRs foi realizada utilizando
0 genoma GDDH13 versdo 1 descrito por Daccord et al. (2017) utilizando-se 0s parametros
padrédo de busca da ferramenta “Blastp” (Altschul et al., 1990). Como input do software 0s
dois dominios essenciais para a funcionalidade dos BRRs denominados Dominio Receptor
de Sinal (REC) e o dominio de ligacdo ao DNA (MY B) foram utilizados. Somente o0s genes
anotados como reguladores de resposta e possuindo ambos os dominios foram selecionados
para as analises posteriores. Ao todo, 10 modelos génicos preditos codificadores de BRRs
foram encontrados no genoma de macieira (Tabela 1). Analises de bioinformatica foram
realizadas visando caracterizar os modelos génicos preditos identificados e todos
apresentaram os dominios caracteristicos dos fatores de transcricdo (REC e MYB; Figura
1A). Além disso, os genes codificadores de BRRs identificados em macieira encontraram
ortdlogos no genoma de pereira e pessegueiro. As proteinas PpRR3, B-PpRR2, B-PpRRS,
B-PpRR5 e B-PpRR9 estéo relacionadas a MdoBRR1, MdoBRR2, MdoBRR5, MdoBRR8
e MdoBRR10, respectivamente. Entre os BRRs de pessegueiro, a proteina PDARR14-b esta
associada ao MdoBRR3 (Figura 1B).

2 Expressdo de genes codificadores de BRRs em macieira em diferentes tecidos e
orgaos

Para a analise dos niveis de expressdo dos genes codificadores de BRRs em macieira, 0
RNA (&cido ribonucleico) total foi extraido de 12 diferentes 6rgéos da cultivar Gala Baigent
compreendendo os estadios de floragdo até o amadurecimento do fruto durante os anos de
2009/2010 de acordo com a escala fenoldgica de Fleckinger (EPPO, 1984): gema fechada
(estadio de desenvolvimento A); gema aberta (estadio C); botdo floral (estadio E2); folha
jovem (estadio E2); folha madura e frutificacdo com 10 mm de didmetro (estadio I); folha,
casca, polpa e semente de frutos verdes com 40 mm de diametro (estadio J); e casca, polpa
e semente de frutos maduros com aproximadamente 70 mm de diametro (estadio M). As
plantas da cultivar Gala Baigent foram provenientes de um pomar experimental da Estacdo
Experimental de Fruticultura de Clima Temperado (EEFCT) da Embrapa Uva e Vinho em
Vacaria/RS, com trés anos de idade enxertadas em porta-enxerto Marubakaido com filtro
M.9, e seguiram todas as etapas tradicionais de manejo. O RNA total foi isolado conforme
descrito em Zeng & Yang (2002) e Falavigna et al. (2014), sendo o mesmo posteriormente
tratado com DNase utilizando a TURBO DNA-free Kit (Ambion). O kit GeneAmp RNA
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PCR Core Kit (Thermo Scientific) foi utilizado para a sintese de DNA complementar
(cDNA).

O padréo de expressao dos genes codificadores para BRRs foi obtido por meio da técnica
de RT-gPCR utilizando o aparelho StepOnePlus Real-Time PCR System (Thermo
Scientific). A amplificacdo utilizada foi 10 minutos a 95°C para ativacdo da enzima, seguido
de 40 ciclos de (1) desnaturacdo a 95°C por 15 segundos e (2) 60 segundos a 60°C para
anelamento dos iniciadores e extensdo das fitas. Ao final, foi realizada uma curva de
dissociacdo entre as temperaturas de 60 a 95°C. A especificidade dos iniciadores foi avaliada
pela presenca de pico Unico na curva de dissociacdo. Na Figura 2 esta ilustrado o resultado
de expressdo obtido nas diferentes amostras. Os resultados mostraram que, em geral, entre
todos os tecidos, 0os maiores niveis de expressdo foram observados com os genes MdoBRR6-
10. O MdoBRR6 foi expresso preferencialmente nas sementes (JS) e nas folhas,
independentemente do estadio, e 0 MdoBRR7 revelou maior quantidade de transcritos nos
botBes florais (E2IN). A expressdo de MdoBRR8 parece ser importante no florescimento
(E2IN) e no desenvolvimento de frutos (J). O MdoBRR9 e o0 MdoBRR10, juntamente com
0 MdoBRR1, apresentaram niveis de expressdo notaveis em gemas fechadas (A),
especialmente 0 MdoBRR10. O perfil transcricional de MdoBRR5 mostrou niveis mais
elevados de transcricdo na casca e polpa de frutos maduros de macd de 40 mm (M).
MdoBRR2, MdoBRR3 e MdoBRR4 exibiram baixos niveis de transcricdo nas condi¢des
avaliadas. Além disso, a expressdo de MdoBRR4 foi apenas detectada em sementes de frutos
em desenvolvimento (JS), de forma extremamente reduzida.

3 Efeito do frio na expressdo dos MdoBRRs e avalia¢cdo dos niveis de CK ao longo do
ciclo da dorméncia de gemas de macieira

A influéncia do acimulo de horas de frio na expressdo génica de BRRs em gemas de
macieira foi avaliada a campo e em condi¢des controladas. As amostragens de gemas a
campo foram realizadas na cultivar Castel Gala com diferentes quantidades de horas de frio
acumulados. Para cada ponto foram amostradas aleatoriamente 60 gemas e as mesmas foram
divididas em 3 parcelas bioldgicas. Elas foram congeladas em nitrogénio liquido
imediatamente apos a coleta para posterior extracdo de RNA, sintese de cDNA e ensaios de
RT-gPCR (conforme acima descrito no item 2). O acumulo de horas de frio foi monitorado
por estacOes automaticas de coleta de dados controladas pelo Instituto Nacional de
Meteorologia (INMET) e localizadas na EEFCT, local onde ocorreu a amostragem. Foram
contabilizadas como horas de frio somente aquelas que registraram temperaturas iguais ou
inferiores a 7,2 °C.

O efeito do frio sob condicdes controladas foi avaliado a partir da amostragem de
brindilas contendo gemas terminais da cultivar ‘Royal Gala’ em pomares experimentais da
EEFCT. As brindilas (20 cm de comprimento, em média) foram higienizadas com
hipoclorito de sddio seguida de sucessivas lavagens com agua e acondicionadas em sacos
plasticos pretos, conforme descrito em Falavigna et al. (2014). O tratamento de frio foi
realizado colocando os sacos plasticos dentro de camaras de crescimento no escuro, de
forma vertical, posicionando a gema terminal para cima. A temperatura constante de 3 °C
foi utilizada. A cada sete dias (168 HF) 60 gemas terminais foram coletadas, congeladas em
nitrogénio liquido, dividas em 3 parcelas bioldgicas (20 gemas cada) e armazenadas a -80
°C até posterior extracdo de RNA, sintese de cDNA e ensaios de RT-qPCR (subitem 2). Em
ambas as condicdes (campo/controlado), ocorreu a avalicdo do perfil de brotacdo das gemas
utilizadas. Para tal, mais 40 brindilas de cada ponto amostral foram acondicionadas em
condigdes 6timas de crescimento (23 °C, 70% umidade e 16 h de luz). O percentual de
brotacgdo foi avaliado a cada 7 dias durante 35 dias.
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A extracdo do hormonio t-zeatina (CK endogena) foi realizada adicionando 4,0 mL de
solucdo de extracdo (metanol: agua: acido férmico, 75: 20: 5, v: v: v) em um tubo contendo
500 mg de material vegetal. As amostras foram incubadas a -20 °C por 3 h. Depois disso,
foram condicionados em banho de ultrassom (frequéncia de 40kHz) por 25 minutos a 4 °C
e 0s sobrenadantes foram recuperados por centrifugacdo a 1.750 g a 4 °C por 30 min. O
passo de extracao foi repetido duas vezes. O sobrenadante foi transferido para um novo tubo
de microcentrifuga e concentrado em concentrador centrifugo a vacuo. Apos a secagem, 1,0
mL de &gua foi adicionado, homogeneizado e transferido para as colunas Oasis MCX
(Waters Corporation, EUA). A eluicdo da coluna foi realizada usando um gradiente de
hidroxido de aménio (de 0,004 a 0,4 M). Na solucéo eluida foram adicionados 1,7% p / v de
PVPP, homogeneizados e os sobrenadantes foram recuperados por centrifugacdo a 10.000
g por 45 min a 4 °C. O sobrenadante foi transferido para um novo tubo de microcentrifuga
1,5 e concentrado em concentrador centrifugo a vacuo. Apos a secagem, as amostras foram
ressuspendidas 75 L de metanol e filtradas através de um PTFE de 0,22 um. A analise de
quantificacdo foi realizada em UPLC-ESI-MS / MS. Os dados séo representados em ng de
t-zeatina / g de massa seca.

Os resultados revelaram maiores quantidades de transcricdo de MdoBRR1, MdoBRR8 e

MdoBRR9 de 700 a 778 horas de frio, 0 mesmo ponto em que a t-zeatina comegou a se
acumular (Figura 3), sugerindo a inducdo de MdoBRRs por meio do acumulo de CK
enddgena na fase de ecodorméncia. De maneira oposta, 0s niveis mais altos de MdoDAM1
foram observados de 118 a 325 horas de frio, durante a endodorméncia, seguidos de uma
reducdo significativa em 700 e 778 h. A expressdo dos outros quatro MdoBRRs (MdoBRR5-
7; MdoBRR10) permaneceram constantes ao longo do ciclo de dorméncia.
A avaliagdo completa do ciclo de dorméncia de gemas de ‘Royal Gala’ revelou que o
MdoBRR1 e 0 MdoBRR8 apresentaram um pico de expressao ap0s a transi¢do da endo- para
a ecodorméncia (apds 1.000 horas de frio). No mesmo momento, a expressao do MdoDAM1
comecou a diminuir (Figura 4), de maneira semelhante as observaces feitas nas gemas de
'Castel Gala' (Figura 3). As horas iniciais em condi¢des permissivas de crescimento (25 °C)
aumentaram a transcricdo de MdoBRR10, que permaneceu constante durante todo o tempo
avaliado. A expressdo de MdoBRR9 também foi aumentada de 24 para 96 h durante a
exposicdo a temperaturas amenas (25 °C). Em uma resposta posterior, apds 168 h em
condi¢cBes permissivas de crescimento, as gemas ecodormentes comecaram a acumular
transcritos de MdoBRR7. Picos de acimulo de CK foram observados antes da fase de
ecodorméncia, diminuindo depois disso e retomando ap0s exposi¢do prolongada a
temperaturas quentes, proximo a brotacdo (Figura 4).

4 Tratamentos com CK exdgena

Visando avaliar se os MdoBRRs identificados sdo capazes de responder a tratamentos
de CK exo0gena, diferentes CKs sintéticas e métodos de aplicacdo foram testados em gemas
dormentes de macieira. Brindilas da cultivar Royal Gala de aproximadamente 15 cm foram
coletadas nos pomares experimentais da EEFCT. O tratamento ocorreu em dois estagios
distintos da dorméncia das gemas: endo- e ecodorméncia. Dois tipos de CK sintéticas foram
utilizadas: BAP e thidiazuron (TDZ) em trés concentrac@es distintas: 1, 2 ou 4 mM. As CKs
foram solubilizadas no diluente apropriado e o volume final foi acertado com uma solucéo
0,05% de Tween 20, utilizada também como controle. Dois métodos de aplicacdo foram
testados: O método “TOP” consistiu em mergulhar a gema terminal de cada brindila na
solucdo apropriada de CK por 10 min. Apds o tratamento, elas foram acondicionadas em
espumas fenolicas e armazenadas em camaras de crescimento (23 °C, 70% umidade e 16 h
de luz). Ap6s 16 h, as gemas apicais foram coletadas, congeladas em nitrogénio liquido e
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armazenadas a -80°C. O método “BASE” consistiu em submergir a base da brindila (10 cm)
em 10 mL da solucéo de CK a ser avaliada por 16 ou 48 h. Durante o periodo de tratamento
elas foram armazenadas em camaras de crescimento como descrito anteriormente, e nos
tempos apropriados as gemais apicais foram coletadas da mesma maneira descrita acima
para posterior extracdo de RNA, sintese de cDNA e ensaios de RT-gPCR (subitem 2).

Em uma primeira abordagem, usando gemas ecodormentes, o tratamento mais eficaz na
ativacdo de MdoBRR foi alcancado pelo método TOP. Nesse caso, 0s genes MdoBRR9 e o
MdoBRR10 demonstraram uma quantidade quase quatro vezes maior de transcritos em
comparacdo com o controle quando BAP 4 mM foi aplicado. Nessas mesmas amostras,
também foi observada a repressdo de MdoDAML1 (Figura 5A). Por outro lado, os tratamentos
com TDZ mostraram uma clara tendéncia de inducdo de MdoBRRs com uma repressao
significativa de MdoDAML1. Esses achados indicam que, nas gemas ecodormentes, a
ativagdo do MdoBRR9 e MdoBRR10 € mediada pelo estimulo de CK. Além disso, a
aplicacdo exdgena de CK é capaz de regular negativamente a expressdao de MdoDAM1. O
tratamento pela BASE resultou em niveis mais baixos de ativacdo de MdoBRRs (Figura 5B)
e 0 uso de gemas endodormente ndo resultou em grandes modulaces na transcricdo de
MdoBRRs (dados ndo apresentados).

5 Construcao dos vetores utilizados nos ensaios de transativagio

As sequéncias codificantes dos genes BRRs de macieira foram amplificadas usando a
enzima de alta fidelidade iProof™ High-Fidelity DNA Polymerase (Bio-Rad, EUA) a partir
de amostras de cDNA da cultivar de macieira Royal Gala. Iniciadores especificos de cada
sequéncia foram desenhados baseados na predicdo do genoma (DACCORD; CELTON;
LINSMITH; et al., 2017) e utilizando-se o software Vector NTI (Invitrogen; Tabela 2).

Para a clonagem via metodologia de GATEWAY®, os iniciadores foram acrescidos de
quatro nucleotideos (CACC) na sua extremidade de forma a possibilitar a clonagem no vetor
de entrada pENTER™/D-TOPO (Invitrogen, EUA). A confirmacgdo da clonagem foi
realizada por meio de digestdo enzimatica com enzimas de restricdo e posterior
sequenciamento. Confirmada a sequéncia, a CDS do genes MdoBRR foi transferida do vetor
de entrada para os vetores de destino apropriados via recombinacgdo utilizando-se o kit
Gateway® LR Clonase® Il (Invitrogen, EUA). A clonagem no vetor final foi confirmada por
meio de digestdo enzimatica com endonucleases de restricdo e posterior sequenciamento.
Para o ensaio de transativacdo, o vetor de destino foi o pART7 (GLEAVE, 1992) contendo
o promotor forte CaMV 35S de forma a garantir altos niveis de expressdo do gene. Para 0s
ensaios in vivo, o promotor de MdoDAML1, compreendendo a regido de -614 a -111 pb, foi
amplificado a partir de amostras de DNA da cultivar Royal Gala, utilizando enzimas de alta
fidelidade. Apds isso, a regido de aproximadamente 500 pb foi clonada em vetor pPGEM®-T
Easy (Promega), conforme instrucdes do fabricante. A clonagem foi confirmada por meio
de digestdo enziméatica com endonucleases de restricdo e posterior sequenciamento. Em
seguida, a sequéncia promotora foi removida do vetor pGEM®-T Easy por digestio
enzimética dupla com endonucleases de restricdo apropriadas para a construcdo. Apds a
obtencdo do fragmento, o mesmo foi fusionado ao gene reporter gusA no vetor final
pGUSXX-90 (PASQUALI et al., 1994) empregando-se a enzima T4 DNA ligase conforme
descrito pelo fabricante (New England BioLabs, EUA). A clonagem foi confirmada por
meio de digestdo enzimatica com endonucleases de restricdo e posterior sequenciamento.
Uma segunda verséo do promotor MdoDAML1 foi utilizada contendo mutagdes pontuais nos
sitios de ligacdo aos BRRs. Para a insercdo das mutagdes nas regides -518 e -179 pb, o
promotor foi sintetizado pela empresa Thermo Fisher Scientific (EUA) e clonado em
pGUSXX-90 conforme descrito na versdo nativa.
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6 Ensaios in vivo de interacdo DNA-proteina via transativacao

Plantas de 4 a 5 semanas de Arabidopsis thaliana crescidas em condi¢des 6timas (23 °C,
70% umidade e 16 h luz) foram utilizadas para o isolamento de protoplastos utilizando o
método descrito por Wu et al. (2009). Simplificadamente, esse método baseia-se na remocao
da epiderme das folhas e na utilizagcdo de enzimas para a degradacdo da parede celular de
células do mesofilo foliar. O DNA ¢ introduzido nas células por meio de transfeccao,
utilizando-se uma solucdo a 40% de PEG-Célcio (Yoo & Sheen, 2007). Trés vetores
independentes foram transfectados em 1x10° células: o primeiro p2rL7 (DE SUTTER;
VANDERHAEGHEN; TILLEMAN; et al., 2005) contendo o gene Renilla Luciferase
(rLuc), utilizado como controle da transfeccdo; o segundo compreende a regido promotora
de 500 pb nativa ou mutada do gene MdoDAM1 fusionado ao gene reporter gusA (-
glicuronidase) inserido no vetor pGUSXX-90 (PASQUALI et al., 1994); e o terceiro
contendo a proteina efetora (BRR) clonada no vetor pART7 (GLEAVE, 1992). Para cada
experimento, 4 replicadas bioldgicas e 3 técnicas foram utilizadas. Os niveis de
fluorescéncia (indicados pela atividade de gusA) e luminescéncia (indicados por rLuc) foram
avaliados como descrito em Yoo et al. (2007), utilizando o equipamento SpectraMax® i3
Multi-Mode Detection Platform (Molecular Devices, EUA). Os dados gerados foram
analisados pela relacéo entre as atividades enzimaticas de gusA e rL.uc

Com base no padrdo de expressao consistente relacionado a um possivel papel regulador
durante a dorméncia de gemas (Figuras 3 a 5), os genes MdoBRR1, MdoBRR8 e MdoBRR10
foram escolhidos para os ensaios de transativacdo. A disponibilidade do mutante triplo de
Arabidopsis insensivel a tratamento exdgeno de CK (arrl-3 arr10-5 arrl2-1) nos permitiu
realizar o mesmo ensaio usando plantas de dois backgrounds genéticos distintos, o selvagem
(Col-0) e mutante triplo arr (Argyros et al. 2008).

Os ensaios utilizando os protoplastos de Arabidopsis do tipo selvagem revelaram que
todos os MdoBRRs testados foram capazes de regular negativamente a expressao do gene
repérter (Figura 6A). Além disso, a aplicacdo exdgena de TDZ em protoplastos
transfectados apenas com o promotor de MdoDAML1 fusionado a gusA levou a uma perda
significativa na atividade do gene repdrter, mesmo na menor concentracdo testada (Figura
6B).

Consistentemente, os ensaios usando o mutante triplo reforcam o papel de repressao de
MdoBRRs sobre MdoDAM1 quando a superexpressdo transitoria de MdoBRR1, MdoBRR8
e MdoBRR10 foi testada (Figura 6C). Quando TDZ foi aplicado, ndo foram encontradas
diferencas significativas entre os tratamentos e o grupo controle (DMSO) (Figura 6D). Para
confirmar que a regulacdo negativa do gusA direcionada pelo promotor de MdoDAML1 é
derivada da acdo de MdoBRRs, mutagdes pontuais foram incorporadas nos dois locais de
ligacdo de BRR encontrados ao longo da regido promotora. Os resultados mostraram que a
perda do sitio de ligacdo nativo de BRR interrompeu a capacidade de MdoBRR1, MdoBRR8
e MdoBRR10 em reprimir a expressao do gene repérter (Figura 6E). Finalmente, nossos
achados indicam um mecanismo interessante de regulacéo negativa de MdoDAM1 mediado
por CK e pela ligacdo do MdoBRR1, MdoBRR8 e MdoBRR10.
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A protecdo patentaria apresenta como premissa 0s seguintes requisitos diretos: (i)
novidade; (ii) atividade inventiva; e (iii) aplicacdo industrial. Sob o ponto de vista
indireto, ndo é deferivel pedido de patente que ndo apresente suficiéncia descritiva.
Conforme consta no Art. 11° da Lei da Propriedade Industrial (LPI - Lei 9.279, de
14/05/1996), apresenta novidade a inven¢do que ndo estd compreendida pelo estado da
técnica. O estado da técnica € definido por “tudo aquilo tornado acessivel ao ptiblico antes
da data de deposito do pedido de patente, por descricdo escrita ou oral, por uso ou
qualquer outro meio, no Brasil ou no exterior...”. Excegdo é dada pelo Art. 12°, da mesma
Lei, que preve: “Nao sera considerada como estado da técnica a divulgacao de invengao
ou modelo de utilidade, quando ocorrida durante os 12 (doze) meses que precederem a
data de depdsito (...), se promovida: | - pelo inventor; (...)”. Este periodo de 12 meses é
conhecido como periodo de gragca e é o prazo dado a um inventor para que, tendo
divulgado sua pesquisa, assegure a novidade de um pedido de patente que trate do mesmo
assunto. No entanto, salienta-se que a maioria dos paises apresentam legislagéo patentaria
que ndo prevé este artificio, ou seja, uma vez tornada publica a tecnologia entra em
dominio publico (ndo é mais passivel de patenteamento).

A invencdo é dotada de atividade inventiva sempre que, para um técnico no assunto, néo
decorra de maneira evidente ou 6bvia do estado da técnica.

Ademais, a invencdo é suscetivel de aplicacdo industrial quando puder ser utilizada ou
produzida de maneira seriada.
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Considerando o requisito novidade, solicita-se relacionar todas as divulgagdes (anexar
copias), internas ou externas, seja em formato oral, impresso, dentre outros, se houver,
sobre a presente tecnologia:

CATTANI, A. M; SILVEIRA, C. P.; PASQUALLI, G.; REVERS, L. F. Type-B response
regulators of the cytokinin-signaling pathway link hormonal stimulus and molecular
responses to overcome dormancy in apple. In: XXII International Congress of Genetics, Foz
do lguagu, Brazil. Abstract, 2018

REVERS, L. F.; CATTANI, A. M.; SARTOR, T.; SILVEIRA, C. P.; PASQUALI, G.
Apple FLC and TBRR genes regulate dormancy integrating hormonal stimulus and
molecular responses. In: 13th Congress of the International Plant Molecular Biology,
Montpellier, France. Oral Presentation, 2018.

CATTANI, A. M.; SILVEIRA, C. P.; PASQUALLI, G.; REVERS, L. F. Reguladores de
resposta do tipo B envolvidos na via de sinalizacdo de citocininas auxiliam na integracéo
entre estimulo hormonal e resposta molecular durante o ciclo de dorméncia de macieira. In:
16° Encontro de Iniciacdo Cientifica e 12° Encontro de Pés-graduandos da Embrapa Uva e
Vinho, Bento Gongalves, Brasil. Livro de Resumos 16° Encontro de Iniciacdo Cientifica e
12° Encontro de P6s-graduandos da Embrapa Uva e Vinho, p. 23, 2018.

CATTANI, A. M.; PASQUALLI, G; REVERS, L. F. Regulacdo da dorméncia em macieira
via reguladores RRTB. In: 15° Encontro de Inicia¢do Cientifica e 11° Encontro de Pos-
graduandos da Embrapa Uva e Vinho, Bento Gongalves, Brasil. Livro de Resumos 15°
Encontro de Iniciacdo Cientifica e 11° Encontro de P6s-graduandos da Embrapa Uva e
Vinho, p. 35, 2017

CATTANI, A. M.; FALAVIGNA, V. S.; ARENHART, R. A.; PASQUALLI, G.; REVERS,
L. F. Caracterizacdo estrutural e funcional da subfamilia génica ARR-tipo B em macieira.
In: 14° Encontro de Iniciacdo Cientifica e 10° Encontro de Pds-graduandos da Embrapa Uva
e Vinho, Bento Goncalves, Brasil. Livro de Resumos 14° Encontro de Iniciacdo Cientifica e
10° Encontro de P6s-graduandos da Embrapa Uva e Vinho, p. 19, 2016

Relate as fases de geracdo e desenvolvimento da tecnologia, bem como o atual estadio
de desenvolvimento com foco em sua aplicacdo econdmica.

X | Estagio embrionario (Foi desenvolvida no laboratorio apenas)

[_]|Parcialmente desenvolvida (planta piloto — necessario desenvolvimento para sua
comercializacao)

[ ]| Desenvolvida (Existe um protdtipo preparado para seu desenvolvimento e
comercializacao)

(Utilizar o espaco abaixo para, se necessario, descrever o que devera ser feito para
completar o desenvolvimento da tecnologia.)

Este formulario deve ser assinado por pelo menos um dos inventores da tecnologia a ser
avaliada. Enviar para o CLPI (Comités Locais de Propriedade Intelectual).

Entrar em contato com o CLPI (Comités Locais de Propriedade Intelectual).
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10 ANEXO 11

Winter is coming: genetic analyses of the bud break date locus reveal candidate
genes from the cold perception pathway to dormancy release in apple (Malus x

domestica Borkh.)

Artigo publicado no periodico “Frontiers in Plant Science”
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Coming: Genetic Analyses of the Bud Break Date Locus Reveal Candidate Genes From
the Cold Perception Pathway to Dormancy Release in Apple (Malus x domestica Borkh.).
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Chilling requirement (CR) for bud dormancy completion determines the time of bud
break in apple (Malus x domestica Borkh.). The molecular control of bud dormancy
is highly heritable, suggesting a strong genetic control of the trait. An available Infinium
[l SNP platform for genotyping containing 8,788 single nucleotide polymorphic markers
was employed, and linkage maps were constructed in a Fy cross from the low CR
M13/91 and the moderate CR cv. Fred Hough. These maps were used to identify
quantitative trait loci (QTL) for bud break date as a trait related to dormancy release.
A major QTL for bud break was detected at the beginning of linkage group 9 (LG9).
This QTL remained stable during seven seasons in two different growing sites. To
increase mapping efficiency in detecting contributing genes underlying this QTL, 182
additional SNP markers located at the locus for bud break were used. Combining
linkage mapping and structural characterization of the region, the high proportion of
the phenotypic variance in the trait explained by the QTL is related to the coincident
positioning of Arabidopsis orthologs for ICET, FLC, and PRET protein-coding genes. The
proximity of these genes from the most explanatory markers of this QTL for bud break
suggests potential genetic additive effects, reinforcing the hypothesis of inter-dependent
mechanisms controlling dormancy induction and release in apple trees.

Keywords: apple, bud dormancy, chilling requirement, linkage mapping, MdoFLC, MdoICE1, MdoPRE1

Frontiers in Plant Science | www.frontiersin.org 1

March 2019 | Volume 10 | Article 33


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.00033
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2019.00033
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.00033&domain=pdf&date_stamp=2019-03-07
https://www.frontiersin.org/articles/10.3389/fpls.2019.00033/full
http://loop.frontiersin.org/people/589014/overview
http://loop.frontiersin.org/people/637423/overview
http://loop.frontiersin.org/people/582016/overview
http://loop.frontiersin.org/people/606454/overview
http://loop.frontiersin.org/people/348663/overview
http://loop.frontiersin.org/people/537815/overview
http://loop.frontiersin.org/people/612223/overview
http://loop.frontiersin.org/people/560288/overview
http://loop.frontiersin.org/people/511074/overview
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Miotto et al.

Chilling Perception and Dormancy Release in Apple

INTRODUCTION

The domesticated apple (Malus x domestica Borkh.), as other
temperate fruit trees, has developed the ability to enter a
dormant state, which is a mechanism that enables plants to
survive seasonal changes and protect sensitive meristems from
unfavorable climatic conditions (Rohde and Bhalerao, 2007). Bud
dormancy is usually divided into three consecutive phases: para-,
endo-, and ecodormancy, where budburst inhibition is caused
by signals derived from outside of the bud (but from the same
plant), from the bud itself, or from environmental conditions,
respectively (Lang, 1987). Endodormancy establishment is
characterized by growth cessation, bud set, and leaf senescence,
and the process is gradually overcome by prolonged exposure
to cold. Each species and/or cultivar need a certain amount of
low temperature exposure called chilling requirement (CR), in
order to remove the physiological blocks that inhibit budburst
and culminates into ecodormancy. In the ecodormant phase,
the meristems achieve full developmental capacity and resume
growth after a certain amount of warmth, which is also genotype-
dependent (Dennis, 2003; Legave et al., 2008; Fu et al., 2014).

The physiological aspects of dormancy control have been
partially elucidated and there are evidences that the mechanisms
regulating dormancy release are highly heritable, suggesting a
strong genetic control (reviewed in Falavigna et al., 2015). In
fruit trees, the comprehension of molecular control of dormancy
has been improved by the study of the evergrowing (evg)
peach mutant, which fails to enter dormancy and maintains
constant growth (Bielenberg et al., 2008). Mapping of the evg
locus revealed six tandemly arranged MADS-box genes that
were named Dormancy-Associated MADS-box (DAM). Further,
functional characterization of some Rosaceous DAM orthologs
proved their importance in the control of bud dormancy (Sasaki
et al., 2011; Yamane and Tao, 2015; Wu et al, 2017). In
apple, different strategies have been explored so far in order to
understand the genetics of bud break date (BBD) and flowering
time. Employing linkage map analysis on a bi-parental family,
the first two quantitative trait loci (QTLs) for time of bud break
were identified (Segura et al,, 2007). In a similar approach,
the end of the linkage group 9 (LG9) has been identified as a
major QTL for time of bud break and flowering in other four
progenies (van Dyk et al., 2010; Celton et al., 2011). Using a multi-
parental population and pedigree-based analysis, Allard et al.
(2016) detected a strong QTL for bud break and flowering time
in the same chromosomal position, as well as another five QTLs
of small effect coincident with the position of the DAM genes, the
florigen FLOWERING LOCUS T (FT), or the flowering repressor
FLOWERING LOCUS C (FLC). More recently, a genome-wide
association (GWAS) study explored an apple core collection and
confirmed the position of the major QTL for time of bud break
on LGY, besides narrowing the confidence interval to ~360 kb
and emphasizing the importance of two major candidate genes
encoding transcription factors containing NAC or MADS-box
(putative FLC) domains (Urrestarazu et al., 2017).

In Arabidopsis, floral initiation can be induced by
long-term chilling exposure, which is able to trigger the
epigenetic suppression of FLC in a process called vernalization

(Hepworth and Dean, 2015). Although the vernalization process
somewhat resembles dormancy in temperate plants, the FLC
role in perennial plants is still not fully understood. In apple, a
putative FLC ortholog was identified and had a proposed role
in dormancy release (ecodormancy) based on its differential
expression during dormancy along with its co-localization
in a QTL related to bud break (Porto et al., 2015). One of
the positive regulators of Arabidopsis FLC expression is the
CBF/DREB (C-repeat binding factor/dehydration-responsive
element-binding protein) class of transcription factors, which
are major integrators of plant cold response (Seo et al., 2009;
Thomashow, 2010). Interestingly, ectopic expression of the
peach CBFI gene in apple rendered increased freezing tolerance,
early bud set and leaf senescence, and delayed bud break
(Wisniewski et al., 2015). CBF gene expression is under direct
regulation of ICE1 (Inducer of CBF Expression 1), a MYC-like
basic-helix-loop-helix (bHLH) transcription factor that acts
as a convergence point integrating cold and several other
signaling pathways (Ding et al., 2015). Higher expression of a
putative ICEI gene was found during pear endodormancy stage
suggesting that it is importance in endormancy maintenance
(Takemura et al., 2015). Additionally, an apple ICEI gene has
been previously identified as differentially expressed during
dormancy when comparing contrasting CR cultivars (Falavigna
et al, 2014). These evidences strongly suggest that the cold
sensing pathway might be acting during bud dormancy in
apple. The same strategy employed to identify apple FLC,
ie., differential gene expression and co-localization in a bud
break QTL, also yielded the identification of another gene that
might play a role during apple dormancy, PACLOBUTRAZOL
RESISTANCE 1 (PREI; Porto et al., 2015). As ICE1, PRE1 is a
bHLH transcription factor, and its role is to integrate signals
from brassinosteroids, gibberellin (GA), and light pathways.
In addition, PREI overexpression renders early flowering in
Arabidopsis (Lee et al., 2006; Bai et al., 2012).

Despite of the significant advances, the genetic mechanisms
of dormancy induction and release in apple trees are not fully
understood. Therefore, it is still necessary to continue exploring
the biological relevance of beginning of chromosome 9 in
dormancy regulation. Within this context, the purpose of this
study is to better characterize the LG9 QTL for BBD, a trait
directly linked to CR and flowering, by enriching the LG9
with a set of newly developed SNPs for genotyping. Combining
linkage mapping and a detailed structural characterization of
the beginning of chromosome 9, we confirmed the position
of the major QTL for BBD in LG9 and identified a new
highly relevant candidate gene, the cold perception gene
MdoICEI. The identification of MdoICEI, along with the already
known MdoFLC and MdoPREI genes previously identified
by our group (Porto et al, 2015), provides us clues to
propose that these genes are fully integrated in pathways
leading from cold perception to responses associated to growth
resumption after dormancy fulfillment. We postulate that these
three genes may have additive effects on dormancy-associated
phenotypes, reinforcing the hypothesis of inter-dependent
mechanisms controlling dormancy induction and release in
apple trees.
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MATERIALS AND METHODS

Plant Materials

The plant material in our study consisted of one full sib (FS)
family, including a total of 190 progeny individuals. This FS
family (mapping population) was derived from a controlled
pollination F1 cross between the low CR “M13/91” and the
moderate CR “Fred Hough.” The parental germplasm and the
FS family were developed by Epagri - Cagador Experimental
Station (Santa Catarina, Brazil), grafted on the widely used clonal
apple rootstock M7 and planted in 2010 in two locations: 161
individuals were planted in a site located in Bento Gongalves
(BG, Rio Grande do Sul, Brazil; 29° 09'S, 51° 31'W; altitude
623 m) and 114 individuals in Vacaria (VC, Rio Grande do Sul,
Brazil; 28° 33’S, 50° 57'W; altitude 970 m), Southern Brazil.
The two site locations have distinct climate conditions that
provide contrasting scenarios for the phenotypic segregation of
CR and related traits. VC represents the condition of the Brazilian
commercial orchards (type Ctb, Alvares et al., 2014) and BG as the
condition of more mild/warm winters (type Cfa; Alvares et al.,
2014; Supplementary Tables S1, S2).

Phenotyping

The main phenological stage evaluated was vegetative BBD (Bud
Break Date). The phenotypic value of the trait corresponds to
the date of the green point in the Fleckinger’s apple phenological
classification (EPPO, 1984). Phenotyping trait assessments were
performed three times a week (day 1 being July 1st) over a
period of seven growing seasons in BG (2011-2017) and five
growing seasons in VC (2011, 2012, 2014, 2015, and 2017).
Phenotypic and genotypic association was tested employing a chi-
square independency test, separately for planting sites and year of
growing cycle.

SNP Genotyping

IRSC (International Rosaceae SNP Consortium) SNP
Markers

DNA from the parents and the FS family were extracted
from samples of young leaf tissue, following Lefort and
Douglas (1999) method modified to fit 2 mL microcentrifuge
tubes. The DNA quality and concentration was checked using
a NanoDrop 2000 spectrophotometer (Thermo Scientific).
Genomic DNA from samples of the individuals was amplified
with no allelic partiality, followed by enzymatic fragmentation,
precipitation, and DNA resuspension accordingly to Infinium
I whole-genome genotyping assay protocol (Illumina, Inc.,
San Diego, CA, United States). Samples were applied to
BeadChips containing sequence probes to interrogate 8,788 SNP
positions distributed across the “Golden Delicious” apple genome
assembly, Malus x domestica v1.0 (Velasco et al., 2010). These
SNP makers were developed by the IRSC SNP Consortium
as described previously (IRSC 9k Apple SNP array; Chagné
et al., 2012). SNP genotyping was performed at the Genotyping
and Genetic Diagnosis Unit (University of Florida, Gainesville,
FL, United States). SNP genotypic data analysis and quality

control were performed using GenomeStudio V2011.1 pipeline
(Ilumina, Inc.) using a SNP call rate filtering threshold of 0.90.

Kompetitive Allele Specific PCR (KASP) SNP Markers
and Genotyping

To increase the SNP density for our QTL mapping study, we
developed a new set of SNP markers. Whole-genome sequencing
was performed using DNA samples from four individuals of
“M13/91” (2) and “Fred Hough” (2). Sequencing was made
using Illumina GA II platform, 1 x 100 bp, and generated
38 million reads (average coverage 6x) and 60 million reads
(average coverage 10x), respectively, with reliable mapping on
the genome assembly of “Golden Delicious,” Malus x domestica
v1.0 (Velasco et al., 2010). The data set of sequences generated
was deposited under the access number PRINA479978. With this
sequence data, a large number of SNPs shared by the plant lines
were detected (Alencar et al.,, 2011). These SNPs were further
inspected for the development of genotyping assays targeting
high-density mapping of apple LG9 based on the integration of
the apple genetic map (Muranty et al., 2014) with contigs in
the apple genome sequence. SNP positions deemed polymorphic
between the two plant cultivars and located within predicted
exons in the gene content annotation were considered primary
targets for the design of genotyping assay using KASP technology.
To provide enough sequence flank, we extracted a 70-bp string
of nucleotides toward each direction from the target SNP using
BedTools (Quinlan and Hall, 2010) and the reference genome.
The set of sequences with size of 141 bp each were screened
for features that could compromise the genotyping such as low
complexity stretches of DNA and the presence of small units
of repeats using MISA (Beier et al., 2017). The final set of 182
sequences containing putative new SNPs was used as source to
the design of KASP markers for genotyping (Supplementary
Table S3). Leaf discs with 10 mm diameter were freeze-dried
and genotyped using the KASP technique at LGC genomics
(Teddington, Middlesex, United Kingdom). Homozygous SNPs
for both parents were discarded.

Genetic Linkage Map Construction and
QTL Analysis

Genetic mapping of the parents was performed using JoinMap®4
(Van Ooijen, 2006). Segregation distortion of individual
markers was revealed by chi-square test. Markers showing
distorted segregation (P < 0.05) were removed from analysis.
Linkage analysis was performed using the regression approach
implemented for cross-pollinator (CP) with a minimum
logarithm of the odds (LOD score) of >8 used to define LG.
The Kosambi mapping function was applied for map distance
calculation (Kosambi, 1944). LGs were numbered in accordance
with Maliepaard et al. (1998) and graphs were prepared using
MapChart 2.2 (Voorrips, 2002).

Quantitative trait loci analysis was performed with
MapQTL®6 (Van Ooijen, 2009) using the phenotypic traits
assessment from BG and VC. Regions with potential QTL effects
were identified using interval mapping (IM) and restricted
multiple QTL mapping (rMQM) functions. QTLs were declared
significant if the maximum LOD, obtained after multiple rounds
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of rMQM mapping, exceeded the LG and genome-wide (GW)
LOD threshold (calculated with 1,000 permutations, mean
error rate of 0.05). QTLs were characterized by the maximum
LOD score and percentage of phenotypic variation explained.
Broad sense heritability (H?) for BBD was estimated based
on the components of variance from the phenotypic analysis
for both. Analyses were performed using the GLM procedure
(Proc GLM) of the statistical software SAS/STAT® software
(SAS Institute Inc., 2008).

In silico Candidate Gene Search

We listed the predicted gene structures in the contigs containing
the markers of potential QTL effects in the chromosome 9
contributing to the trait value differences in the F1 cross.
Gene Ontology terms for these genes were collected from the
annotations in the genome assembly of “Golden Delicious,
Malus x domestica v1.0, downloaded from PLAZA v2.5 platform
(Van Bel et al, 2012). The gene list and the corresponding
ontology terms were used to test if genes that belong to one
ontology term do not differ in their ranks from genes that
do not belong to that term, namely, the null hypothesis. The
average LOD score for each marker in the MapQTL6 analysis
using the phenotypic traits assessment from site locations BG
and VC was used as the associated variable to rank the genes.
Taken this continuous variable as the likelihood ratio of map a
gene to the BBD QTL, we computed the Wilcoxon rank sum
statistic, which is the sum of the ranks of the ontology term as
a group for all corresponding genes in the whole chromosome.
Approximate p-values for the rank test were obtained based on
the method implemented in the program func_wilcoxon in the
FUNC package (Priifer et al., 2007). Significance of the tests was
assessed in terms of a global p-value derived using a sensitive
estimator in detecting a deviation from the null hypothesis. We
used a cut-off of 0.05 for the global p-value to detect ontology
terms that differs in their ranks. P-values declaring significance
for one side of the test statistic were used to detect enrichment
of gene-associated variables among the terms. Markers in the
genes containing ontology terms that show enrichment were
considered anchors to delimitate candidate regions of the BBD
QTL in the chromosome 9 for in silico candidate gene search.

Physical Mapping of SNPs to the
Assembly of a “Golden Delicious”
Doubled-Haploid Tree (GDDH13) and
Characterization of Candidate Regions
of the BBD QTL

The positions of the SNP markers used in genotyping were
physically mapped on the sequence of the pseudomolecule
in the recently published genome assembly of Daccord et al.
(2017). Sequences for the pseudomolecules were retrieved from
the apple genome and epigenome project website ('GDDH13
v1.1). As the SNPs are originally described using a previous
assembly (Malus x domestica v1.0), we mapped the v1.0 SNPs
to the GDDH13 genome following UCSC same species lift over

Uhttps://iris.angers.inra.fr/gddh13/

procedure’. In summary, UCSC software tools (Kuhn et al,
2013) were used to create the alignment chain file between
the two assemblies, and then we used CrossMap (Zhao et al,
2014) to convert the coordinates of the SNPs to the GDDH13
assembly. Using the coordinates of the markers highlighted in
the QTL and Gene Ontology analyses, we defined candidate
regions of the BBD QTL to perform careful inspection for
prioritizing candidate genes (see section “Results” for the criteria
utilized). We extracted and summarized functional annotation
associated with individual genes and with group of genes with
related ontology terms. Additionally, we performed scans of the
sequences in the 5’ flanking sequence of the individual genes to
define cis-acting elements putatively involved to chilling response
in plants. PlantPAN 2.0 (Chow et al., 2016) database and tools
were used for all the plant promoter analysis.

RESULTS

Phenotypic Trait Assessment

Apple BBD is mostly regulated by exposure to low temperatures
(Heide and Prestrud, 2005). Therefore, we decide to use BBD
measurements as the main indicator for CR in the mapping
population. The observed BBD for the individuals in each year
and at both sides showed remarkable differences and provided
insights on genotype and environment interactions (Figure 1).
Large phenotypic variation was observed between both sites,
and BBD window was generally earlier and wider in BG (mean
of observed extremes: 25 to 118 days) when compared to VC
(mean of observed extremes: 32 to 87 days). Despite of this
trait variability, the estimated broad sense heritability (H?) was
consistently high (H?> = 0.54 in BG and 0.73 in VC), reinforcing
the strong genetic effect for bud phenology traits linked to CR.

Linkage Mapping Construction

The F; progeny was genotyped using the IRSC 9k Infinjum II
array (Chagné et al.,, 2012). In total, 2,733 SNP markers (30.37%)
passed the SNP calling and filtering from the GenomeStudio
V2011.1 pipeline (Illumina, Inc.) and were used for linkage
analysis. From the 182 KASP-SNPs previously selected for
the LG9 high density mapping, 114 generated polymorphic
amplification, and were further used, totaling 2,847 genotyped
SNP markers. Following the double pseudo-testcross strategy,
marker sets from either parent were separately processed for
both maps. The genetic linkage map constructed for the parental
“M13/91” covered 1,293.77 cM and consisted of 784 markers
(Supplementary Table S4). Out of the 114 KASP-SNP markers
tested, 34 markers were successfully integrated into the LG9 end
(Supplementary Figure S1). LG10 was the longest LG on the
map, spanning 101.68 cM, while LG17 was the shortest, spanning
32.42 cM. The highest number of markers mapped to a single LG
was 75 on LG2, the smallest number of markers on a single LG
was 10 on LG17 (Supplementary Figure S1 and Supplementary
Table S4). The map had an average marker density of one marker

2http:/ /genomewiki.ucsc.edu/index.php/Same_species_lift_over_construction#
Same_Species_Lift_Over
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FIGURE 1 | Distribution of the bud break date (in days, starting from July 1st) for the population “M13/91” x “Fred Hough” in the evaluated years. Gray bars
represent the experimental site in BG and yellow bars represent the experimental site in VC.
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every 1.99 cM. The linkage map contained 18 regions in excess of
10 cM that contained no mapped molecular markers.

The genetic linkage map constructed for the parental “Fred
Hough” covered 1,013.99 ¢cM and consisted of 791 markers.
Thirty-four KASP-SNP markers were successfully integrated in
LG9 (Supplementary Figure S1). LG3 was the longest LG on the
map, spanning 70.84 cM while LG11 was the shortest, spanning
27.52 cM. The highest number of markers mapped to a single
LG was 91 on LG3 and the smallest number was 16 markers
on LG11 (Supplementary Figure S1 and Supplementary Table
S$4). The map had an average marker density of one marker
every 1.55 cM and enclosed a total of nine regions in excess of
10 cM that contained no mapped molecular markers. Parental
maps were aligned using common markers (Supplementary
Figure S1) and exhibited 17 LGs corresponding to the number
of chromosomes in the apple genome assembly (Velasco et al,
2010; Daccord et al., 2017). The order of the markers on the
genetic maps was thoroughly checked, and their correspondence
to the apple doubled haploid genome was performed (Daccord
et al,, 2017). Overall, the SNP marker order was coherent.
However, the following main issues were identified that are
common to other reports in the literature: (i) inconsistencies in
LG assignment for 17% of the markers; (ii) regions of inversion
(max ~ 2.5 Mbp) involving 3% of the markers; and (iii) misplaced
regions of markers within the same pseudo-chromosome for 2%
of the markers.

QTL Detection

Quantitative trait loci analysis was performed separately on the
parental maps for each set of phenotypical data obtained (BG and
VC), and are shown in Supplementary Table S5 and Figure 2.
In all analyzed years, a single QTL region for BBD was detected
for both parents at the beginning of LG9. Analysis performed
on the BBD data for the two different population sites showed
that this QTL exceeded the LG and GW LOD thresholds for
all evaluated years. The BBD QTL located at the LG9 explained
24.5-45.6% of the phenotypic variance in BG population and
31-48% in VC population across different years (Supplementary
Table S5). This result strongly suggests that a major effect locus
contributing to trait value differences of vegetative BBD is located
at the beginning of LG9. Overall, the LODs distribution across
mapped intervals in the parental maps are reasonable conserved
over years and sites, showing always a peak at the extremity of
the LG9 on both parents. The distribution of significant LODs
for the BBD QTL on “M13/91” LG9 was stable and restricted to
the first 10-11 cM (Supplementary Table S5) when compared
to the “Fred Hough” progenitor, which spanned a wider and
more variable region. Examining the BBD QTL on “M13/91”
progenitor, depending on the year and the LOD threshold, two
remarkable peak regions are observed: the first at the extremity
(marker TC_465054_Lg9) and the second starting around 9-
11 cM (markers drm_qtl_snprnt113 and drm_qtl_snprnt137).
KASP-based SNP genotyping increased the number of
markers anchored at the end of LG9. In M13/91, 10 exclusive
markers were mapped in this region, spanning 9.3 ¢cM more
toward the end when compared to “Fred Hough.” This shift
is also clearly visible in the LOD and phenotypic variance

distribution observed in all evaluated years (Supplementary
Table S5). When overlapping the LG9 BBD QTL on “M13/91”
and “Fred Hough” linkage maps, it is observed that the “Fred
Hough” BBD QTL starts at nearly the marker position where
the “M13/91” BBD QTL approximately ends (see markers
drm_qtl_snprnt113 and drm_qtl_snprntl137; Supplementary
Table S5). These observations were used to define the
region considered for detailed inspection in the search for
candidate genes.

In order to demonstrate the markers contribution to the
phenotypic variation for BBD, the top 15 markers associated with
the QTL interval detected for both parents were tested. All the
tested markers segregated for BBD in both sites (Supplementary
Figure S2 and Supplementary Table S6). Remarkably, the
heterozygous markers for the “M13/91” parent, showed clear
phenotypic distribution, with significant value of chi-square
calculated in BG and VC. The separation of individuals into three
distinct groups, early, intermediate, and late BBD, highlights the
association between “low CR alleles” and the precocity of the
growth resumption in this population.

In silico Candidate Gene Identification

We mapped the SNPs used in genotyping to the recently
published high-quality doubled haploid genome assembly
(Daccord et al., 2017). The distribution of the significant LODs
in the QTL analysis for variation in the evaluated phenotype for
both parents was fully investigated using the new coordinates.
Markers that passed the LOD thresholds (LG and GW) for each
parent were selected (Supplementary Table S5 and Figure 2).
Taking into account the narrower LOD distribution, the stability
over the years, the low chilling heritability and the mapping of
10 additional exclusive markers, the most likely segment of DNA
(the locus) representing the BBD QTL detected for “M13/91”
was selected.

Using the relevant markers, we performed gene ontology
analysis on the base of Wilcoxon rank sum tests taken the
significant LODs as gene-associated variables (Supplementary
Table S7). Noteworthy, enriched terms for genes target by
markers or in close proximity to them, i.e., located in the
same contig, included transmembrane transport (GO:0055085)
and anion transport (GO:0006820) in the biological process
ontology, ATPase activity coupled to transmembrane movement
of substances (GO:0042626) in the molecular function ontology,
and integral component of membrane (GO:0016021) and
mitochondrial outer membrane (GO:0005741) in the cellular
component ontology. Sequence coordinates for the eight gene
models highlighted in the analysis of differences of rank sum
test for ontology terms (Supplementary Table S7) were adjusted
to include 200,000 bp in each direction (Brodie et al., 2016).
All book-ended (“touching”) entries were then merged into a
single interval using, respectively, slopBed and mergeBed utilities
from the BedTools v2.25 package (Quinlan and Hall, 2010). A set
of three non-overlapping intervals encompassing a region that
ranges from 204,479 to 3,926,269 bp in the chromosome 9 of the
GDDHI13.1.1 assembly was defined as loci of interest to mine the
BBD QTL for candidate genes.
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These intervals underlying the BBD QTL in our analysis
comprised 17 markers (Supplementary Table S5; highlighted)
and 219 predicted protein-coding gene structures, which were
evaluated for prioritizing candidate genes (Supplementary Table
$8). The list of gene models was carefully inspected giving
priority to predicted genes that fitted in one or more of the
following criteria: (i) related to cold response; (ii) functioning
in dormancy and/or flowering time regulation; (iii) related to
hormonal pathways, including absisic acid (ABA), GAs, and
auxin-mediated signaling (Beauvieux et al., 2018); and (iv) having
putative cis-acting elements in the promoter sequences thought
to respond to chilling, such as those containing MYB and MYC
motifs (Zhang et al., 2016).

In addition to relevant genes previously described in the
literature at the top of the major QTL in LG9, like MdoFLC
(MD09G1009100) and MdoPRE1 (MD09G1049300) (Porto et al.,
2015), we identified a predicted gene model (MD09G1003800,
Chr09:335,088-338,411) that shares similarity to Arabidopsis
ICEI (Supplementary Figure S3). The bHLH type transcription
factor ICE1 binds to the promoter of the CBF genes to activate the
ICEI-CBF-COR (COld Responsive genes) transcriptional cascade
in plants, also known as CBF regulon (Chinnusamy et al., 2007;
Thomashow, 2010; Ding et al., 2015; Park et al, 2015). The
association of an apple ICEI (MdoICEI) to dormancy traits
(CR, BBD, and flowering) agrees and complements the results
observed when a peach CBF (PpCBFI) gene was constitutively
expressed in an apple rootstock variety, resulting in altered
expression of apple dormancy-related genes (DAM genes), early
senescence in the autumn and delayed bud break in the spring
(Wisniewski et al., 2015). Within this context, in order to
investigate the MdoICEI participation in dormancy regulation,
we determined its expression in different tissues and among
a collection of individuals from the mapping population that
showed stable early and late BBD across the years evaluated
(Supplementary Figure S4). The data obtained demonstrated
that MdoICEI is expressed in young/mature leaves; however,
the transcriptional profiles did not reveal potential associations
with the early neither the late bud break phenotypes. These
results were somehow expected because activation of the CBF
regulon relies on ICE1 post-translational modifications triggered
by cold stimulus (Ding et al., 2015). Taking into account that
the transcriptional activity of the ICEI locus in itself cannot
be associated with its biological function, we tested the CBF
regulon transcriptional activity in response to cold stimulus using
in vitro apple plants. The results gathered from this assay showed
a slight but not significant induction of MdoICEI, followed by
a significant sequential induction of MdoCBFs and MdoDAM],
a major candidate gene that has been associated with dormancy
regulation in apple (Porto et al., 2016; Supplementary Figure
§5). These data reinforce the findings reported by Wisniewski
et al. (2015) and suggest an important role of the MdoICE1/CBF
regulon in the control of bud dormancy in apple.

In the same region, we identified another gene
(MD09G1004400, Chr09:368,274-371,719) characterized as
mitochondrial phosphate transporter (MPT). The mRNA
sequence for this gene showed high similarity with the MPT
transcript EU072922, which was previously reported to be

involved in accelerating bud dormancy release during chilling
treatment in tree peony (Paeonia suffruticosa) (Huang et al,
2008; Zhang et al., 2016). The evidence for correlation of apple
ICE1 (MdoICEI) and MPT (MdoMPT) to traits associated to
CR, BBD, and flowering reinforces a new perspective on the
balance between different pathways in the control of dormancy
release, integrating cold temperature perception, flowering,
carbohydrate metabolism, and mitochondrial respiration. The
relative positions of the main candidate genes within the BBD
QTL on LG 9 are depicted in Supplementary Figure S6.

DISCUSSION

We present a genetic analysis of the BBD locus in a Full-Sib
family derived from a controlled pollination F; cross between
contrasting genotypes for CR. The observed phenology for
BBD suggests a strong genetic control of trait variation. In
our study, broad sense heritability values were found high for
BBD, 0.54 at BG and 0.73 at VC, reinforcing the appreciate
contribution of underlying genes to the observed phenotypic
variance. Albeit the heritability estimate was shown to be
specific to the population and environment analyzed (de Souza
et al., 1998), there are previous studies that have produced
similar estimates for the heritability of the BBD trait in apple
and peach (Fan et al, 2010; van Dyk et al, 2010; Celton
et al,, 2011). The similarity of values calculated from different
progenies in different environments suggests a common genetic
mechanism contributing for the phenotypic variance of traits
associated with CR. Furthermore, despite the lower heritability
and the lower explanation observed in BG, it is worth to note
that sites with mild winters made it possible to exploit the
genotype in such environment, favoring the observation of early
BBD genotypes.

The constructed genetic linkage maps showed 17 LGs in
accordance with Maliepaard et al. (1998) and corresponding to
the haploid number of chromosomes in apple (Velasco et al,
2010). Using whole-genome sequencing of parental germplasm
“M13/91” and “Fred Hough” and mapping short sequence reads
to the reference, 182 new SNP markers were developed to be
used in KASP assay for SNP genotyping. Using these markers
for genotyping, we successfully increased the marker density to
improve QTL mapping efficiency in detecting putative novel
contributors to the BBD trait variability. The 784 grouped
markers for “M13/91” and the 791 for “Fred Hough” revealed
good marker saturation in all LGs. Linkage maps constructed
using SSR or SNP markers from different apple (van Dyk et al.,
2010; Celton et al., 2011; Antanaviciute et al, 2012; Zhang
et al., 2012; Clark et al., 2014) and pear (Yamamoto et al,
2014; Chen et al., 2015; Gabay et al., 2017) populations showed
similar coverage.

The linkage maps of both parents enabled an efficient
detection of a major QTL affecting BBD. This QTL explained
24.4-53.30% of the variability at BG and 31-63% at VC, besides
co-localizing with the genomic region associated with BBD
and flowering time on LG9 beginning specified by van Dyk
et al. (2010), Celton et al. (2011), Allard et al. (2016), and

Frontiers in Plant Science | www.frontiersin.org

March 2019 | Volume 10 | Article 33


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Miotto et al.

Chilling Perception and Dormancy Release in Apple

Urrestarazu et al. (2017). The identification of a common QTL in
different segregating populations, climatic conditions, and years
is an unusual finding. This result reinforces the importance of
this region for the genetic control of BBD in apple trees and
incentive investigations of the underlying genes contributing
effects to the trait variance. Although this region explains more
than 50% of the phenotypic variation observed for BBD, other
important regions have also been reported on LG7, LG10, and
LG12, as well as QTL with minor effects on LG8 and LG15
(Allard et al., 2016). Among the progress toward the search for
candidate genes putatively associated with dormancy traits, the
interval of this QTL was initially defined as the first 4.04 Mb
(Celton et al., 2011) and subsequently narrowed to 1.8(Allard
et al., 2016), 1.7 (Trainin et al., 2016), and 0.36 Mb (Urrestarazu
et al,, 2017). The segments indicated in these contributions
overlap with the physical interval defined in our study (3.28 Mb),
which was defined based on the stability of the QTL across
years and sites.

The genetic control of dormancy in Rosaceae is a complex
process and the identification of major genes controlling this
trait are challenging. In the beginning of apple chromosome
9 (position 655,000), a sequence with similarity to FLC
(MD09G1009100; MdoFLC) was already described as a strong
candidate to have a functional role during flowering (Porto et al.,
2015; Allard et al., 2016; Urrestarazu et al., 2017). MdoFLC was
shown to be seasonally expressed during dormancy (Porto et al.,
2015), and recently, this gene was shown to be differentially
expressed when comparing ecodormant buds to bud break and
fruit set stages (Kumar et al., 2017), suggesting a putative role
during endo- to ecodormancy transition. In Arabidopsis, the
FLC gene is the main repressor of flowering under unfavorable
conditions (reviewed in Amasino and Michaels, 2010).

Besides MdoFLC, genes from other functional classes were
identified inside the confidence intervals of the LG9 BBD
QTL such as NAC-domain protein (MD09G1006400), putative
WRKY transcription factor (MD09G1008800), and chromatin-
remodeling complex (MD09G1011500; MD09G1011600)
(Celton et al.,, 2011; Allard et al.,, 2016; Trainin et al., 2016;
Urrestarazu et al., 2017). Although intense efforts have been
made to trace candidate genes that can play roles in the
genetic control of dormancy induction and release, a biological
integration of these findings is still missing.

Within this context, we carefully inspected the physical
interval of the LG9 BBD QTL for new candidate genes that
could be primarily associated with cold response, dormancy or
ABA-mediated signaling. We identified a gene model located
close to the highest significant LOD scores (Supplementary
Tables S5, S8) that shows similarity to an Arabidopsis gene
encoding the bHLH transcription factor ICE1 (Supplementary
Figure S3). Apples and pears diverge in bud dormancy
regulation from other Rosaceae species because instead of
being triggered by photoperiodic changes, the main regulator
of this process is exposure to cold temperatures (Heide and
Prestrud, 2005). Therefore, the identification of MdoICE]I inside
the apple BBD QTL gives us the opportunity to add new
evidence to the elucidation of dormancy control: a candidate
gene associated with cold perception and flowering regulation.

Apart from being located close to the highest significant
LOD scores across the years evaluated in two different sites
(Supplementary Tables S5, S8), it is well stablished in the
literature that upon cold stimulus, ICE1 and its targets CBF
transcription factors activate downstream cold-responsive gene
targets, including COLD-REGULATED (COR) genes also known
as the CBF regulon (Gilmour et al., 1998; Chinnusamy et al.,
2003, 2007; Thomashow, 2010; Kim et al., 2015; Park et al,
2015; Zhan et al., 2015). In addition, ICE1 can also directly
integrates cold signals into FLC-mediated flowering pathways,
and ICE1 activity is post-translationally modulated by OST1,
a key component in ABA signaling (Ding et al, 2015;
Lee et al, 2015). Under floral promoting conditions, ICE1
binding to FLC and CBF promoters is inhibited and leads to
flowering induction (Lee et al., 2015). In apple, MdACIbHLH1
(MD14G1148600), an ICE-like protein has the ability to promote
chilling tolerance in transgenic plants; however, this gene has
not been assigned to QTL positions for dormancy traits (Feng
et al, 2012). This collection of evidences suggests MdoICEI
as an appealing candidate gene to mediate cold and ABA
responsiveness by activating the CBF regulon during the
bud dormancy process in apple and that a balance between
different pathways are acting to mediate adaptive responses to
cold perception.

Interestingly, CBFs were shown to modulate apple dormancy
by altering the expression of genes responsible for the molecular
control of dormancy progression such as the DAM genes
(Wisniewski et al., 2015; Artlip et al., 2016). Similarly, the pear
CBF2 was shown to interact with the promoter of the DAM
ortholog PpMADSI13-1 (Saito et al, 2015), a trend that was
already suggested for DAM genes of other species (Horvath et al.,
2010; Sasaki et al., 2011; Yamane et al., 2011; Porto et al., 2016).
The context of these evidences together with the data gathered
in this work can also contribute to the understanding of the
genetics behind dormancy traits. As part of the CBF regulon,
MdoDAM genes function may be directly affected by the genetic
variance of their upstream regulators, therefore establishing a
potential epistatic effect. This might be one of the explanations
why QTL associated with MdoDAM chromosomal positions in
apple were not found in bi-parental progenies (this study; van
Dyk et al, 2010; Celton et al., 2011) and even using a large
and powerful GWAS study (Urrestarazu et al., 2017). Most
MdoDAM genes were found at LG8 in a region highly syntenic
to the peach chromosome 1, where the PpDAM genes are located
(Porto et al., 2016). Hence, if conserved genetic mechanisms
involving DAM genes in peach were to be found in apple, they
are expected to map to apple LG8. Allard et al. (2016) exploring
a pedigree-based analysis in multi-parental populations were
able to detect QTLs for bud phenology traits associated with
MdoDAM chromosomal positions on LG8 and LG15 in two
of the three years evaluated; however, they were considered of
minor contribution.

In addition, we identified in the same QTL interval a gene
model showing high similarity to MPT (MdoMPT), a gene
involved in accelerating bud dormancy release during chilling
treatment in tree peony (Huang et al., 2008; Zhang et al., 2016).
Cold-responsive genes are able to encode a diverse array of
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proteins involved in respiration and metabolism of carbohydrates
(Chinnusamy et al., 2003). Noteworthy, the carbohydrate
metabolism appears essential in the transition from dormancy
to active bud growth in response to cold. The bud capacity to
burst was suggested to be tightly linked to its carbohydrates
supply due to increasing carbohydrate uptake in the bud after
dormancy release, with an increase in the expression and
activity of membrane transporters (Beauvieux et al., 2018).
Remarkably, the MPT expression regulation in dormancy
release is thought to be essential to promote respiratory rate
and energy metabolism, which is a process that requires
delivering of inorganic phosphate to the mitochondrial ATP
synthase complex (Beauvieux et al., 2018). The identification of
MdoMPT in the LG9 QTL adds carbohydrate metabolism and
mitochondrial respiration pathways into the likely players of
dormancy in apple.

Taking advantage of the known functional pathways of ICE1,
CBE and FLC in Arabidopsis, we suggest a hypothetical model
for the apple bud dormancy process based on the findings of the
LG9 BBD QTL (Figure 3). Early cold waves and ABA stimuli
activate the MdoCBF regulon through MdoICEl. MdoDAM
genes would be activated leading to dormancy establishment.
Medium- to long-term cold exposure have a role during endo-
to ecodormancy transition by activating MdoFLC through the
same pathway, but in a CR-dependent manner. The balance
of both MdoDAM and MdoFLC levels would guarantee that
dormancy release and bud break only occur during optimal
growth promoting conditions after heat requirement fulfillment.
However, how the same pathway would induce these genes in
different time points is yet to be discovered.

Complementarily, the examination of the BBD QTL on
the M13/91 progenitor revealed two remarkable peak regions
dividing the QTL depending on the threshold adopted and year
evaluated (see Supplementary Table S5): the first at the extremity
(marker TC_465054_Lg9) and the second one starting around
9-11 cM (markers drm_qtl_snprnt113 and drm_qtl_snprnt137).
The marker drm_qtl_snprnt137 lies within the MD09G1049300
gene model, which was annotated as an ortholog of PREI. The
LOD distribution drops to non-significant values immediately
after this marker’s position, except in the atypical winter of
2017 (see Figure 1 and Supplementary Tables S1, S2, S5).
This finding suggests a relevant role of MdoPREI locus for
the phenology of dormancy-associated traits (bud break and
flowering). In agreement to the genetic analysis, differential
expression of MdoPREI during bud break was observed in apple
(Porto et al., 2015; Kumar et al., 2017), reinforcing a potential role
in growth resumption during bud dormancy release. This set of
observations also accounts for a potential additive effect between
the loci located at the borders of the LG9 BBD QTL, emphasizing
the complex genetic control of this trait. The additive effect
hypothesis is also consistent because time of bud break and
flowering are indirect measures of CR, and genetic analysis
approaches based on phenotyping of these traits failed to identify
loci responsible for the maintenance of the dormancy process
(growth repressors) in apple trees (Celton et al., 2011; Allard et al.,
2016; Trainin et al., 2016; Urrestarazu et al., 2017).

In the present study, the use of phenological data collected
during 7 years in two locations with different climatic
conditions allowed the dissection of different loci contributions
to BBD. The results obtained allowed us to revisit the
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genetic characterization of the corresponding BBD QTL
chromosomal segment, reinforcing the strong genetic effects
over dormancy-associated traits. The proximity of candidate
genes associated with chilling perception, ABA signaling, and
flowering (MdoICE1, MdoFLC, and MdoPREI) from the most
explanatory markers suggests potential complementary roles of
these genes functions in dormancy establishment and release.
Several models for bud dormancy control have been proposed
(Horvath, 2009; Campoy et al., 2011; Rinne et al., 2011; van
der Schoot and Rinne, 2011). However, they are based on
species in which photoperiod plays a major role in dormancy
induction. These models do not address the peculiarities of
this process in pipfruits, such as apples and pears. Therefore,
a tentative summarizing model is proposed in Figure 3. The
hypothetical model postulates that: MdoICE is important for
cold perception to start the signaling involved in dormancy
establishment and adaptive responses; the MdoDAM genes are
important to induce bud set and to repress growth resumption
until CR fulfillment; MdoFLC is important to inhibit growth
after the transition from endo- to ecodormancy; MdoPRE] is
important for bud break, possibly by mediating GA promotion
of vegetative growth; and MdoMPT represents the energy source
necessary for growth as being associated with carbohydrate
metabolism. In the breeding context, the interpretation of the
results presented in this work may help the development of
strategies that could support the generation of new cultivars
better adapted to each regional cultivation scenario, either by
biotechnological or by conventional practices.
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