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ABSTRACT

Dormancy is one of the most important adaptive raeidms developed by perennial plants,
in order to survive the low temperatures of autuand winter in temperate climates. The study of
the genes regulated during dormancy release isatriec understand the process, with the final
objective of the development of new varieties véathetter adaptation to certain environments; and
this is particularly important considering the ieasing economical weight of fruit crops in low and
medium chilling regions as the Mediterranean a¥éa.focused on the molecular and physiological
mechanisms underlying the maintenance and releaseasonal dormancy in peach. In order to
achieve this we first used suppression subtrat¢teidization (SSH) to identify genes expressed
in dormant and dormancy-released buds in two arsiwvith different chilling requirements,
Zincal-5’ and ‘Springlady’, and subsequently validd their differential expression utilizing a
peach cDNA microarray platform containing transixipnriched in flower buds. Additionally, we
carried out a genome-wide search of peach genatedeto dormancy release by hybridizing the
previous cDNA microarray with mRNA samples from @@ltivars showing different dormancy
behaviour, followed by an expression correlatioalgsis.

Among the most relevant genes identified in thesefirst works, we found thBORMANCY
ASSOCIATED MADS-bogenesDAM4, DAM5 and DAMG6, described independently by other
groups working in peach and other species. Theaeamie of DAM genes in dormancy regulation
has also been confirmed by additional function@irapches as the analysis of the non-dorreagt
mutant, QTL analysis, and transgenic approaches.

In our second work we focused on the molecular meisms ofDAM6 down-regulation
concomitant with dormancy release in flower buds.CAIP analysis ofDAM6 promoter and
structural gene revealed chromatin modificationnésvsimilar to those observed in vernalization of
Arabidopsis and cereals. We showed thBAMG6 is transcriptionally active in dormant buds
collected in October, when a short chromatin regoound its ATG was trimethylated in histone
H3 at K4 (H3K4) and acetylated at the N-terminal taf H3. Concomitantly withDAM6
repression, H3K4 became demethylated and H3 ddatmsty Later H3K27 was found
trimethylated along a genomic region larger thab,4kcluding promoter, coding sequence and
intron. Due to their relevance in dormancy regolatDAM genes could be used as expression
markers to assess the dormancy stage of an indiviglant and to evaluate the chilling
requirements of new cultivars. In fact, we havewaman this work that the expression pattern of



DAMS5, together with other transcripts (BD396, DB247,288 and PpB63), correlates well with
chilling requirements values of five different \etres (‘Big Top’, ‘Catherina’, ‘Fergold’, ‘Maruja’
and ‘Springlady’) measured following Utah and Dynamodels.

Some of the genes identified in transcriptomic expents using flower buds, d&3AM1,
DAMS5 andDAMG6, were also regulated during the cold stratificatod peach seeds, suggesting the
presence of common regulatory pathways in the docpgrocess of buds and seeds. These
similarities between bud and seed dormancy havsilfgesmportant implications in the evaluation
of bud chilling requirements of early and late fenwmg genotypes directly at seed level greatly
reducing the time needed for evaluating plant nrgter breeding programs.

Among others, a significant number of genes idemtifin this work were homologous to
ABA and drought related genes from other speci®A An fact, has been proposed to promote and
maintain bud dormancy although few molecular dafgpsrt this prediction. Our data contribute to
highlight a prominent role of ABA in dormancy preses and also uncover elements of the ABA
and drought regulatory response in peach, as an-IWBENSITIVES (ABI5) binding protein
(AFP)-like, a dehydration-responsive element (DREding protein (DREB2C)-like, a calcium-

binding annexin, and several genes regulated bgssgignalling pathways.



RESUMEN

La latencia es uno de los mecanismos adaptativas importantes desarrollados por las
plantas perennes para sobrevivir a las bajas tetypas estacionales en climas templados. El
estudio de los genes regulados durante la salittaldeencia es crucial para entender este progeso
poder obtener nuevas variedades con una adecuapi@edn climatica a la zona de cultivo. Esto es
particularmente relevante en el area mediterréadmaje el peso econdémico del cultivo de frutales
con bajos y medios requerimentos de frio se estanmentando notablemente. En esta tesis se han
estudiado aspectos moleculares y fisioldgicos gdean al mantenimiento y salida de latencia en
melocotonero. Para ello, se ha utilizado la técudieahibridacion substractiva supresiva, que ha
permitido identificar genes expresados en yemamtieé y no latentes en dos variedades con
diferentes requerimientos en horas frio, ‘Zincay 5Springlady’. Posteriormente, se ha validado su
expresion diferencial mediante una micromatriz D&l& que contenia transcritos enriquecidos en
yema floral. Ademas, mediante hibridacion de iaromatriz anterior con muestras de RNA
procedentes de 10 cultivares que diferian en supodamiento respecto a la latencia, se han
identificado genes cuya expresion correlacionalneetestado de latencia del material ensayado.

Dentro de los genes mas relevantes identificad@ests dos trabajos se encuentran los genes
DORMANCY ASSOCIATED MADS-box (DADAM4, DAM5 and DAMG6, previamente descritos
de forma independiente por otros autores que @ale) melocotonero y otras especies lefiosas Su
papel en la latencia se ha confirmado por medio mtaebas funcionales como el analisis del
mutante no latentevg el mapeo de QTL, y mediante el uso de plantasgenicas.

En un segundo trabajo se ha estudiadoel mecamsohecular de la represion d2AM6
durante la salida de latencia en yema floral. Blisis de inmunoprecipitacion de cromatina en la
zona del promotor y gen estructural @AMG6 revel6 modificaciones similares a las observadas e
la vernalizacion dérabidopsisy cereales. Los resultados han demostraddDdiM6 se transcribe
en yema latente recolectada en octubre, cuandgeqaefna region de cromatina alrededor del
ATG se encuentra trimetilada en la lisina 4 (K4)lal@istona H3 y acetilada en la cola N-terminal
de H3. En paralelo a la represiéon[@AM6, H3K4 se demetila y H3 se deacetila. Posterioreent
H3K27 se encuentra trimetilada a lo largo de umadre gendmica mayor de 4kb, que incluye
promotor, secuencia codificante e intron.

Debido a su relevancia en la regulacion de la tiethos gene®AM podrian ser utilizados
como marcadores de expresion para evaluar el ed@adftencia de una planta individual, y para



evaluar los requerimentos en frio de nuevas vatiesidDe hecho en este trabajo se ha demostrado
gue la expresion d®AMS5, junto con otros transcritos (BD396, DB247, SB38®PpB63), se
correlaciona con las estimaciones de requerimeti¢ofio en cinco cultivares diferentes (‘Big
Top’, ‘Catherina’, ‘Fergold’, ‘Maruja’ y ‘Springlag), medidos mediante los modelos Utah y
Dynamic.

Algunos de los genes identificados en los experiosede transcriptomica con yema floral,
comoDAM1, DAM5y DAMS6, son regulados durante la estratificacion en dedas semillas de
melocotonero, sugiriendo la existencia de rutasedalacion comunes en los procesos de latencia
de semilla y yema. Estas similitudes entre la Egede yema y semilla podrian justificar el empleo
de la semilla para la estimacién de los requeriosede frio de diferentes genotipos, reduciendo
considerablemente el tiempo necesario para la asvidln del material vegetal en los programas de
mejora.

Un numero significativo de genes identificados ste drabajo muestran homologia a genes
relacionados con el ABA y estrés hidrico en otrgeeies. El ABA, es considerado uno de los
principales inductores de la latencia en la yenmaesbargo pocos datos moleculares apoyan esta
idea. Nuestros datos contribuyen a resaltar el itapte papel del ABA en el proceso de latencia y
también a desentrafiar los elementos de la respregpiéadora del ABA y el estrés hidrico en
melocotonero. Entre ellos se encuentran una peotsimilar a ABA-INSENSITIVES (ABI5)
BINDING PROTEIN (AFP), una proteina de regulaci@ld respuesta al estrés hidrico similar a

DREB2C, y una anexina.



RESUM

La laténcia és un dels mecanismes adaptatius mgsrtemts desenrotllats per les plantes
perennes per a sobreviure a les baixes temperastasionals en climes temperats. L'estudi dels
gens regulats durant l'eixida de la laténcia éiatyper a entendre este procés i poder obtindre
noves varietats amb una adequada adaptacio clanatla zona de cultiu. Ao és particularment
rellevant en I'area mediterrania, on el pes econodel cultiu de fruiters amb baixos i mitjans
requeriments de fred s’esta incrementant notablemEn esta tesi s’han estudiat aspectes
moleculars i fisiologics que rodegen al mantenimezixida de latencia en bresquillera. Per a aixo,
s’ha utilitzat la técnica d’hibridacié substraetisupressiva, que ha permés identificar gens
expressats en gemmes latents i no latents en desats& amb diferents requeriments en hores fred,
‘Zincal 5 i ‘Springlady’. Posteriorment, s’ha veht la seua expressio diferencial per mitja d'una
micromatriu de cDNA que contenia transcrits entgjuen gemma floral. A més, per mitja
d’hibridacié de la micromatriu anterior amb mostiess RNA procedents de 10 cultivars que
diferien en el seu comportament respecte a ladatgg’han identificat gens I'expressio dels quals
correlacionava amb I'estat de latencia del matesahjat.

Dins dels gens meés rellevants identificats en estos treballs es troben els gens
DORMANCY ASSOCIATED MADS-box (DAMAM4, DAMS i DAM6, préviament descrits de
forma independent per altres autors que trebalkebresquillera i altres espécies llenyoses El seu
paper en la laténcia s’ha confirmat per mitja devps funcionals com I'analisi del mutant no latent
evg el mapeig de QTL, i per mitja de I'Gs de plarttasisgeniques.

En un segon treball s’ha estudiat el mecanisme culzle de la repressié d2AM6 durant
I'eixida de latéencia en gemmes florals. L'analishiohunoprecipitacié de cromatina en la zona del
promotor i gen estructural d@AM6 va revelar modificacions semblants a les obses/atela
vernalitzaciod’Arabidopsisi cereals. Els resultats han demostrat[gAd&16 es transcriu en gemma
latent recol.lectada en octubre, quan una xicotgjgd de cromatina al voltant de I' ATG es troba
trimetilada en la lisina 4 (K4) de la histona Hacetilada en la cua N-terminal d’ H3. En paraklel
la represi6 deDAM6, H3K4 es demetila i H3 es deacetila. Posteriormét8K27 es troba
trimetilada en una regié genémica major de 4kb,iqaeu promotor, sequéencia codificant i intré.

Alguns dels gens identificats en els experimentgralescriptomica amb gemma floral, com
DAM1, DAM5i DAMS6, son regulats durant I'estratificaciéo en fred de llavors de bresquillera,

suggerint I'existéncia de rutes de regulacié comemals processos de laténcia de llavor i gemma.



Estes similituds entre la laténcia de gemma i Hapodrien justificar I'is de la llavor per a
'estimacio dels requeriments de fred de difereggsotips, reduint considerablement el temps
necessari per a l'avaluacioé del material vegetalsmprogrames de millora.

Un nombre significatiu de gens identificats en estball mostren homologia a gens
relacionats amb I'ABA i estrés hidric en altreséses. L’ABA, és considerat un dels principals
inductors de la laténcia en la gemma, no obstaidt pdbques dades moleculars recolzen esta idea.
Les nostres dades contribuixen a ressaltar I'imaporpaper de I'’ABA en el procés de laténcia i
també a desentranyar els elements de la respogtdadera de I'ABA i l'estrés hidric en
bresquillera. Entre ells es troben una proteinabtmrmha ABA-INSENSITIVES (ABI5) BINDING
PROTEUET (AFP), una proteina de regulacié de lpasts a I'estrés hidric semblant a DREB2C, i

una anexina.
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1. GENERAL INTRODUCTION

1.1. Dormancy as an adaptation to the environment

Perennial plants are able to survive under unfadarclimatic conditions through a seasonal
stage of latent growth named dormancy. The studjyoommancy has been a matter of interest for
scientists covering almost a century of work, idahg genetics, physiology, biochemistry,
agronomy, and molecular biology. Lang et al. (198&fined dormancy for the first time as the
“temporary suspension of visible growth of any plsinucture containing a meristem”. He further
distinguished between paradormancy, when growthhibited by distal organs, endodormancy
when growth is inhibited by internal signals, andod@ormancy, which is provoked by
environmental conditions. Despite some limitationghis definition, Lang’s description had been
widely utilized by the scientific community for yea A more recent definition of dormancy has
been proposed by Rohde & Balherao (2007), as fthbility to resume growth from meristems
(and other organs and cells) under favourable tomdi. Dormancy is a physiological
mechanism that involves different metabolic pathsvdight perception, hormones, cell cycle and
abiotic stress resistance.

Dormancy is the result of plant adaptation to theirenment and the variation in intensity is due
to the different pressure exercised at differetitudes. Among the same species, this climatic
variations generated different genotypes with &rdisdormancy intensity (Heide et al., 1977). In
cases where this pressure was released, some alaotd at the tropical climates have been

observed to reconstitute their ancestral woodwergrowing habit (Okubo et al., 2000).

1.1.1 Seasonal cycle of dormancy

During autumn, just before growth cessation in ainparadormancy marks the first step to a
deeper dormant state. When the terminal bud isddrrauxin production and transport imposes a
basitonic gradient of bud growth ability in axijabuds (Champagnat et al., 1975; Wareing,
1956). From the beginning of March to the end ofjést, removal of the apical bud allows the
growth of the axillary buds. The same effect isaoted with defoliation from August to

September while is totally ineffective later, beiag isolated axillary bud unable to resume
growth under favourable conditions. Between Sep&rnaimd November, depending on climatic

conditions, the bud break ability is null, due tmledormancy induction.
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Paradormancy
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Figure 1.1 Development cycle of axillary buds on ttee shoot.From April to August,
the bud is inhibited by paradormancy: a simple gi#ation allows immediate growth
resumption. But progressively, decapitation analifon are both needed to obtain the
same result, and finally in September, both treatmyéave no result. True dormancy
appears on October., as shown by the dramatic akeer@ bursting ability of buds on
‘one-node cutting’ but it is released in JanuaBaged on Champagnat 1989).

The plant, in a first step, develops a moderatistasce to cold that increases considerably after
leaf senescence and abscission as a response ¢o temperatures (Perry, 1971). From this
moment the tree is considered to be endodormarnte ©hilling requirements are fulfilled and
climatic conditions are favourable (25°C), budscheely 2 weeks for bud break (Figure 1.1).

1.1.2 Environmental and physiological factors

The first studies devoted to bud dormancy were lkleildng the 50’s and 60’s, with a relevant
dedication to hormones that were thought to becthese of dormancy establishment. Hemberg's
(1949) studies showed that an endogenous substales “dormin” was involved in bud
dormancy induction and its synthesis was a plaspaese to environmental cues (Eagles &
Wareing, 1963). This "dormin" was later named abs@cid (ABA).

Evidences in favour and against ABA as dormancydtal opened the question whether ABA
was more involved in increase freezing tolerane tthormancy regulation (Welling et al., 1997;
Rinne et al.,, 1998; Mielke & Dennis, 1978; Trewawv&sJones, 1991; Tanino, 2004). A

relationship between ABA and water content underdsldormancy induced by water stress was
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observed irBetula pubescens, Prunus persivatis viniferaandVitis riparia in buds and cortex
tissue (Erez et al., 1998; Fennel & Line, 2001;Riret al., 1994; Welling et al., 1997; Koussa et
al., 1998), suggesting a link between ABA contemdl avater status with bud dormancy depth
(Tamura et al., 1993). After dormancy establishmemtreduction of free water and an
accumulation of dehydrins were observed, improyilagt tolerance to freezing.

A first connection between day-length shorteningl alormancy induction was observed by
Garner and Allard (1923), and later confirmed byeos (Kramer et al., 1936; Downs &
Bothwick, 1956; Nithsch, 1957; Weieser, 1970; AHoet al., 2008). In photoperiod-insensitive
varieties anduphorbia esuldow temperatures replaces the effect of SD (H&drestrud, 2005;
Horvath 2009), as it was also described in strawyb@to & Saito, 1962; Guttridge, 1985). Went
(1948, 1953) proposedthe term thermoperiodism dlicate the importance of the variation of
temperature between day and night. A more recemweby Tanino (2010) raises the hypothesis
of the existence of two separated processes indofvelormancy induction in northern ecotypes:
one driven by low temperatures while another indud®y warm temperature-photoperiod
ensuring dormancy development and cold adaptatraferuboth favourable and unfavourable
conditions. This hypothesis could explain the défé and controversial responses of dormancy
to warm and low temperatures described in thealitee until now.

Concomitantly with dormancy establishment, watebiiity decreases and hydrophilic molecules
accumulate (Faust et al., 1995; Erez et al., 198@)ultaneously, plasmodesmata are blocked by
1,3p-glucan (Rinne et al., 2001; Rinne & Van der Sch@003) and calcium depositions (Jian et
al., 1997), and a change in aquaporin gene expressireported in peach bud (Yooyongwech et
al., 2008). Chilling, on the other side, is respblesfor restoring symplastic connections by
enhancing production of 1[8glucanase. This process is supposed to be dueliergllins (GA)
production that induce 1,B-glucanases genes transcription as shown in tobéoeobner-
Metzger et al., 1996).

After growth cessation and under low temperatureditmns starch is converted to maltose and
simple hexoses, with accumulation in stems and K{Rdsne et al, 1994; Kuroda & Sagisaka,
1993). Some evidences suggest a role of sucrose and stigars as signalling molecules in
euphorbia, poplar and aspen (Horvath et al., 2@8&en et al., 1997; Erikkson et al., 2000).
Sugars have been described to interact with ABAGAduring the formation of potato tuber, an

organ that also undergoes dormancy processes (Auy &098).
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Other hormones different from ABA have been relai@dlormancy maintenance and release.
Ethylene has been shown to interact with ABA dutingl set and dormancy, as observed in an
ethylene-insensitive transgenic birch under SD tars (Ruonala et al., 2006). Ethylene is
considered as an intermediate between light and Afffaals, hypothetically activated by
transient low hexose pools (Ruttink et al., 2007).

GA has been proposed as ABA antagonist in growthcgsses. Under long day-length
photoperiod (LD) GA accumulates, accelerating grov@n the contrary, SD has been shown to
block certain steps in biosynthesis of GA, leadimgrowth cessation in poplar trees (Olsen et al.,
1997; Eriksson, 2000).

Auxins and cytokinins are involved in bud apicahdoance (Rohde et al., 2000). Auxin is also
required to maintain the cambium in a meristemsttite whereas its sensitivity is reduced during

dormancy (Schrader et al., 2003).

Coville was the first, in 1920, to observe chillirgquirements effects. He reported that certain
native bushes from Washington D.C. remained coralyletiormant under warm controlled
conditions, thus concluding that plants wouldn’stime normal growth in the warm weather
without a period of chilling (Coville, 1920). Anaomplete fulfilment of chilling requirements
causes bud break delay, low bud break rate, lackndbrmity of leafing and blooming, and
higher flower-bud drop, that directly influence Igeand plant architecture, including a decrease
in fruit commercial quality (Erez, 2000; Legaveatt, 1982; Viti & Monteleone, 1991, 1995;
Topp et al., 2008). On the other hand, an earfyifugnt of chilling requirements in cold regions

may increase the risk of spring frosts.

1.1.3 Economical importance of dormancy

The incomplete accumulation of chilling still repeats a challenge for fruit crop production in
temperate and warm climates, because most of #mespand cultivars of temperate areas were
originated and cultivated between the parallelsaBd 48 of the northern hemisphere (Faust.
2000).

Mediterranean climate area includes Mediterranezmt&®rderlands, central and coastal southern
California, central Chile, the southern tip of Al and part of the southernmost of Australia
(Figure 1.2). These locations concentrates the éarit production that initiates the commercial
season, where a high interest to obtain new vaseidapted to this climate exists (Topp et al.,
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2008). The expected changes in World climate canditconfer to dormancy and stress processes
an increasing relevance, and represents a grelgralpa for plant breeders worldwide (Luedeling
et al., 2011).

Several strategies have been developed to brealdtwmancy such as over tree sprinkling of
water, shading and defoliation. But the effectivemnef these treatments depends on the time of
application. Defoliation, for example, triggers buateak only when performed before
endodormancy (Saure, 1973; Janick, 1974; Edwar@87)1 In tropical climates, another
agronomical practice is the cultivation at highitattes that may help to fulfil chilling
requirements (Arora et al., 2003).

Chemicals products as hydrogen cyanamide (HC) laés@ been used to overcome dormancy
entrance, with some disadvantages as phytotoxacity certain environmental impact. With such
perspective, the development of new low chillingietdes represents an interesting solution that
would minimize the negative ecological impact oéitical dormancy breaking agents.

Maybe for these reasons, in the last 20-30 yearstlkrest on plant bud dormancy has increased,
as indicated by the different international sympaainphasizing the complexity and relevance of
this process (Corvallis, Oregon USA 1995; AngersanEe in 2000; Wageningen, The
Netherlands 2004 and Fargo, North Dakota USA 20D8jinitely, a better basic knowledge of

dormancy will contribute in a fundamental way te ttevelopment of new varieties.

{ =} High Chill Regions
é ET1 Medium and Low Chill Regions -
I\‘ i B Tropical Regions

Figure 1.2 Worldwide distribution of medium and low chill region of major stone fruit breeding
programs. (adapted from Byrne et al., 2000).
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1.2 Climatic models for dormancy release

Once the relationship between dormancy releasetedccumulation of low temperatures was
established (Coville, 1920), bud dormancy releasdets started to be developed to determine in
which way climate influences the fulfilment of dmb requirements. The effective temperature
affecting dormancy breaking was estimated to b&C7.2pproximated in certain cases to 7°C
(Samish et al., 1954; Vegis et al., 1964; Weldonakt 1934). Initially, temperature was
considered the only major influence on dormancyeast, and chilling requirement was
consolidated as a parameter with a practical usstablish the success of a cultivar in a certain
environment (Samish & Lavee, 1962). The first medehsed on the linear accumulation of
chilling hours (Weinberger, 1950) soon demonstratesdr limitations, as chilling requirement
measurements were highly dependent on the yedoaation. A first improvement was provided
by Richardson (1974) with the Utah Model that btited different chill unit values to
temperature ranges. Saure (1985) proposed a duilmonsidering a dual temperature action on
dormancy; in a first phase low temperatures supp@testablishment of dormancy while in a
second phase it contributes to dormancy releass. ditality was also considered by Cesaraccio
et al. (2004), who distinguished chilling days (frdharvest to bloom) from antichilling days
(during quiescence). Gradually, different modelsreveleveloped taking into account bud
sensitivity to temperature following its dormanagge (Fuchigami et al., 1987), the interaction
between photoperiod and temperature (Hanninen. el @95), as well as diurnal and nocturnal
temperature differences (Sugiura et al., 2002).

An adaptation of the Utah Model to warm climategr{Bmic model) was developed in Israel
(Fishman et al., 1987a; 1987b). In this model oiglltime is accumulated in two steps. A first
accumulation of an intermediate product is promobsd chilling temperatures while warm
temperatures have an opposite effect on this psoc@sce a sufficient amount of intermediate
product is accumulated, Chill Portions are contuskp accumulated. Then, after a period of cold,
moderate temperatures have a positive effect omalacy release (Erez & Couvillon, 1987).
Several modifications to the Utah Model includiegnperature effects not previously considered
were successively proposed. Thus, a more compléxaecurate model arose taking into account
different climatic conditions and crops: peach smakl (Erez, 2000; Erez & Lerner, 1990;
Fishman et al., 1987 a, 1987b), ornamental peadapan (Pawasut et al., 2004), kiwifruit (Allan
et al., 1997)Eucalyptus nitengGardner & Bertling, 2005), peach in South Afri@dlan et al.,
1995), peach in Chile (Perez et al.,, 2008) and nan€e (Balandier et al., 1993a), cherry
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(Alburquerque et al., 2008), almond (Egea et &Q3, apricot in Spain (Ruiz et al., 2007) and
Italy (Viti et al., 2010), walnut in California (ladeling et al., 2009e) and apple in northern Italy
(Valentini et al., 2001). In particular the Dynamimdel along with the Chill Hours and the Utah
Models failed in tropical climatic conditions of R&on Island (Balandier et al., 1993). This could
mainly be due to the lack of biological and physgital basis: the majority of the models are
developed with detached shoots or potted treesramwt chamber trying to simulate their
behaviour in open field (Campoy et al., 2011a).

As a conclusion, bud dormancy release models aae@sate as our understanding of the cellular
mechanisms underlying dormancy release (Arora ¢t28l03). A deeper knowledge on the
molecular and physiological mechanisms controltiogmancy would contribute to develop more
robust models for dormancy evaluation; as an exarbgl considering the interaction between

photoperiod and temperature into chill model (Cayngioal., 2011a).

1.3 Common feature between bud and seed dormancy

During the growing season also seeds and tubersrgmddormancy. The growth of bud and
embryo meristems is strictly regulated by dormam@chanisms until environmental conditions
are optimal for long-term survival. Dormancy isnheleased after a period of chill in both seeds
and buds suggesting a common mechanism of cofitingg. chilling treatment in seeds is called
stratification. Insufficient cold stratification ;feeds causes deformations in the growth habit as
physiological dwarfing (Pollock, 1962).

In most popular model organisms, physiological dammoy integrates contributions from the
embryo and the seed coat, being the coat compatelgiast partially due to the mechanical
resistance to breakage of endosperm and testasldgdiact some species require scarification or
fire, since smoke contains some dormancy breakimgpounds as nitrogen oxides and a
butenolide that stimulates germination.

Several recent findings support the hypothesisdgbahination control by seed covering layers is
promoted by the action of several cell-wall modifyiproteins, as 1,B-glucanases. Similar
enzymes are involved in bud dormancy, producingatigion of callose deposition in the neck
region of plasmodesmata (Rinne et al., 2001; 20hl)he cases of seeds, they could facilitate
endosperm rupture of seeds, promoting cell separ@inch-Savage et al., 2006).

The ratio of the hormones ABA and GA is considesg@levant factor regulating seed dormancy
processes (Kucera et al., 2005). Dormancy maintendapends on high ABA:GA ratios while its
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release occurs with low ABA:GA (Cadman et al., 2006 addition to hormone content and
synthesis, the transition from a dormant to a nomr@dnt state is characterized by an altered
sensitivity to ABA and GA. Other hormones as ethglebrassinosteroids, auxin and cytokinins
have been also proposed to affect dormancy andigation (Finkelstein et al., 2008).

The molecular factors and pathways conditioningl semancy status have been enumerated in
several recent reviews (Bentsink et al., 2007; €lstiein et al., 2008; Holdsworth et al., 2008;
North et al., 2010; Finch-Savage et al., 2006).

Early studies showed that the B3 class transcrigiators encoded bylVIPAROUS 1(VP]) in
maize andABA-INSENSITIVE IABI3) in Arabidopsisare involved in seed development and
dormancy (McCarty et al., 1991; 1995; Giraudatlet1®92).

At hormonal level, bud dormancy resembles seed docyn (Powell 1987). Multiple
physiological and transcriptomic studies (Rohdealgt2002; Arora et al., 2003; Horvath et al.,
2003; Rohde & Balherao, 2007) support the role 8AANn bud dormancy events. Transgenic
poplars overexpressing and downregulaftgBI3 suggested a role &BI3 in bud development
influencing cellular differentiation of vegetativissues; in addition to its role on seed dormancy
(Rohde et al., 2002).

The modification of the chromatin structure conités to the transcriptional regulation of
dormancy in seeds. Single and double mutants iHtB& ONE MONOUBIQUITINATIONenes
(HUB1 and HUB2) coding for C3HC4 RING finger proteins with hiseomodifying activity
showed a decreased dormancy phenotype (Liu eR@0D7). The identification of two histone
deacetylases further suggested that chromatin tsteuds involved in the control of seed

development (Tanaka et al., 2008).

1.4 Genetic and molecular aspects of dormancy proge

1.4.1 Genetic studies and mapping of dormancy assaied loci

Classical genetic approaches for the descriptiotraifs related to dormancy contributed to the
understanding of the dormancy process. In blueb&ryexample, cold hardiness trait best fits in
a simple additive dominance model, while chillirgquirement is controlled by two genes with
equal effect (Rowland et al., 1999oreover, two genetic studies suggested that onerrgane
controlled the low chilling requirement trait in@e and apricot (Hauagge & Cummins, 1991,
Tzonev & Erez, 2003).
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A Quantitative Trait Loci (QTL) mapping of bud sabhd bud flush inPopulussuggested the
existence of respectively three and six QTLs (Frewe al., 2000), which was more recently
confirmed in four different pedigrees (Rohde et a011).PHYB2and ABI1B genes, involved
respectively in the perception of photoperiod ari@iAAesponse signal, mapped to two of these
QTLs affecting bud set and bud flush (Frewen ¢28I00).

Two QTLs for blooming date were detected on LG2 B6&d (Linkage Group) by Dirlewanger et al.
(1999) in a peach2fpopulation. One major genégte blooming or Lpwas mapped on LG4 by
Ballester et al. (2001) in an almond gopulation; and one QTL for blooming time was mappe
LG4 by Verde et al. (2002) in a peach backcrossi)B©pulation. Fan et al. (2010) identified 20
QTLs associated to chilling requirement (CR), heguirement (HR) and blooming date traits (BD)
after evaluating a Fpopulation of peach for 2 consecutive years. Tthengest QTL found in this
work mapped on linkage group 1, in a region comgirthe locus responsible for the non-dormant
phenotype of thevergrowing(evg) mutant of peach (Fan et al., 2010).

In apricot, QTLs analysis of a cross between “Reida” (high chilling variety) and “A1740” (low
chilling variety) showed the most significant QTaa LG1, LG5 and LG7 (Olukolu et al., 2009);
while Campoy et al. (2011b) identified one major LQfor flowering time on LG5, linked to
UDAp423r and AMPA-105 SSRs loci.

Additionally, a candidate gene approach associatedyenes homologous frabidopsisLEAFY and
MADS-box genes to two QTLs in almond (Silva et 2005), indicating that our knowledge on the
genetic control of flowering time in annual plantay be applied to perennial tree species.

Few molecular markers have been associated to doymget. A SCAR identified in red osier
dogwood Cornus sericed..) was reported to be effective (>92%) to distirsep northern from

southern dogwood ecotypes, differing in temperatodeced dormancy (Svedsen et al., 2007).

1.4.2. Molecular aspects of dormancy process.

1.4.2.1 The Vernalization model imArabidopsis and cereals

The reproductive success of a plant depends omsythehronization of flowering time with the
optimal environmental conditions. To do so certBnassicaceae and cereals have developed a
signal perception and transduction pathway thaseseprolonged periods of cold during winter or
vernalization.

A key gene in the regulation of vernalizationAmabidopsisis FLOWERING LOCUS C (FLC)
FLC is aMADSbox transcription factor that acts as a repres$dioral transition by repressing
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the floral integratoFLOWERING LOCUS T (FTandSUPPRESSOR OF CONSTANS 1 (SOC1)
(Searle et al., 2006; Figure 1.3). The cold-dependmduction of VERNALIZATION
INSENSITIVE JVIN3) during vernalization results in stable repressiri-LC. WhenFLC is
repressedi-T expression is induced under long days conditiod, the FT protein is transported
from the leaf to the shoot apex where induces ftowge(Corbesier et al., 2007). Repression of
FLC ends with meiosis, allowing the vernalization @sge in the next generation (Sheldon et al.,
2000).

In cerealsVERNALIZATION1 (VRNIgene coding for a MADS-box transcription factolated

to the ArabidopsisgenesAPETALA1 (AP1)FRUITFULL (FUL) and CAULIFLOWER (CAL)
regulates meristem identity favouring the vegetativ reproductive transition (Yan et al., 2003).
VRN1expression increases quantitatively as a respgonsad, just in an opposite manneribC
(Oliver et al., 2009). Resetting ¥MRN1expression occurs in autumn and in the progeny @ta
al., 2003; Sasani et al., 2009).

VERNALIZATION2 (VRN2gncodes for a zinc-finger protein without cleamrmiodogues in
Arabidopsis that is downregulated during prolonged periodscold. VRN1 and VRN2 act
respectively as positive and negative regulatorghef floral induction (Figure 1.3). Loss-of-
function mutations inVRN2 confer a spring growth habit in wheat (that regjsorto LD
photoperiod) (Trevaskis et al., 2003; Yan et a04). Howeveryrn2 mutants still respond to
cold and induc&RN1after vernalization (Karsai et al., 2005).

Arabidopsis wheat/barley rice peach
Long fays Cold Long days Cold Long days Short days Short days Cold
co l \ l / /
CcoO Ghd7—1 Ehd1
(VRN2-like) Hd1l
l l — VRN2 / (CO-like)
| (FT-like) v '(‘I':O'T?’f.‘k )
-like
AP1 VRN1 l
l . v .
Flowering Flowering Flowering Flowering

Figure 1.3 Genetic pathway controlling flowering inArabidopsis, wheat/barley, rice and peachArrows show
promoting effects, T-bars show repressing effe€tevaskis et al., 2007; Alonso-Blanco et al., 200&énez et
al., 2010b).
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The expression ofFERNALIZATION3 (VRN3)ene, considered as the homolod-ofin cereals,

is up-regulated under LD conditions in wheat andelyaas well a3/RN2 whereas FT in rice is
up-regulated under SD (Izawa et al., 2002).

While the day-length response is conserved betwaabidopsisand temperate cereals (wheat
and barley), withCONSTANSCO) inducing FT expression in specific day-lengths to promote
flowering, the mechanism that integrates vernabrainto this photoperiodic response is slightly
different. InArabidopsisa single gend;LC, is responsible for regulating flowering by meas
FT repression, while in cerealdRN1landVRN2are performing this role. The first is induced by
prolonged cold while the second one responds ttoplkeood. (Trevaskis et al., 2007b).

Rice differs fromArabidopsisand temperate cereals in that the flowering payhevdy depends
on the photoperiod and no vernalization responseblean reported. Under short-day conditions,
expression of the CO orthologttell(Heading date 1andEhd1(Early heading date 1yyith no
homologues in thérabidopsisflowering pathway, promotes flowering in rice (&ig 1.3). Both
genes induce the expressionHd3a (Heading date 3ak rice orthologue oRArabidopsisFT
(Izawa et al., 2007). Under long days conditiongression of the VRN2-like ger@hd7 (Grain
number, plant height and heading dataépresses flowering (Itoh et al., 2010).

1.4.2.2 Chromatin modification in vernalization

In both, Arabidopsisand cereals, the transcription of key vernalizatgenes is regulated by
similar epigenetic mechanisms. IArabidopsis the stable down-regulation oFLC by
vernalization is associated to specific histone ifications involving di- and tri-methylation of
histone H3 lysine-27 (H3K27me2, H3K27me3), and ylation of H3 lysine-9 and H4 arginine-
3. On the opposite, marks associated to activesdrgtion such as H3 acetylation and H3 lysine-
4 di- and trimethylation (H3K4me2, H3K4me3) are ox@d (Bastow et al., 2004; Sung et al.,
2004; Finnegan et al., 2005; Sung et al., 2006pégan et al., 2007; Schmitz et al., 2008; Doyle
& Amasino, 2009).

In temperate cereal¥RN1is up-regulated during vernalization, coincidinghaa reduction in
H3K27me3 and an increase in H3K4me3 (Oliver e28109; Hemming & Trevaskis, 2011).

The Polycomb Repressive Complex 2 (PRC2) is inwblwve H3K27 trimethylation and stable
chromatin repression oArabidopsis FLC during winter and wheaVRN1 during summer
(Hemming et al., 2009; Oliver et al., 2009). Chramatate is restored at spring to ensure the

plant is able to respond to vernalization againrtet year. Different Polycomb subunits similar
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to proteins from animals are combined in differasatys to constitute specific PRC2 complexes
involved in many aspects of plant development, emalization, seed germination and the

transition from juvenile to adult phase (Hennig &acheva, 2009).

1.4.2.3 The dormancy pathway in peach

In perennial plantSHORT VEGETATIVE PHASE (SVP)-like/AGAMOUS-LIKEZ3L24)-like
MADSbox genes namddORMANCY ASSOCIATED MAB®x (DAM) have been found related
to dormancy processes in poplar (Ruttink et al0720raspberry (Mazzitelli et al., 2007), japanese
apricot (Yamane et al., 2008), leafy spurge (Hdnwettal., 2008) and blackcurrant (Hedley et al.,
2010), suggesting similar mechanisms of dormaneayrobin perennial plants.

In peach Prunus persica(L.) Batsch.), six tandemly repeat&”AM genes were identified in
studies employing thevgnatural mutant (Bielenberg et al., 2008). Bwgmutant, first identified

in Mexico (Rodriguez et al., 1994), maintains apigeowth and persistent leaves during the
period of low temperatures and short days, presgmtirelative low frost resistance (Arora et al.,
1996; Arora & Wisniewski, 1994). On the contratelral buds show a wild-type behaviour.
Theevglocus has been mapped and identified in a gengagion of 132 kb in the wild-type, that
was demonstrated to be partially deletedeviy in four of the six clustereMADSbox genes
(Bielenberg et al., 2004; 2008).

The first report on QTL mapping of dormancy-relatediables in peach identified twenty QTLs
for chilling requirements (CR), bloom date (BD) ahdat requirement (HR). The main QTL
associated to the three traits localizes in dkg region, indicating thaDAM genes are strong
candidates for these traits (Fan et al., 2010). pbblication of the peach genome (IPGI
http://www.rosaceae.org/peach/genome) allowed detification of the exact position of this
region, althougtDAM1, DAM2 and DAMS transcript models are not correctly annotatedhin t
public repository (Figure 1.4)

Scaffold 1: 46313704...36413704

46320k 46330k 46340k 46350k 6360k 46370k 46380k 46390k 164 46410k
DAM6 DAMS DAM4 DAM3 DAM2 DAM1

Figure 1.4 Physical map representation of DAM genesn the peach genomeArrows indicates
the sense orientation and green bar indicates #ietiah in theevg mutant (adapted from
Bielenberg et al., 2008).
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The deletion in theevg mutant affected a region containing four genes e@agsed the lack of
transcription of sixDAM genes (Bielenberg et al., 2008). This fact suggaspossible cross-
regulation between the four deleted genes andtties two.

Four different seasonal expression patterns haga bbserved indicating specific roles of these
genes in growth and development (Li et al., 2009g expression dDAM1, DAM2 andDAM4
was more closely associated to terminal bud fomnatalthough all six genes showed seasonal
expression changes. Gene expressioDAI3, DAM5 andDAMG6 was strongly up-regulated by
SD and successively reduced by chilling temperat(iceet al., 2009)DAM5 andDAMEG6 levels
directly correlated with the time required for bueak so they have been proposed as quantitative
repressors of bud dormancy release (Jiménez @04I0b). The down-regulation of these genes is
supposed to be necessary to reset dormancy mechforishe next year (Hemming & Trevaskis,
2011). These observations were further confirmedybgnane et al. (2011) iRrunus persica
treated with cyanamide, but also in other woodynidaas Japanese apricdtrynus mumpe
(Yamane et al., 2008), poplar (Druart et al., 200&3pberry (Mazzitelli et al., 2007) and leafy
spurge (Horvath et al., 2008). In a recent worksaRaet al. (2011) focused ddmDAM6as a
candidate gene to control dormancy in Japanesecaapriransgenic poplar constitutively
expressingPmDAM6showed growth cessation and terminal bud set wir@mmental conditions
favorable to growth.

Since an epigenetic mechanism regulates the expnes$ FLC in Arabidopsisand VRN1in
cereals, it is expected a similar control of budntincy in perennial trees. Interestingly the
DAML1 gene of leafy spurge shows altered levels of H3K&3F and H3K4me3 at two different
dormancy stages (Horvath et al., 2010).

1.4.3 Transcriptomic approaches

Genomics offers useful tools for the study of bgial issues in species showing difficulties for
genetic approaches (Rowland et al., 1997; Wisnigvetkal., 2004). Several studies have been
dedicated to dormancy entrance, release or maimmtenan different species as blueberry
(Dhanaraj et al., 2004)Rhododendron(Wei et al., 2005),Populus (Schrader et al., 2004),
raspberry (Mazzitelli et al., 2007) and grapeviN&athiason et al., 2008), as summarized in Table
1.1.

The most relevant transcriptomic studies on dormpareiease are described and the genes

classified by ontological categories: membraneraiitens, sugar metabolism and carbohydrate
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catabolism, stress response and detoxificatiorsybibesis of hormones and hormone receptors,
light perception, cell cycle, division and growthansport genes, regulation of gene expression
and vernalization pathway.

Table 1.1Genomic studies in perennial plants related to dowy

32

Method N of ESTs/gene/part of the plant Treatments Spées Reference
Microarra 1400 unigenes differentially crown buds collected L(Eifyhs(?rlégge Horvath
y expressed monthly 2002-2006 egula) et al., 2002
. 4270 ESTs 12 randomly selected  bud releasing from Grgape Pacey Miller
Microarray : . (Vitis
differential expressed genes dormancy S et al., 2003
vinifera)
7 cDNA libraries 12376 clones .
. . ] . nduction of dormancy Popolus Andersson
Microarray sequenced, differential expression 0* (leaf senescence) enus et al. 2004
SVP/AGL24-type MADS-box gene 9 .
Non-acclimated and Blueberry .
EST sequencing 430 and 483 EST clones from 2 after 600 chilling units  (Vaccinium Dhanaraj
libraries et al., 2004
floral buds corymbosum
dehydratation, high (Ifgpllﬁlzs Nanio
EST sequencing 4500 full lenght EST clones  salinity, chilling, heat, op /
. nigra v. et al., 2004
ABA, H202 in leaves .
Italica)
. 33000 ESTs; 1598 contigs and 1478 Summer/autumn Poplar
Microarray inal f d : bi . | Schrader
(POP1 array) singletons from dormant; 950 cambium (active (Popolus et al. 2004
contigs and 746 singletons growth/dormancy) tremuld "
Poplar Sterk
EST sequencing 15 574 contigs + 6804 singlet éreift libraries (Popolus Y
et al., 2004
tremulg
seasonal changes in
. earlywood-latewood Loblolly pine Yang &
Microarray 2171 ESTs ) Loopstra
from xylem and shoot (Pinus teada
R 2005
tip library
10 SSH libraries, 108 unigenes, 8 . Peach
' ) "7 bark tissue at 5°C and Bassett
cDNA from SSH randomly sele_cted differential 250C under SD or LD (Pru_nus etal. 2006
expression genes persicg
SSH / nylon buds during budbreak Sessile oak Deror
membrane 801 ESTs 233 unigenes (6 stages) and shoot  (Quercus y
e etal., 2006
hybridization outgrowth petraeg
SSH 516 clones differentially expressed dormant and growing L(eélljysgl%ri%e Jia
from 2 SSH libraries crown buds esula) et al., 2006
Cambial meristematic
. cells during Aspen Druart
Microarray Idem from Schrader et al., 2004 - (Populus
dormancy-activity et al., 2007
tremulg
cycle
Microarray and 5516 ESTs Differential expression HC treatment/ control Gr.a.p € Keilin
Northern blot . (Vitis
L of 9 genes in budbreak S et al., 2007
Hybridization vinifera)
Microarra 1469 ESTs from buds from nodes 30, 500, 1000, 1500 and Grapevine Mathiason
y to 12 2000 hours of chilling (Vitis riparia) et al., 2009
5.300 screened clones from 2 endodormant vs Raspberry Mazzitelli et
Microarray cDNAs libraries, 88 differentially (Rubus
: paradormant bud . al., 2007
expressed unigenes idaeusg
seasonal changes Poplar
cDNA-AFLP 592 TDF (Transcript-Derived coégionuggltl ﬁ)srrgant (Popolus Rohde
+ RT-PCR Fragments) erng a tremula x et al., 2007
periodin axillary and
Popolus alba

apical buds
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TIGR potato microarray, 47
Microarray upregulated genes in natural meristem from tubers

(TIGR potato  dormancy release, 589 cDNA after 1 collected in natural (Spo?;iﬁm Campbell et
microarray vers. day BE treatment, 319 cDNA after 8and bromoethane (BE) tuberosum al., 2008
3and 4) days, 26 down-, 12 up-regulated dormancy release
genes.
Northern blot Differential expression of 7 genes Heat Shock and HC Grape Halaly et al.,
o involved in oxidative stress (Vitis
Hybridization . treatment on budbreak S 2008
mechanism vinifera)
. one SSH library 185 clones bucjs recollected Tree peony Xin
Microarray . . during dormancy (Paeonia
differentially expressed h et al., 2008
release suffruticosa
buds endodormant vs  Japanese
. . . paradormant and apricot Yamane
SSH 2 SSH libraries, 26 unigenes endodormant vs (Prunus et al., 2008
paradormant mume@
. 1582 genes upregulated and 1116 . Kiwi.fr.ui.t Walton
Microarray buds treated with HC  (Actinidia
downregulated " et al., 2009
deliciosg
11.520 screened clones, 106 Growth cessation and Peach L,
. bud dormancy Jiménez
SSH sequenced contigs, 23 up-regulated ; (Prunus
. entrance using thevg . et al., 2010a
genes during SD exposure persicg

mutant

1.4.3.1 Genes involved in membrane alterations: ¢evall modification and cell expansion

The composition of plasma membrane proteins vavids the season: in autumn the increase in
fatty acid desaturation of membrane lipids and ti@nge in glycoproteins composition
contributes to maintain fluidity at low temperatsi@®lartz et al., 2006; Yoshida et al., 1984).

Cell wall modification enzymes are expressed duting time course of bud dormancy; as
extensin-like hydroxyproline glycoproteins are @gulated at the end of dormancy. In the same
period, the transcription of polygacturonase-intmigi proteins is down-regulated. In fact,
dormancy process includes a phase of cell walruestration that could be involved in the
reestablishment of cell-to-cell communication thglbyplasmodesmata during dormancy release,

as observed in birch (Rinne et al., 2001).

1.4.3.2 Genes involved in sugar metabolism and carhydrate catabolism

In autumn, accumulation of sucrose and starch sccenr response to low and freezing
temperatures and, under SD condition, starch islineth mostly during the night.

During chilling fulfilment, genes involved in carbgdrate metabolism (enzymes as sucrose
synthase, hexose transporter and several gendsenva the processing of glucose-6-phosphate)
are inhibited. Mathiason et al. (2009) identifiecagevine ESTs with similarity to sucrose
synthase, hexose transporter, glyceraldehyde-3pgblads dehydrogenase and chalcone synthase;

as also found in raspberry buds (Mazzitelli et2007).
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These findings support the idea that during thélugnt of chilling requirement buds reduce
their metabolic activity.

Also the induction of a HATPase has been described concomitantly with wadko(Mazzitelli

et al., 2007). This could be due to the increasimgprt of sugars needed to restore growth. On the
contrary, a decrease in the activity of NAD-SDH ([DHependent sorbitol dehydrogenase),
responsible for the conversion of unloaded sorliddiuctose or other metabolites in sink tissue,
is observed in raspberry (Mazzitelli et al., 20@@y Japanese pear (Ito et al., 2002).

Sucrose has also been proposed to act as a signadblecule (Horvath et al., 2002). Dijkwel et
al. (1997) and Short (1999) reported that sucrabéits phytocrome A (PHYA) signalling in
Arabidopsiswhen combined with overexpression of phytochron{®BYB). Moreover this sugar
inhibits the growth of leafy spurge crown buds tigl negative interaction with GA (Horvath
2002).

Rohde et al. (2007), working with poplar, identifid0 genes coding for proteins involved in
catabolism and energy generation that were higkjyressed during dormancy induction and
dormancy maintenance. This observation suggestslithd, sugar and fatty acid breakdown
occurs during the induction of dormancy; not justing dormancy as proposed by previous
studies (Sagisaka 1991). The expression of genasvad in polysaccharide cleavage and
oligosaccharide production is high during the fipdtase of dormancy induction, having an

osmoprotector function.

1.4.3.3 Proteins related to stress or protection sponses and detoxification processes

Renaut et al. (2004) found that deactivation ofctiga oxygen species and accumulation of
dehydrins were some of the most prominent changései transcriptomic profile of poplar trees
during seasonal chilling. Bud break is associatefiie radical removal through the activation of
peroxide scavenging systems such as catalase baseqreroxidase, superoxide dismutase and
glutathione reductase (Pacey Miller et al., 2003zkitelli et al., 2007), when oxidative damages
are more probable.

H,0, is considered an occasional signalling moleculglamts that accumulates in grapevine buds
treated with HC, suggesting a function in trigggrthe expression of genes related to dormancy
release.

Dehydrins are the most studied proteins in relatiiooold acclimation in woody plants. Although
their function has not well been elucidated, tiadundance during dehydration in plant suggests a
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role in cellular protection (Ingram & Barteles, B)9Their activity could be linked to calcium
binding (Alsheikh et al., 2005), as well as to oseguilation (Nylander et al, 2001; Wisniewsky et
al., 1999), and radical scavenging (Hara et al0420The simultaneous overexpression of two
dehydrin genes iArabidopsis (Puhakainen et al., 2004), and a citrus dehydrintransgenic
tobacco resulted in increased freezing tolerancklipnd peroxidation (Hara et al., 2003). The
majority of these proteins are induced in respaosew temperatures while few are induced
under SD conditions, as also reported by Wellingalet(2004) in birch. In peach, a 60 kDa
dehydrin was found at a lower concentration in #wg mutant when compared with cold-
acclimated standard deciduous trees (Arora & Whgske 1994). Numerous late embryogenesis
abundant (LEA) proteins have been identified irfeddnt studies in a wide range of tissues
(Horvath et al., 2003; Mazzitelli et al., 2007; &adter et al., 2004; Basset et al., 2006; Jiménez et
al., 2010a). Although the function of LEA proteiissnot well known at the molecular level, they

are supposed to have a role in protecting cellm flesiccation and temperature stress.

1.4.3.4 Biosynthesis of hormones and hormones reters

There is a set of overlapping hormonal signalesponse to the environmental and physiological
cues that are important in coordinating plant respaduring dormancy release.

In winter, auxin sensitivity and transport are reglliin poplar and birch (Schrader et al., 2003; Li
et al., 2009). The opposite situation is found mtapo, where auxin levels increase during
dormancy and quickly drop off with dormancy releasgggesting opposite mechanisms involved
in auxin production, transport and perception dyidormancy (Horvath et al., 2003).

Short days preceding the cessation of apical gr@atise a decrease in GA levels (Olsen et al.,
1997). Coherently, transcript levels of the popgjene REPRESSOR of GAL1(PtRGAhjghly
similar to the repressor of gibberellin respo®®@Al are up-regulated in dormant cambium
(Schrader et al., 2004; Ruttink et al., 2007). kemnore, a gene coding for a GA2 oxidase, an
enzyme that inhibits the bioactive GAs via hydraign, was found increased in winter buds of
Prunus mumg¢Yamane et al., 2008).

The involvement of ABA in dormancy establishmens heeen reported in poplar buds where
genes encoding for ABA biosynthesis are up-regdlafeer 3 or 4 weeks of SD, coinciding with a
transient ABA peak registered 4 weeks after thesiteon to SD (Ruttink et al., 2007). Moreover
transgenic poplar overexpressifgBSCISIC ACID INSENSITIVE BABI3) doesn't form a
terminal bud, highlighting the relevant role of AB&A dormancy acquisition (Rohde & Balherao,
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2007; Rohde et al.,, 2002). During winter rest nanscription in genes involved in ABA
biosynthesis has been registered, as reportedlimadar et al. (2004) in dormant cambium.
Mazzitelli et al. (2007) observed the presence &AAegulated transcripts during dormancy
release in raspberry; as also observed by Camebeall (2008) in potato tubers, and by Horvath
et al. (2008) in leafy spurge. These observatiaudcindicate that ABA is involved in dormancy
release by regulating a certain group of genes.

Also ethylene concentration varies during dormamsyexample a peak was detected before the
initiation of endodormancy, suggesting this hormamgossibly induced by ABA. Nearly 10
genes associated to ethylene production or ethyksponses are expressed during paradormancy
but repressed in endodormancy and ecodormancy @ttoet al., 2008). Ruttink et al. (2007) also
found a certain number of transcripts similarAi@bidopsisgenes involved in ethylene signal
transduction asETHYLENE RESPONSIVE FACTOR (AtERF4), AtERF5, AtERF5-LIKE
perception aETR2andERS1(ETHYLENE RESPONSE SENSORihG downstream signalling
elements like CONSTITUTIVE TRIPLE RESPONSHCTR1) ETHYLENE INSENSITIVE3
(EIN3), EIN3 BINDING F BOX1 (EBFl)and ETHYLENE-REGULATED NUCLEAR-
LOCALIZED PROTEIN1 (ERN1) Ethylene biosynthesis and signal transduction are
simultaneously activated after 2 weeks of SD, grst week before the formation of the terminal
bud.

The identification of a high number of genes retpdaby jasmonic acid (JA) suggests a possible
role of this hormone in dormancy progression. JAdsally associated to wounding and defence
mechanisms. During the release of tuber dorman@piato, the expression bDX gene coding

for a lipoxygenase involved in JA biosynthesis dases, in addition to other genes involved in
tuber development, protein storage and metabolampbell et al. 2008).

1.4.3.5 Light perception

Phytochromes are proteins involved in red/far raghtl perception and regulate numerous
physiological aspects of plant growth mediated igitl quality and day length (Fankhauser &
Chory, 1997), as well as circadian clock (Tothlgt2001).

PHYTOCHROME A (PHYA3 supposed to regulate bud dormancy inductigmoplar (Olsen et
al., 1997) and aspen (Eriksson et al., 2000). Kiral.e(2002) showed that PHYTOCHROME B
(PHYB) was the primary photoreceptor responsible dativation of cold-stress signalling
mediated by lightPHYTOCHROME QPHYC)is up-regulated during the fulfilment of chilling
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requirements and mediates dormancy and germinagigponses to seasonal cuBslYC also
plays a role in cotyledon expansion in seedlingsl l@af area and stem length increase in adult
plant (Mathiason et al., 2009).

The response to blue light involves a rhodopsirepear whose gene expression decreases early
and increases at the end of the chilling periodndenteresting as an indicator of chilling
requirements (Mathiason et al., 2009).

Horvath et al. (2008) observed that several cianadregulatory genes are surprisingly
differentially expressed in crown buds of leafy gy that are situated below the soil surface.
This is consistent with results in chestn@agtanea sativaMill.) showing thatCsTOCland
CsLHY genes with daily cycling expression were consyamsthd highly expressed during
dormancy. The oscillation was recovered when thentplreturned to 22°C. Notably, this

phenomenon is not present in Arabidopsis (Ibafiet €2008; Ramos et al., 2005).

1.4.3.6 Cell cycle, division and growth

During the transition from para- to endodormancy tast majority of genes involved in cell
proliferation are down-regulated, including cellcey regulators such aSYCLIN Al (CYCAL),
CYCA2, CYCA3, CYCD&and CYCLIN-DEPENDENT KINASE Al (CDKA1), CDKB1, CDKBZ2,
CYCH1 as well asRETINOBLASTOMA PROTEIN, DP-E2F-LIKE PROTEINMAd CKS1
(Ruttink et al., 2007).

On the other side, genes involved in cell cyclejisibn and growth are induced during the
chilling period. In this period cell cycle is retaklished and cells start growing. Druart et al.
(2007) reported that these genes were down-regulgten dormancy establishment in aspen and
then their expression remained low or slightly @aged during ecodormancy. On the contrary,
many of the genes involved in cell division are desmggulated during the transition from

endodormancy to ecodormancy in leafy spurge (Hareatl., 2008).

1.4.3.7 Transport genes

Some ATP binding cassette proteins (ABC) have lieend down-regulated during the dormant
period. Four of these proteins have been foundapebuds (Mathiason et al., 2009), two in leafy
spurge crown buds (Horvath et al., 2008), and amaspberry buds (Mazzitelli et al., 2007).
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During dormancy establishment and release, plasiibgected to high variations in water content
for the adjustment of osmotic pressure in cellsu#mprins belong to a highly conserved group
called major intrinsic proteins that control warm@ovement between cells and possibly also
modulate the transport of water through membraoegdulate osmotic pressure. This group of
proteins is divided in four subfamilies, one of anis plasma membrane intrinsic proteins (PIP).
Three of these PIPs were found induced during éreg@ of accumulation iVitis (Mathiason et
al., 2009).

On the other side, water transport is reduced dudormancy induction by blockage of
plasmodesmata through differential calcium (Jiaalgt1997) or 1,3-glucan deposition (Rinne
et al., 2001; Rinne & Van der Schoot, 2003). Dudilogmancy release a high expression offit,3-
glucanases, involved in plasmodesmata openingdei@sted in peach bark (Bassett et al., 2006)
as well as in poplar (Rinne et al., 2011).

Nitrate is a nitrogen source for ammonium and anaicids synthesis, which makes it essential for
plant growth and development. During chilling acclation two nitrate transporters were found
up-regulated irVitis (Mathiason et al., 2008), and one in orangengirus trifoliatg (Zhang et
al., 2005). This indicates that buds are prepafangprotein production. A role of nitrate as a
signal molecule favouring germination has been thg®ized (Alboresi et al., 2005); thus we
cannot discard a related signalling function alsbuds.

1.4.3.8 Regulation of gene expression

DAM-like transcription factors

DAM-like genes have been related to dormancy maintenarmegth sequencing and annotation
of the evg mutant and QTLs analysis in peach. The relevaridhese transcription factors is
highlighted by the abundant literature showing damoy-dependent regulation @AM-like
genes in other species as poplar (Ruttink et @072Druart et al., 2004), raspberry (Mazzitelli et
al.,, 2007), Japanese apricot (Yamane et al., 20[@8¥y spurge (Horvath et al., 2008),
blackcurrant (Hedley et al., 2010) as well as iaghefruit tissue after cold storage (Ogundiwin et
al., 2008). The seasonal expression patteiDAN genes in peach indicates that they are induced
at different stagedDAM3, DAM5 andDAM®6 during dormancy entrance, abdAM1, DAM2 and
DAM4 during terminal bud formation (Li et al., 2009)edently, Jiménez et al. (2010b) proposed
DAM5 and DAMG6 as quantitative repressors of bud dormancy releAsé&ansgenic poplar
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expressing constitutivelip)AM6 showed terminal bud formation and dormancy indurctinder
normal growing conditions, thus confirming this poped role (Sasaki et al., 2011).

Other transcription factors

The setting up of dormancy involves the transaipdi regulation of a large number of genes.
Thus, the identification of transcription factorsittw dormancy-dependent gene expression
represents an important step in understandingribheeps.

Schrader et al. (2004) identified in poplar cambiangene with similarities to the CCAAT-
binding factorHAP2 from aspen, which is induced during dormancy. Tgmnstein is part of a
complex that includes the seed dormancy regula&@ 1 (Kwong et al., 2003; Lee et al., 2003).

In poplar, Rohde et al. (2007) identified threeulatpry genesAP2ZEREBR ERF4andWRKY11
clearly expressed after 24 days under SD. BaseHdeofunction of their respectiv&rabidopsis
homologues, these genes could be involved in ABd ethylene signal transduction. TE&F4
homologue inArabidopsisis transcriptionally induced by ethylene, jasmenaind ABA and acts
as a transcriptional repressor capable of modgatBA and ethylene responses. Overexpression
of ERF4 leads to ethylene insensitivity and increases AdeAsitivity. Together, the change in
expression ofAP2/EREBP, ERF4&nd WRKY11during dormancy induction supports a role in
endodormancy set up in apical bud and paradormiarexillary buds (Rohde et al., 2007).

Chromatin regulation

FERTILIZATION INDEPENDENT ENDOSPERMIE)-like genes are members of the polycomb
family of regulators of the chromatin structurettieere observed to be strongly up-regulated in
poplar cambium and buds during dormancy (Schratlel.e 2004; Ruttink et al., 2007). In
Arabidopsis FIE product acts as part of a complex that silences ttanscription of genes
necessary for proliferation, through modificatidntlee chromatin structure. Also homologues of
the chromatin-remodelling facté?ICKLE (PKL), CDC48-LIKE andHISTONE1-3are strongly
up-regulated in poplar buds after shortening theldagth (Schrader et al., 2004). These findings
also reinforce the idea that chromatin remodellamgl modification processes are involved in
dormancy (Ruttink et al., 2007).
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CBFs

The best-known regulatory pathway in cold accliomtis the CBF/DREB1 cold response
pathway that has been well characterized\iabidopsis(Nakashima & Yamaguchi-Shinozaki,
2006). TheCBF genes are induced within 15 min of cold expostagwed by the induction of
CBF target genes by its binding to LTRE/DRE/CRT eletaen their promoters. Overexpression
of CBF leads to increased freezing but also drought atidderance (Jaglo-Ottosen et al., 1998;
Kasuga et al., 1999, Gilmour et al., 2000).

CBF orthologues of woody plants are similarly indudeyl low temperatures during normal
growth, in dormant cambium in autumn (Schraderlgt2004), as well as after SD exposure
(Jaglo-Ottonsen et al., 1998), suggesting that tbasticipate in both cold acclimation and
freezing tolerance. In order to identify genes un@8F regulation, Benedict et al. (2006)
compared the transcriptomes after cold exposumgildftype poplar and aCBFoverexpressing
line, concluding that many of these cold-regulagedes were in fact orthologues of genes from
the CBF regulon inArabidopsis(Welling et al., 2006).

1.5 Transgenic approaches towards the regulation d&fud dormancy

Genes identified by transcriptomic approaches regai deeper functional study that can be
achieved by gene introgression into a suitabletplanclassical breeding this is performed by
means of repetitive backcrosses, being a long psogeeatly depending on the length of the
reproductive cycle of the plant. A simpler and odleraalternative is the production of transgenic
plants. This technology has been used both fortimmal studies and introduction of agronomic
traits in crops.

Olsen et al. (1997) reported that the overexprassicoatPHYAgene in aspen hybridP¢pulus
tremula x P. tremuloid@grevented this tree to enter dormancy even whiénat day-length was
changed from 15 to 6 h. These transgenic plantstdidesent leaf abscission, growth cessation,
and cold acclimation, as GA and indoleacetic atAA\] levels still remained high under SD
conditions. A reduced expression BHYA on the other side, accelerated bud formation in
response to SD (Erikkson et al., 2000).

Also in aspen, the overexpressionRtFT andPtCO induced a continuous growth habit under SD
conditions (Bbhlenius et al., 2006). Actually, glaengineered with the overexpressiorPtFT

are used to shorten the juvenility period in wot@es (Lewis & Kernodle, 2009).
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Poplar overexpressingBI3, as well as birch with a dominant negative ver©bETR1failed to
form buds and yet became dormant, suggesting thétfermation and dormancy set up are
independent processes (Rohde et al., 2002; Ruehalg 2006).

Apple transformed wittCBF transcription factor from peach showed higher gieitg to short
day-lenght and an increase to frost tolerance (i&gski et al., 2011).

The constitutive expression of tBpMADS4gene has been shown to induce early flowering in
birch Betula pendulpand appleNalus x domestigabut not in poplar (Flachowsky et al., 2007).
Transgenic trees maintain leaves, growth and theoglnthetic activity during autumn and
winter (Hoenicka et al., 2008). This finding opeswninteresting questions about the differences
in dormancy regulatory mechanisms among woody plant

Plants transformed witibAM6 from Prunus mumeand Prunus persicahave been obtained
respectively in poplar and plum. Transgenic popirswed growth cessation and terminal bud
set under favourable conditions (Sasaki et al.,120While transgenic plums showed more
branches and were dwarf (Fan, 2010).

The most interesting results obtained in contrgllihe time of flowering in woody trees, were
achieved with the work by Weigel & Nilsson (199%Jith the introgression dPtFT in P.tremula
plants flowered within 4 weeks instead of 8-20 gear normal conditions. In citrus, early
flowering and fruiting trees were obtained by tfansiation of Poncirus trifoliatawith a citrus
orthologue ofT (Endo et al., 2005) and with tAeabidopsis APQene (Pefa et al., 2001).
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MAIN OBJECTIVES

The general aim of this work is to understand thelecular and physiological mechanisms
underlying the maintenance and release of seastorahancy in peach. To achieve this goal,
successive specific objectives have been acconaglidhring this four-years work:
- Identification of peach genes related to dormanelease by suppression subtractive
hybridization (SSH) and microarray hybridization.
- Evaluation of the identified genes to assess th#ingch requirement of cultivars by
analysis of expression.
- Study of chromatin modifications associated to dmway release in theAM6 gene.

- Analysis of common physiological and molecular feas shared by dormancy processes

in buds and seeds.
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Abstract

To better understand the molecular and physiolbgwachanisms underlying maintenance and
release of seasonal bud dormancy in perennial,treesdentified differentially expressed genes
during dormancy progression in reproductive budsnfipeach RPrunus persicgL.] Batsch) by
suppression subtraction hybridization (SSH) andoaicay hybridization. Four SSH libraries were
constructed, which were respectively enriched itNAChighly expressed in dormant buds (hamed
DR), in dormancy released buds (RD), and in thdivauk with different chilling requirement
Zincal 5’ (ZS) and ‘Springlady’ (SZ), sampled aft@ormancy release. About 2,500 clones picked
from the four libraries were loaded on a glass aaoray. Hybridization of microarrays with the
final products of SSH procedure was performed oteoto validate the selected clones that were
effectively enriched in their respective samplealie400 positive clones were sequenced, which
corresponded to 101 different unigenes with divéusetional annotation. We obtain€AM4, 5,
and6 genes coding for MADS-box transcription factors\pously related to growth cessation and
terminal bud formation in thevergrowingmutant of peach. Several other cDNAs are simiar t
dormancy factors described in other species anerotmave been related to bud dormancy for the
first time in this study. Quantitative RT-PCR arsadyconfirmed differential expression of cDNAs
coding for a Zn-finger transcription factor, a GRA& regulator, a DNA binding protein, and
proteins similar to forisome subunits involved hmetreversible occlusion of sieve elements in
Fabaceae, among others.

Introduction

Perennial woody plants from temperate regions, sisgheach specieBrunus persicdL.] Batsch),
cease growth and become dormant during part ohautand winter to elude the detrimental effect
of the exposure to low temperatures. This stateble@n designated endodormancy because bud
growth inhibition is due to signals internal to ted itself, in contrast to bud growth inhibitiog b
other distal organs (paradormancy), or by enviramaldactors (ecodormancy). For the purpose of
this work, the term dormancy has been employed efierrto the endodormant state. The
physiological and genetic control of bud dormanag been reviewed by different authors (Arora et
al., 2003; Horvath et al., 2003; Rohde & Bhaler2@)7; Allona et al., 2008). In summary, these
reviews emphasize the relevant role of day-lengbrtening, temperature, abscisic acid (ABA),
ethylene and gibberellins (GA) as signals affectng set and dormancy onset, and discuss some
molecular mechanisms related to the process, imgucell cycle regulation, modification of the

cell water status, and epigenetic regulation. Rhgeof bud dormancy requires the completion of a
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chilling period that leaves the bud in an ecodornstate, susceptible to initiate budbreak after a
period of favourable temperatures. The length amtehsity of this chilling requirement depend on
the species and cultivar under study, suggestingtgecontrol of this process.

The identification of non-dormant mutants in hamélfThompson et al., 1985) and #nergrowing
mutant in peach showing defective terminal bud fatian (Rodriguez et al., 1994) offered genetic
tools to dissect the molecular control of bud daroya Recently, a genomic deletion has been
identified in the mutanévergrowingthat affects several members of a six tandemlgatga series

of related MADS box genesDAM1-6 for DORMANCY-ASSOCIATED MADS-BPDK tight
linkage to the observed phenotype (Bielenberg.e2808). ThuOAM genes are considered major
candidates to control bud dormancy and meristemvifracessation through regulation of gene
expression. However dormancy release is a compthat most likely involves numerous genes.
In order to identify dormancy-related genes anéltwidate the molecular mechanisms underlying
bud set and break in different species, severdioasitused distinct methodological approaches
involving studies of gene transcription as cDNA roarray profiling (Schrader et al., 2004; Druart
et al., 2007; Mazzitelli et al., 2007; Ruttink &t, 007; Horvath et al., 2008; Mathiason et al.,
2009), cDNA-AFLP (Rohde et al., 2007) and suppmssubtraction hybridization (SSH, Jia et al.,
2006; Xin et al., 2008; Yamane et al., 2008).

In this paper we describe the results of a trapgmmic approach for the isolation of cDNA
fragments differentially transcribed during thefiflrhent of the chilling requirement in peach
flower buds. In order to achieve this goal, wetfestimated the approximate dormancy-release date
of the peach varieties ‘Zincal 5’ and ‘Springladhyy measuring the mean time to budbreak (MTB).
An RNA sample from ‘Springlady’ buds (medium cimy requirement) collected just after
dormancy release was then compared in a first arpat against RNA from dormant buds of
‘Springlady’, and in a second experiment agains@RNmM dormancy released buds of ‘Zincal 5’
(low chilling). Thus we expected to identify genegulated during dormancy progression and
release in flower buds (first experiment) and othenes whose expression is due to or causing
genotype-dependent differences in chilling requaetfor dormancy release (second experiment).
We employed the SSH procedure to perform both RN&marisons (Diatchenko et al., 1996),
which relies on the selective amplification andieémnent of abundant cDNAs in a sample (tester)
when incubated and hybridized with an excess eference sample (driver). After hybridization of
two sets of cDNA to be compared, an adaptor-bas&#R &oproach allows subtraction of common

cDNAs and amplification of rare and differentialgxpressed cDNAs. In addition to genes
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previously associated with dormancy processeD@d genes), other genes not previously related
to the dormancy process are described in this wswkje of them identified for the first time in

peach.

Materials and methods

Plant material

The peach cultivars ‘Zincal 5’ and ‘Springlady’ vweemployed in this study. The two orchards
were located in the vicinity of Valencia (Spainhelsamples required for the SSH procedure were
obtained from flower buds of ‘Springlady’ collected 14 November 2007 (dormant buds) and 8
January 2008 (dormancy released buds), and flowes bf ‘Zincal 5’ collected on 18 December
2007 (dormancy released buds). Daily average teatyress in the orchards under study were
11.4°C on 14 November 2007, 8.7°C on 8 January 20@B87.3°C on 18 December 2007. No
rainfall was recorded on these days. Budbreak meamants were performed on flower buds
collected at different times from November 2007ilurébruary 2008, whereas buds for RT-PCR
analysis were collected from October 2008 untilrBaby 2009. Buds were routinely pooled from

shoots obtained from different trees.

Budbreak measurements

CO, release was measured on excised flower buds intentlinto a hermetic jar for 3-4 hours at
20°C. Four 1-ml aliquots of the internal atmospheege withdraw with a hypodermic syringe and
injected into a gas chromatograph (Perkin Elmero8ainple). Carbon dioxide concentration was
analysed by a thermal conductivity detector coupted Chromosorb column at 60 °C. Single bud
weight was calculated after weighing a pool of X8Productive buds and dividing the value by
100.

The mean time to budbreak (MTB) was calculatedessibed in Gariglio et al. (2006). Briefly, 20
shoots from the different cultivars at differemhéis were placed with their basal tip in water and
forced in a phytotron at 8-hour photoperiod (2@mol/(nm’s)) at 20°C during 6 weeks. The shoots
were divided in four groups of five shoots eache Basal ends of the shoots were cut weekly and
water was replaced daily. The number of openingslwals recorded three times per week. Time to
budbreak of a group of shoots was the time in degsired to open at least 50% of the flower buds.

The results were expressed as the arithmetic miegtie ime to budbreak for the four groups.
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Isolation of RNA and mRNA purification

Total RNA was isolated from 0.5-2 g of flower bu@sbout 50-200 buds) by a guanidine
thiocyanate-based protocol applied to high phermiatent tissues (Salzman et al., 1999). Pdly A
RNA was subsequently purified by usirtge OligoteX] mRNA Purification System(Qiagen)
according to the manufacturer's instructions. Th&NA concentration in the solution was
measured with the Quantf RiboGreel RNA Assay Kit (Invitrogen). The poly ARNA was
concentrated by precipitation with two volumes thfagmol (overnight at —20C), in the presence of
33 mM NaCl and GlycoBIU&' Coprecipitant (Ambion), and then washed with etth@0%. The
poly A* RNA was subsequently dissolved in RNAse free watter concentration of 33 nu/

SSH analysis

SSH was performed according to Diatchenko et &96¢) with tester and driver cDNAs as shown
in Table 1. Briefly, About 100 ng of poly’ARNA isolated from those samples as shown above was
reverse transcribed to cDNA using the SMARTPCR cDNA Synthesis Kit (Clontech). The
resulting cDNA was digested witRsd and purified using the High Pure PCR Product fiiation

Kit (Roche). Subtraction was performed with the P&#tect™ cDNA Subtraction Kit (Clontech)
according to manufacturer's manual. The SSH praduare purified using the High Pure PCR
Product Purification Kit (Roche). Subtracted cDNWere ligated into the pGEM-T-Easy vector
(Promega) and cloned into JM1@xscherichia colicells. After growing on plates containing
ampicillin, isopropyl-D-thiogalactopyranoside (IPYGand 5-bomo-4-doro-3-indolil-p-D-
galactopiranosido (X-gal), white colonies were pitkend incubated overnight at 37 °C into 96-
well plates containing ampicillin. Sterile glycenwhs added to a final concentration of 20 % for
stable storage of cultures at —80 °C. The DR andilRBries were respectively enriched in cDNA
abundant in dormant and dormancy released buds ‘Bpnmglady’, whereas ZS and SZ libraries
were enriched in transcripts from dormancy releabeds of ‘Zincal 5 and ‘Springlady’

respectively.

Microarray preparation and hybridization

The cloned cDNAs were directly amplified framcoli cultures. About %ul of stored cultures were
used as template in 100ul PCR reactions with Nested PCR primer 1 (5-
TCGAGCGGCCGCCCGGGCAGGT-3) and Nested PCR primer 2R(5-
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AGCGTGGTCGCGGCCGAGGT-3") by following these conalits: 94°C for 5 min, then 35
cycles of 94°C for 30 s, 68C for 30 s, 72C for 2 min, and a final extension of 7€ for 5 min.
Quality and success of the amplification was coméid by agarose gel electrophoresis. PCR
products were purified using the MultiscreenrPCR p96 Filtration System (Millipore), and
resuspended in water to a final concentration @200 ngil. Before printing, purified PCR
fragments were transferred to 384-well low volunhy profile plates (Corning) at a final
concentration of 100-200 nd/in 50% dimethylsulphoxide. Each clone was spotidde. Samples
were spotted on Corning UltraGAPS glass slidesngusi MicroGrid 1l spotting device from
Biorobotics, in a 16-block format and 12 by 14 sppér block. Slides were crosslinked at 150 mJ
and stored. Microarray hybridization was perforrasdoreviously described (Rios et al., 2008). The
SSH final products were labelled with the BioPrimB@is Array CGH Genomic Labeling System
(Invitrogen) according to manufacturer’s instrungo About 500 ng of each sample was labelled
with both, Alexa Fluarl 555 and Alexa Fluar 647 fluorescent dyes. Data analysis was performed
using the Limma package from the R statistical cotimg software (Gentleman et al., 2004). The
P-value to control the false discovery rate was sty with the Benjamini and Hochberg’s method.
Each comparison of a pair of SSH products requicent independent hybridizations with dye

swap.

Sequence data analysis

Clones showing ®-value higher than 0.05 in the microarray analygse not further considered.
For sequencing purposes, we gave preference teskhat had at least a two-fold signal difference
between SSH samples in both microarray comparisoret least a four-fold signal difference in
one of the comparisons. Only microarray-validatkshes that consistently produced strong single
bands following amplification and digestion witsal were sequenced. Base calling, trimming of
low quality regions and vector masking were periednwith phred and Crossmatch (Ewing &
Green, 1998). Reading assembly was performed WalCAP3 (Huang & Madan, 1999). Similarity
searches were performed with the standalone vedi@LAST (Altschul et al., 1990), against the
NCBI non-redundant protein database, using an eevaltoff of 10. Parsing of the BLAST results
was performed with the Bio::SearchlO module frore Bioperl package (Stajich et al., 2002).
Gene Ontology and functional annotations was peréarwith BLAST2GO (Conesa et al., 2005).
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Real time RT-PCR

Extraction of RNA from reproductive buds at diffatedevelopmental stages, poly" RNA
purification and quantification were performed @&satibed above. About 80 ng of poly RNA
were reverse transcribed with the SuperScript [tstFStrand Synthesis System for RT-PCR
(Invitrogen) in a total volume of 2@. Onepl of a ten times diluted first-strand cDNA was used
each amplification reaction in a final volume of @0 Quantitative real-time PCR was performed
on a StepOnePIl¢ Real-Time PCR System (Applied Biosystems), usirgRower SYBR Green
PCR Master Mix (Applied Biosystems). Reaction cosipon and conditions followed
manufacturer’s instructions. The primers employssl lsted in Supplementary Figure 2. Cycling
protocol consisted of 10 min at 95°C, then 40 cyd£15 sec at 95°C for denaturation, and 60 sec
at 60°C for annealing and extension. Specificityhef PCR reaction was assessed by the presence
of a single peak in the dissociation curve after amplification and through size estimation of the
amplified product. The comparativer (ZAACt) method was used to quantify those cDNAs with
amplification efficiencies equivalent to the refece Actin gene. PpB20 amplicon, showing
different amplification efficiency, was quantifidny performing relative standard curves. Results

were the average of 2 independent biological rafdi repeated twice.
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Results
250
Figure 2.1. Flower bud parameters in ‘Springlady’ and ‘Zincal
&~ 2000 5’ cultivars. The CQ release, weight and MTB of ‘Springlady’
= (blue line-empty circles) and ‘Zincal 5 (red lifidled circles)
o 1500 buds were recorded during autumn and winter seasbrygars
3'_1000 2007-2008. The MTB interval from 10 to 15 days Haded.
é Dashed lines label the genotype-specific dormaebtyase dates.
O 5007 Error bars represent standard deviations.
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Two peach genotypes showing different chilling regeements

A genomic approach to the identification of genad pathways involved in release of seasonal
dormancy in peach requires a previous physiologasessment of the varieties under study.
Dormancy release is conditioned by the fulfilmehth® genotype-specific chilling requirement and
other internal factors, which leave buds in an ecodnt state. Budbreak is subsequently
happening after ecodormancy release under favaueablironmental conditions. Whereas time to
budbreak can be estimated by detecting the @@duced by cell respiration in the bud and alkgo b
measuring the increase of bud weight due to the&imn of meristem growth, dormancy release
time has to be measured by indirect means excluehngonmental effects. This was accomplished
by calculating the mean time to budbreak (MTB)lofver buds from shoots cut at different times
and incubated under forcing conditions as showsaiterials and Methods. Those parameters were
measured at different times during autumn and wiateyears 2007-2008 in the cultivars under

study ‘Springlady’ and ‘Zincal 5'.
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The burst in CQrelease and increase in bud weight occurred inc&i5’ about one month earlier
than in ‘Springlady’ (Figure 2.1), indicating distit requirements for bud metabolic activation and
growth initiation in both cultivars. However thailifferent chilling needs for dormancy release
could only be estimated by MTB assessment. Sinabreak has a stochastic component, we
decided to limit the MTB for dormancy release toraerval of 10-15 days, based on physiological
works showing that MTB is usually stabilized in ghiime interval after dormancy releasing
(Gariglio et al., 2006). Following this criteriodihcal 5’ was three weeks earlier than ‘Springlady’
with release dates 18 December and 8 January tesgedFigure 2.1). Interestingly, ‘Zincal 5’
but not ‘Springlady’ was able to budbreak to somtemt before its dormancy release date. As
generally accepted, the length of the chilling peniequired for dormancy release is a more reliable
and comparable measurement of the dormant behawiodifferent peach cultivars than simple
dates. Thus, by defining a chilling hour (CH) as-twur interval at 7 °C or lower temperature
(Weinberger 1950), we estimated a chilling requeatof 330 CH for ‘Zincal 5’ and 430 CH for
‘Springlady’ under our field conditions.

SSH analysis

As stated above, SSH is a widely used approackdiate differentially expressed genes in two
related samples. We designed a double SSH expdritnecharacterize the time and genotype
dependent regulation of the peach bud transcriptoloneng seasonal dormancy. In the first
experiment, cDNA samples from reciprocally subtdciibraries of dormant buds and dormancy-
released buds of ‘Springlady’ were generated, winehe respectively named DR and RD (Table
1). In the second experiment, reciprocal libraffes the cultivars ‘Zincal 5’ and ‘Springlady’ afte

bud dormancy release were produced (respectivelgrdtlSSZ). A total of 2496 clones of putative
differentially-expressed genes were isolated fromfour libraries, with an insert size ranging from
200 to 1500 bp (not shown). Glass microarrays veenestructed containing the amplified and

purified inserts of these 2496 clones.
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Table 2.1SSH libraries elaborated in this work.

Percentage of microarray-

SSH Tester Driver Clones validated clones
library
M=14) M=20)
DR Dor‘mant buds’from DormanFy rgleaseq buds 768 35 04 an
Springlady from ‘Springlady
RD Dormanf:y re'leased, buds Dor‘mar?t buds'from 768 48 % 24 %
from ‘Springlady Springlady’
75 Dormancy r_eleasgd buds Dorman?y rgleaseq buds 480 15 % 30
from ‘Zincal 5 from ‘Springlady
S7 Dormancy released buds Dormancy released buds 480 21 % 9%

from ‘Springlady’ from ‘Zincal 5’

(*) M value is log2-signal ratio.

In order to validate those clones effectively emed in any of the four libraries, the final prodsict
of the four SSH experiments containing cDNAs acclated under different conditions were
labelled with fluorescent dyes, combined in paidR(against RD and ZS against SZ), and
hybridized to the microarray as described in Matesind Methods. With the exception of the RD
library with 24%, the rest of the libraries hadsésan 10% of their respective clones differentiall
accumulated at levels greater than 4 fold (Log2aigatio >2; Table 2.1). A total of 364 clones
showing 4 fold differences in cDNA accumulation &ther the DR/RD or ZS/SZ comparisons, and
those having 2 fold differences for both DR/RD affi/SZ comparisons were selected and
produced suitable sequence data (SupplementaryeFRyd). A search for coincident clones, as
described in Materials and Methods, found 101 umegerepresented by 47 contigs and 54
singletons (Tables 2.2, 2.3 and 2.4). Forty-seviethe 101 unigenes were enriched in the RD
sample, 46 in DR, 38 in ZS and 31 in SZ. It waseexgd to find many of the unigenes enriched in
two independent SSH samples, as one of the opeahtioiteria to sequence an EST was to have a
threshold value of two fold differential cDNA accuhation in both DR/RD and ZS/SZ
comparisons, but interestingly, an Euler diagranowarlapping groups showed a bias towards the
coincidence of RD with ZS (29 unigenes) and DR #hgroups (21 unigenes) (Figure 2.2).

About 50% of the unigenes were not found in a Blastarch against peach EST databases in the
National Center for Biotechnology Information (httpww.ncbi.nim.nih.gov/), arguing for a
relevant number of novel ESTs. Of the 51 ESTs wigimificant similarity to previously described
ESTs, 9 (18%) have been identified in a SSH apjréadsolate low temperature and photoperiod
regulated genes in bark (Bassett et al., 2006)redse24 (47%) have been recently described in an
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article developing genomic tools for the identifioa of cold-responsive genes from peach fruit
mesocarp (Ogundiwin et al., 2008; Tables 2.2, AB2A4).

Sz
Figure 2.2. Euler diagram with overlapping unigenes The diagram
consists of four ellipses representing unigeneglead in the dormancy
released bud SSH sample (RD), unigenes enrichdtleirdormant bud
sample (DR), unigenes enriched in the ‘Zincal 5mpke (ZS), and

unigenes enriched in the ‘Springlady’ sample (SZje number of shared

RD
DR  Unigenes is located in the overlapping sections.

G/

VA

Functional classification of unigenes

Tables 2.2, 2.3 and 2.4 contain the annotationfandtional classification of unigenes based on
Blastx best hits. These tables list separatelysimguences enriched in the dormant sample DR
(Table 2.2), in the dormancy-released sample RDIETA.3), and those that accumulated in ZS or
SZ samples but not in DR or RD (Table 2.4). Unigenepresenting very diverse biochemical,
cellular and molecular functions were classifietbigix major categories: Metabolism, oxidation-
reduction, stress and defence, signalling and drgi®n, transport and other. This last category
(other) included also unigenes coding for proteuithh unknown function or with no similarity in
databases. From the 101 studied unigenes, onlyfd8sponding to 54 clones did not show any
Blastx hit at an E-value cut-off of T0The most remarkable case in this group is PpB®daining

22 ESTs in the SZ group of ‘Springlady’ enrichednscripts. Some of the most striking
observations arising from these lists were the mghmber of peroxidase ESTs found in the RD
fraction (77) and the abundant number of trangorptactors present in the DR and SZ groups
(Tables 2.2 and 2.3).
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Table 2.3List of unigenes enriched in the dormacy-releasedple (RD).

. Expression . Blastx Previous

Unigenes group EST Blastx hit E-value works
Metabolism

PpB47 RD/ZS 13 acyl:coa ligasedpulus trichocarph 1x10%®

PpB48 RD 6 putative strictosidine synthagespidopsis thalianh 1x10%

PpB49 RD/ZS 6 strictosidine synthase family prof&rassica napus 4 x10%

PpB50 RD 5 acyl:coa ligas@pulus trichocarph 3x10%

PpB51 RD 5 chs-like proteiPppulus trichocarph 4x107°

PpB52 RD 3 Carboxyl-terminal peptidase, putatixpressedQryza sativi 2 x10%

PpB53 RD/ZS 3 dihydroflavonol 4-reductase, putafdabidopsis thalianf 3x 102

PpB54 RD 2 carboxyl-terminal proteinageh mayk 1x10%

PpB55 RD/ZS 2 dihydroflavonol 4-reductase familygbidopsis thalianh 2 x10%

PpB56 RD 1 dihydroflavonol 4-reductase famidygbidopsis thalianh 3x10%

PpB57 RD 1 chalcone synthase family protéimapidopsis hallersubspgemmiferg 8 x 10%

PpB58 RD 1 similar to putative polyubiquitin (UBQ1[Witis viniferd 2 x10%

PpB59 RD/SZ 1 xyloglucan endotransglucosylase/Hgdeo5 Malus x domestida 2 x 10

PpB60 RD/ZS 1 glucose-methanol-choline (gmc) oxidactase, putativerfcinus communjs 1 x 10%

PpB61 RD/ZS 1 acyl:coa ligasBdpulus trichocarph 6 x 10%

PpB62 RD/ZS 1 flavonoid 3-hydroxylase, putati®dinus communjs 7 x 103
Oxidation-reduction

PpB63 RD 41 Peroxidase 40 precursor, putafRieifius communjs 8 x 10

PpB64 RD/ZS 22 Peroxidase 9 precursor, putafieifius communjs 1x10% 1,2

PpB65 RD 13 Peroxidase 9 precursor, putafRieifius communjs 2 x10%

PpB66 RD 2 alcohol dehydrogenase (ATAA}gbidopsis thalianh 5 x 10%

PpB67 RD 1 Peroxidase 9 precursor, putatRieifus communjs 1x10% 1

PpB68 RD/ZS 1 Cucumber peeling cupredoxin, putdfRieinus communjs 8 x 10%
Stress and defence

PpB69 RD/ZS 4 dehydration-responsive protein RO2iius persich 4 x10%

PpB70 RD/ZS 1 RD22-like proteiVitis viniferd 2 x 10%
Signalling and transcription

PpB71 RD/ZS 3 DNA binding protein, putativRifinus communjs 6 x 10%®

PpB72 RD 1 Transcription factor ICE1, putatiRidinus communjs 2 x10%

PpB73 RD/ZS 1 DNA binding protein, putativRifinus communjs 1x10%
Transport

PpB74 RD/ZS 50 MEN-8 protein precursor, putatiRée[nus communjs 2 x10%

PpB75 RD/ZS 3 lipid binding protein, putatiiRifinus communjs 9 x10%®
Other

PpB76 RD/ZS 4 AAA ATPase containing von Willebraadtor type A Zea mayk 1x10%

PpB77 RD/SZ 3 tubulin alpha chain, putatiRidinus communjs 1x10%8 1

PpB78 RD/ZS 3 chlorophyll A/B binding protein, ptiva [Ricinus communjs 5 x 10%

PpB79 RD/ZS 3 Rhicadhesin receptor precursor, ipetgRicinus communjs 4x107

PpB80 RD/ZS 2 conserved hypothetical prot&icinus communjs 2 x10%

PpB81 RD/SzZ 1 early nodulin 93 protelddpulus alba x Populus tremwlar. glandulosa 2 x 1077

PpB82 RD/ZS 1 predicted proteiRdpulus trichocarph 9 x 10°%®

PpB83 RD/ZS 1 MtN3Wledicago truncatul 1x10% 1

PpB84 RD/ZS 1 conserved hypothetical prot&icinus communjs 3x10*

PpB85 RD/ZS 1 Blue copper protein precursor, putdiRicinus communjs 2 x10%

PpB86 RD/ZS 1 mazG nucleotide pyrophosphohydralaseain proteinZea mayk 5 x 10%°

PpB87 RD/ZS 9

PpB88 RD/ZS 3

PpB89 RD/ZS 2

PpB90 RD 1

PpB91 RD/SZ 1

PpB92 RD/ZS 1 1,2

PpB93 RD/ZS 1

The number of ESTs corresponding to each unigeddhenBlastx best hit found in the non-redundantgin database
from the National Center for Biotechnology Informoat (NCBI) are shown. ESTs described in previouska@re
labelled with 1 (Ogundiwin et al., 2008) or 2 (Bets=t al., 2006).
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Table 2.2List of unigenes enriched in the dormant bud sanipR).

. Expression . Blastx Previous

Unigenes group EST Blastx hit E-value works
Metabolism

PpB1 DR 4 UDP-galactose 4-epimeraSgdmopsis tetragonolobpa 3x10% 1

PpB2 DR 2 UDP-glucosyltransferase, putatiR&e[nus communjs 9 x 10%

PpB3 DR 1 Glucan endo-1,3-beta-glucosidase preguatative Ricinus communjs 2 x 10

PpB4 DR/Sz 1 (R)-limonene synthase, putatR&Eihus communjs 2x10%

PpB5 DR/SZ 1 S-like ribonucleaserlinus dulciy 1x10M®
Oxidation-reduction

PpB6 DR/SZ 1 cytochrome P450, putatiédinus communjs 2 x 10

PpB7 DR/SZ 1 cytochrome P45Bdpulus trichocarph 4x10% 1
Stress and defence

PpB8 DR 7 multidrug resistance pump, putatReinus communjs 5x10%

PpB9 DR 4 late embryogenesis abundant, putaltigfus communjs 8 x 10% 1

PpB10 DR/Sz 3 Indole-3-acetic acid-induced profeRG2, putative Ricinus communjs 1 x 10 1,2

PpB11 DR/ZS 3 type Il SK2 dehydriRfunus persich 2 x10% 1,2

PpB12 DR 2 multidrug resistance pump, putatRigihus communjs 5 x 10**

PpB13 DR 1 allene oxide cycladeigum sativurh 1x10%

PpB14 DR 1 S-adenosylmethionine decarboxyldais x domestida 1x 10 1

PpB15 DR/ZS 1 heat shock protein, putatiRécfnus communjs 1 x 10%
Signalling and transcription

PpB16 DR/SZ 4 dam&funus persich 3x10%®

PpB17 DR/SZ 3 dam@funus persich 4 x 10%

PpB18 DR 2 NAC domain protein, IPR0O0344bpulus trichocarph 7 x 10% 1

PpB19 DR/SZ 2 zinc finger protei€amellia sinensis 4 x10% 1

PpB20 DR/SZ 2 GRAS family transcription fact&ojpulus trichocarph 1x10™

PpB21 DR 1 NAC domain protein NACGpssypium hirsutun 3x10% 1

PpB22 DR 1 zinc finger protein, putativiRifinus communjs 9x10%

PpB23 DR 1 Mitogen-activated protein kinase kirlkisase, Ricinus communjs 7 x 10%° 1

PpB24 DR 1 transcription factor AP2-EREBR{us japonicul 2 x10%°

PpB25 DR/SZ 1 sensory transduction histidine kinpsgative Ricinus communjs 2 x10%

PpB26 DR/SZ 1 dam#Pfunus persich 6 x 10* 1

PpB27 DR/Sz 1 GRAS family transcription fact®ojpulus trichocarph 5x 107
Transport

PpB28 DR/Sz 8 plasma membrane intrinsic protein[Ry2us communjs 2 x 10%

PpB29 DR/SZ 2 forisomeCfanavalia gladiath 1x10%

PpB30 DR/SZ 1 sorbitol transportd@rlinus cerasys 1x10% 1

PpB31 DR/Sz 1 Mitochondrial carnitine/acylcarniticerier protein, Ricinus commurjs 3 x 10%

PpB32 DR/SZ 1 sieve element-occluding proteiividdicago truncatulh 2 x10%
Other

PpB33 DR/ZS 3 pollen coat-like proteiArgbidopsis thalianh 3x10% 1,2

PpB34 DR 1 peripheral-type benzodiazepine receptdative Ricinus communjs 3x10%

PpB35 DR 1 predicted proteiR$pulus trichocarph 4 x 10"

PpB36 DR 1 indole-3-glycerol phosphate lyase IGLAnjium galeobdoldn 9 x10%®

PpB37 DR 1 poly(A)-binding protein C-terminal irdeting protein 6Cucumis sativgs 2 x 10% 1

PpB38 DR 1 putative ripening-related prote¥itig viniferd 4 x10%

PpB39 DR/Sz 1 Anthranilate N-benzoyltransferasegino putative Ricinus communjs 4 x 10%°

PpB40 DR/SZz 1 3'-N-debenzoyl-2'-deoxytaxol N-berizapsferase,Ricinus communjs 6 x 10%

PpB41 DR/ZS 1 conserved hypothetical prot@licihus communjs 1x10™

PpB42 DR/ZS 1 light harvesting chlorophyll a /bdiimg protein Hedera helix 2x10%

PpB43 DR/SZ 6 1

PpB44 DR/SZ 4 12

PpB45 DR/ZS 1 1,2

PpB46 DR/ZS 1

The number of ESTs corresponding to each unigeddhenBlastx best hit found in the non-redundantgin database
from the National Center for Biotechnology Informoat (NCBI) are shown. ESTs described in previouska@re
labelled with 1 (Ogundiwin et al., 2008) or 2 (Bets€t al., 2006).
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Table 2.4List of unigenes exclusively enriched in the ‘Zih&’ (ZS) or ‘Springlady’ (SZ) samples.

Unigenes Exgrrgjslon EST Blastx hit El-i\i/ztl)lje Pvrvivrllf : s
PpB94 Sz 22

PpBY5 sz 9 UVI4 (UV-B-INSENSITIVE 4)Arabidopsis thalianh 1x10%

PpB96 Sz 2 putative RNA binding proteiNifotiana tabacuh 1x10™° 2
PpB97 Sz 1 sorbitol-6-phosphate dehydrogenBsenjus persich 4 x10%

PpB98 sz 1 small basic intrinsic proteinMit[s viniferg 5 x 10%®

PpB99 Sz 1 hypothetical proteiNifis viniferd 5x10% 1
PpB100 Zs 2 hypothetical proteiifis viniferg 1x10* 1
PpB101 ZS 2 2

The number of ESTs corresponding to each unigeddéhenBlastx best hit found in the non-redundant
protein database from the National Center for Riot@logy Information (NCBI) are shown. ESTs desadib
in previous works are labelled with 1 (Ogundiwiraét 2008) or 2 (Bassett et al., 2006).

Such simple functional classification gave riseirtteresting observations when relating to SSH
groups: The RD unigenes were abundant in metabolsith oxidation-reduction categories,
whereas DR group contained numerous unigenes ddiatstress and defence. On the other hand,

the signalling and transport categories were mcBR and SZ unigenes (Table 2.5).

Table 2.5 Functional classification of unigenes.

Functional classification DR RD ZS Sz
Metabolism 5 16 7 4
Oxidation-reduction 2 6 2 2

Stress and defence 8 2 4 1

Signalling and transcription 12 3 2 7
Transport 5 2 2 6

Other 14 18 21 11

Real time RT-PCR analysis of selected unigenes

In order to confirm the developmental and genotgppendent regulation of genes obtained in this
study, we selected nine unigenes for quantitatiession analysis on RNA collected from flower
buds of ‘Springlady’ and ‘Zincal 5’ cultivars atfféirent times during dormancy progression and
release. An Actin gene was used as referencé&hdl as a control gene showing down-regulated
expression during the time interval of the expenm@igure 2.3). As formerly described by Li et
al. (2009),DAM1 expression level was higher in October samplednopped to undetectable levels
in the February and January samples of ‘Springladg ‘Zincal 5’ respectively. In agreement with
the hypothesized role @AM genes in maintenance of the dormant sta®M1 expression was

very similar in both cultivars in dormant sampleg Hdrastically decreased in December in ‘Zincal
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5’, roughly coinciding with dormancy release. Cargly, ‘Springlady’ maintained high levels of
DAML1 transcript until January, when buds break dormarayther MADS box transcription
factor gene from the same familpAM6), which was obtained in our SSH experiment unter t
name PpB17, followed an expression pattern difftei@®AM1 but also correlated with the distinct
chilling requirements of the studied cultivalsAM6 cDNA accumulated in November sample and
abruptly fell in December in ‘Zincal 5’, whereagt$hglady’ levels decreased in January.

Other regulatory unigenes coding for a Zn-fingeanscription factor (PpB19) and a putative
GRAS-like (GIBBERELLIN ACID INSENSITIVE, REPRESSORf GA1 and SCARECROW)
regulator (PpB20) were selected for real time P@Rdation. PpB19 expression showed a gradual
decrease in ‘Zincal 5’ genotype from October toudaw, reaching a final amount of transcript
about five times lower than in the first collectaimple. However ‘Springlady’ maintained similar
PpB19 values during the same period to finally drog-ebruary. On the other hand, GRAS-like
PpB20 led to a particular profile with punctual iséions in expression. Unigene PpB29, coding for
a forisome-like protein, was also down-regulatedrduprogression and release of bud dormancy,
with consistently lower cDNA levels in ‘Zincal Shan in ‘Springlady’ from November to January.
PpB43 unigene, having no relevant similarities iy known gene in databases, maintained a low
and constant expression level in ‘Zincal 5’ fromt@er to January, whereas expression in
‘Springlady’ was higher and more variable durinig gheriod.

On the other hand, unigenes PpB62, PpB71, PpB8PaB@&8, respectively coding for a putative
flavonoid 3-hydroxylase, a putative DNA-binding t&im and two polypeptides with no homology
in databases, showed a similar pattern of mMRNA racatation in January and February, just after
budbreak, and much more intense signals in ‘Zik¢ahan in the ‘Springlady’ background. In
order to highlight the late increase in expresbrhese four genes in both genotypes, different

graph scales have been employed for ‘Zincal 5 ‘&pdinglady’ data in Figure 2.3.

Discussion

Some details on the physiological behaviour of Bowuds from ‘Zincal 5’ and ‘Springlady’ are
shown. The difference in chilling requirement betwdoth cultivars was estimated to be about 100
CH, which is relatively low when considering thartain peach genotypes have requirements
higher than 1000 CH. However under the mild climadaditions where this experiment has been
performed high chilling genotypes cannot be propenlltivated. Despite this limitation, the

selected genotypes clearly showed different dorpraelated behaviour during several years, and
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more relevantly, ‘Zincal 5’ but not ‘Springlady’ waable to budbreak to some extent before the
fulfillment of its chilling requirement.

The SSH procedure was designed to achieve a ligeés related to dormancy maintenance and
release. The DR and RD SSH samples were expecigéldatranscripts respectively repressed and
induced during the CH accumulation and dormanayasa in the ‘Springlady’ background. On the
other hand, the ZS and SZ samples were obtainédetdify genotype-dependent differences in
expression following dormancy release, which coalccount for some qualitative genetic
differences between ‘Zincal 5" and ‘Springlady’ ttwars related to dormancy release.

A low percentage of the 2496 clones contained e fthur SSH libraries could be validated by
microarray hybridization of SSH final products. Bynsidering 2 fold differences as a threshold for
the signal ratio between forward and reverse prgllesl), the interval of validated clones ranged
from 15 % to 48 %, similar to the 29 % of differafiy expressed clones found in a recent SSH
work on bud dormancy in apricot (Yamane et al.,80These results suggest that simple selection
and sequencing of SSH obtained clones could na bempletely reliable procedure to identify
differentially expressed genes. Alternatively, suciw SSH efficiency may be due to the
transcriptional similarity between compared samplelsowing a low number of differential
transcripts. Under this consideration the compeaegtibetter efficiency of RD library could be due
to the existence of a relevant number of up-regdlajenes along flower bud development and
dormancy release.

Overlapping of unigene groups shows a bias tow#ndscoincidence of RD and ZS enriched
unigenes on the one hand and DR and SZ on the, otliéch in fact confers a high degree of
interest to those genes. Whereas unigenes contakadsively into RD or DR groups could be
regulated by flower development processes or bigmdifit environmental stresses, and ZS or SZ
enriched unigenes could simply correspond to ggmotgpecific genes; RD/ZS and DR/SZ
overlapping unigenes are more likely related to dadnancy due to their double, developmental
and genotype dependent regulation.

A rough functional classification of unigenes higldimilar to genes described in other species
showed evident differences between the four groumpgroup RD, sequences related to metabolism
and oxidation-reduction were the most abundantchvtiits well with the idea that some basic

metabolic activation is required to restart groatid cell division following dormancy and with
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Figure 2.3. Real time RT-PCR analysis of selectednigenes. RNA samples were obtained from
‘Springlady’ and ‘Zincal 5’ flower buds harvestedrihg the first days of October (S1 and Z1), Novemb
(S2 and Z2), December (S3 and Z3), January (SZdphdnd February (S5). Expression levels are radat
actin. An expression value of one is assigned ® sample with a higher accumulation of transcript.
Different graph scales have been employed for t&pady’ and ‘Zincal 5’ data in unigenes PpB62, PhB7
PpB87 and PpB88. Data are means from two biologieplicates, with error bars representing standard
deviations.

those previous works linking oxidative stress anththncy release (Nir et al., 1986; Scalabrelli et
al., 1991; Or et al., 2002). On the other sideugr®R was rich in stress and defence genes, as
dormant tissues must be prepared against drought@d stresses appearing during winter time.
Moreover, the high presence in this group of unégemelated to signalling and transcription
suggests that certain developmental processes mmgtihtly regulated at the transcriptional level
in the dormant stage. SZ and ZS groups reprodwesggkectively DR and RD tendencies in most of
the categories.
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Some of the genes found in this work were previpiddntified in a SSH approach to isolate genes
regulated by low temperature and photoperiod ircipdzark (Bassett et al., 2006), whereas a high
percentage of them were isolated from two cDNAditas enriched in cold treated fruit mesocarp
(Ogundiwin et al., 2008). Respectively 9 and 24ganes are coincident with these works, coding
for a late embryogenesis abundant protein, a dehytivo NAC-like transcription factors, a
sorbitol transporter and distinct peroxidases anmuthgrs. Such a high degree of coincidence with
works performed on bark and fruit mesocarp suggéstiscold and light regulated pathways share
common elements between flower buds and theseeissu

The unigenes PpB16, PpB17 and PpB26 are part cfisitar genes located in tandem in linkage
group 1 PAM5, DAM6 and DAM4 respectively), which are related to the early #owg genes
SHORT VEGETATIVE PHASEVP andAGAMOUS LIKE24AGL24) of Arabidopsis thalianaA
deletion affecting thes®AM genes has been found linked to the dormancy immuatefects
observed in thevergrowing(evg mutant of peach, showing constant growth in taahmeristems
and a defect in terminal vegetative bud formatiBrelenberg et al., 2008). Additional evidences
suggesting a role obAM-like genes in regulating dormancy transitions haeen obtained in
transcriptomic studies in raspberry (Mazzitelliagét 2007), japanese apricot (Yamane et al.,2008)
and leafy spurge (Horvath et al., 2008). The reaktRT-PCR analysis odDAM1 and DAM6
essentially confirms previously published data byet al. (2009) with some relevant genotype
dependent particularitie®AM1 andDAMG6 major down-regulation started about one monthegarl
in “Zincal 5’ that in ‘Springlady’, which is appraxately coincident with their specific chilling
requirements for dormancy release. Transcript actaton of theDAM6 gene followed that of the
DAML1 gene (Bielenberg et al., 2008; Li et al., 2009ygasting a kind of sequential regulation
between them that deserves further study. This wliges additional evidences on the relevant role
of DAM genes in delaying dormancy release, but a deeyadysas ofDAM genes expression and
further biotechnological approaches are requirednimver molecular and physiological details on
their function. In addition tdAM-like genes, SSH analysis of bud dormancy transanp of the
related specie®runus mumegjapanese apricot) provided a cytochrome P450 E&H437326)
similar to PpB7 and two xyloglucan endotransglytasy ESTs (AB437332, AB437340) related to
PpB59 (Yamane et al., 2008). Such low number afadencies between species from the common
genusPrunusmay be due to the few ESTs described in the jeggaapricot article (26) and to the
nature of the SSH procedure that produces adj&saitfragments proceeding from the same gene
but not matching by BLAST analysis.
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Circadian clock and dormancy have been associgtéadorecent articles in chestnut, showing that
CSTOCL(TIMING OF CAB, CHLOROPHYLL A/B BINDING PROTEIN EXXSSION ), CsLHY
(LATE ELONGATED HYPOCOTY,LCsPRR5 CsPRR7and CsPRR9 (PSEUDO-RESPONSE
REGULATOR genes, coding for homologs to components ofAtebidopsiscircadian oscillator,
lose their circadian daily regulation during wintBsrmancy and under low temperature incubation
(Ramos et al., 2005; Ibafiez et al., 2008). Oné@fpeach unigenes accumulating in dormant buds
(PpB25) showed high similarity 16sPRR7 which in addition to the observation by Horvatrak
(2008) that several circadian regulatory genes wragegulated following the paradormancy-
endodormancy transition, increases the accumulenetence that connects circadian clock with
dormancy.

In close linkage to circadian mechanisms are thlet Isignal transduction networks triggered by
phytochromes. PpB20 and PpB27 unigenes code fatipeitGRAS transcription factors that could
proceed from the same locus and are very similathéeoPAT1 (PHYTOCHROME A SIGNAL
TRANSDUCTIONgene fromArabidopsis thalianaA truncated version d?PAT1strongly reduces
far-red light signaling mediated by phytochromeBbl(e et al., 2000). Despite the fact that PpB20
average expression was slightly higher in Decemisien photoperiod is shorter, no reliable
conclusions about the light regulation of this geaeld be reached due to the absence of significant
difference. Other transcription factors identifiedthis work have different structural or functiona
domains, as NAC (PpB18 and PpB21), Zn-finger (PpB&h8 PpB22), AP2 (PpB24), AT-hook
(PpB71), bHLH (PpB72) and PHD-finger (PpB73). The-fihger PpB19 showed an attenuated
DAM1-like decreasing expression profile after quantieaainalysis, which confers to this unigene a
high interest for studies of transcriptional regjola related to the dormancy process.

The PpB29 and PpB32 unigenes, up-regulated in ddrinads, are very similar to components of
the forisome, a protein aggregate of sieve elemehtsabacean plants that occludes them in a
reversible and regulated manner (Noll et al., 20@&lissier et al., 2008). Real time analysis of
PpB29 showed a gradual drop in expression from mDbee to February, with a significant lower
transcript accumulation in the ‘Zincal 5 genotyp@ne attractive idea is that forisome-like
structures could be mediating the temporary obstmicof vascular elements to reduce solute
exchange and water mobility in dormant buds, bet élvsence of reports about forisome-like
complexes in non-Fabacean plants raises obviouscidms. Additional efforts to unravel the
activity of these forisome-like elements in othpeaes would help to hypothesize a new role for

them in bud dormancy.
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Among the unigenes up-regulated in dormancy reteasels, abundant peroxidase-like sequences
were found (PpB63, PpB64, PpB65 and PpB67). Prelypother peroxidases have been related to
the fulfillment of the chilling requirement iNitis riparia buds (Mathiason et al., 2009) and to
dormancy release in buds of leafy spurge (Jia ¢t28l06). Earlier studies suggest a role of
hydrogen peroxide (#0,) in budbreak regulation, based on catalase agtintibition and HO,
accumulation occurring during the natural or hydmgcyanamide induced breaking of bud
dormancy in grapevine (Nir et al., 1986; Pérezlet2008). This points to a putative detoxifying
role of peroxidases by degrading®4 produced during budbreak. Other RD unigenes aret mos
likely involved in flower development pathways, #se ones coding for the anthocyanin
biosynthetic enzymes chalcone synthase (PpB51 pB8P, dihydroflavonol 4-reductase (PpB53,
PpB55 and PpB56) and flavonoid 3-hydroxylase (PpB62

Comparison of microarray data obtained in leafyrgpwith previous studies in different species
contributed to identify general processes relatedbud dormancy, as cold and stress responses,
circadian regulation, flowering time, chromatin i&helling and hormone responses (Horvath et al.
2008). Similarity of some of our unigenes to selvefathose general factors suggests that such
interspecific pathways and processes are moslylikehserved in peach. For instance ICE1-like
transcription factors involved in cold response evielentified in at least three dormancy studies in
different species and also in this work (PpB72)nigirly, late embryogenesis abundant proteins
(PpB9), dehydrins (PpB11), peroxidases (PpB63, BpBpB65 and PpB67), UDP-galactose 4-
epimerases (PpB1l), chalcone synthases (PpB51 aB87Rpxyloglucan endotransglucosylases
(PpB59) and flavonoid 3-hydroxylases (PpB62) amotiters have been recurrently described in
previous articles (Schrader et al., 2004; Jia et28I06; Mazzitelli et al., 2007; Rohde et al., 200
Horvath et al., 2008; Xin et al., 2008; Yamanelgt2008; Mathiason et al., 2009). Such ESTs and
other related to plant dormancy for the first timethis work provide insight into the signals and
processes regulating bud dormancy in general, Hadaseries of gene sequences susceptible to be

used for marker-assisted selection in peach brgedin
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Abstract

Bud dormancy release in many woody perennial pleegponds to the seasonal accumulation of
chilling stimulus. MADS-box transcription factora@mded byDORMANCY ASSOCIATED MADS-
box (DAM) genes in peachPfunus persicpare implicated in this pathway, but other reguiat
factors remain to be identified. In addition, tregulation ofDAM gene expression is not well
known at the molecular level.

A microarray hybridization approach was performeddentify genes whose expression correlates
with the bud dormancy-related behaviour in tenedéht peach cultivars. Histone modifications in
DAMG gene were investigated by chromatin immunopreatipin in two different cultivars.

The expression ddAM4-6and several genes related to ABA and droughtstesgponse correlated
with the dormancy behaviour of peach cultivars. Titiethylation of histone H3 at K27 in the
DAM®6 promoter, coding region and the second large rintn@as preceded by a decrease of
acetylated H3 and trimethylated H3K4 in the regobriranslation start, coinciding with repression
of DAM6 during dormancy release.

Analysis of chromatin modifications reinforced thele of epigenetic mechanisms DAM6
regulation and bud dormancy release, and highligltiemmon features with the vernalization

process irArabidopsis thalianand cereals.

Introduction

In different plant lineages, adaptation of floweritme to seasonal fluctuations in temperature has
been achieved through similar mechanisms with §eespecific features. Brassicaceae and cereals
avoid premature flowering in the autumn by verralan which inhibits the transition from the
vegetative to the reproductive phase until exposora prolonged cold period. Similarly, during
autumn and winter many perennial species keep épeoductive tissue in a dormant stage
(endodormancy, abbreviated to dormancy in this yvamkide specialized organs named buds,
which are then activated by a period of chillingailgenotype-dependent fashion. These processes
are regulated by a set of related MADS-box trapsiom factors (Hemming & Trevaskis, 2011).

In Arabidopsis thaliang the MADS-box transcription factor FLOWERING LOCUS (FLC)
prevents the flowering transition by repressingftheal integrator geneELOWERING LOCUS T
and SUPPRESSOR OF OVEREXPRESSION OF CONSTA[&®dlle et al., 2006). TheLC
transcript decreases quantitatively during coldosxipe by an epigenetic mechanism involving the
synthesis of non-coding RNAs and the binding of Rleéycomb group (PcG) proteins (De Lucia et
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al., 2008; Swiezewski et al., 2009; Heo & Sung,1D0PcG complexes ensure stable repression of
FLC after subsequent cell divisions by means of chtonmmaodifications including trimethylation
of histone H3 at lysine 27 (H3K27me3) (Doyle & Anmas 2009). In cereals, vernalization is
controlled byVERNALIZATION1(VRNY), a FRUITFULL-like MADS-box gene that contrarily to
FLC responds to cold by increasing its expressionregpdation ofVRN1during vernalization is
associated with reduced H3K27me3 and increasednadt3 lysine 4 trimethylation (H3K4me3)
levels atVRN] a typical mark of transcriptionally active chramaalso found inFLC. These
histone modifications suggest a participation dEHike complexes in repression YRN1prior to
winter (Oliver et al., 2009; Hemming & Trevaski€124).

In peach Prunus persicg a set of six tandemly repeat&HORT VEGETATIVE PHASKe
MADS-box genes, nameddORMANCY ASSOCIATED MADS-box1BAM1-6), have been found
partially deleted in thevergrowing(evg mutant showing non-dormant behaviour (Bielenbetrg
al., 2008). The expression DIAM genes is highly dependent on the establishmenttemance
and release of bud dormancy. Photoperiod lengthchitithg accumulation have been postulated as
the major inputs conditioning seasonal fluctuationthe expression of these genes (Li et al., 2009)
DAM1 andDAMG6 are up-regulated during bud growth cessationpfahg a change from long to
short day photoperiod (Jiménez et al., 2010a),dowih-regulated during dormancy release in two
different peach cultivars (Leida et al., 2010)alnecent work, the expression@AMS5 andDAM6
have been found associated to the dormancy stétpsaxh plants treated with prolonged low
temperature and with the dormancy-breaking reaggariamide (Yamane et al., 2011).

Other DAM-like genes showing dormancy-dependent expressidouds have been identified in
poplar (Ruttink et al., 2007), raspberry (Mazzitell al., 2007), Japanese apricot (Yamane et al.,
2008), leafy spurge (Horvath et al., 2008) and Hidaoant (Hedley et al., 2010), suggesting a
similar control of bud dormancy in perennial plant4oreover, theDAM1 gene of leafy spurge
shows altered levels of H3K27me3 and H3K4me3 atdifferent bud dormancy stages (Horvath et
al., 2010) resembling the mechanisms of chromagplation observed IRLC andVRN1

We have performed a genome-wgksarch for peach genes related to bud dormancylydizing

a cDNA microarray containing bud-enriched probesidh et al., 2010) with RNA samples from
cultivars showing diverse dormancy behaviour, felld by an expression correlation analysis. The
DAMG6 gene identified in this study was subjected tcetaitbd analysis by localizing histone H3
modifications associated to dormancy release iprisnoter and coding region.
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Materials and Methods

Plant material and growth conditions

The Prunus persicdL.] Batsch cv ‘Red Candem’, ‘Flor Red’, ‘May Glo’86-6’, ‘Precocinho’,
‘Sunraycer’, ‘Carolina’, ‘Crimson Baby’, ‘Rose Diamnd’ and ‘Big Top’ were grown in an orchard
located at the Instituto Valenciano de InvestigaegAgrarias (IVIA), in Moncada (Spain), under
standard agricultural practices. The samples reduior microarray hybridizations were obtained
from flower buds collected on 29 December 200&radtchilling accumulation of 400 h below 7 °C
or chilling hours (CH). Buds were routinely pooliedm shoots obtained from three different trees.
Flower buds for chromatin immunoprecipitation assaere collected on the following dates of
autumn-winter in 2009-2010: 3 November (0 CH), 28c@mber (276 CH), 12 January (385 CH),
16 February (634 CH), and 2 March (684 CH) for ‘Bigp’, and 3 November (0 CH), 1 December
(50 CH), 15 December (187 CH) and 29 December CHpfor ‘Red Candem’.

Incubation of shoots for the determination of buelalt and dormancy parameters was performed in
a phytotron set at 25 °C, with a 12/12 h photogkaiod 70 % humidity.

Measurement of flowering time, bud break and chillng requirement

The flowering time of a certain cultivar in thel@iecorresponded to the date in which at least dfalf
flowers were fully open. This measurement was nratigive to the earliest flowering date of ‘May
Glo’, and expressed in days.

For measuring the percentage of bud break, 10 excshoots with four to six flower buds
remaining in their upper half were placed with th®sal end in water and incubated in a phytotron.
The basal ends of the shoots were cut and waterregaced every 2 to 3 d. Bud break was
measured as the percentage of open flower budgjirsh@t least the green tip of the sepals, after
10 d incubation. Those cultivars with percentagbuaf break < 50 % were considered to remain in
dormant stage.

For estimating the chilling requirement, bud bres&s measured periodically during the cold
season. Chilling requirement was the time in hdugiew 7 °C (CH) recorded for a given cultivar

when its percentage of bud break exceeded 50 %.
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Isolation of RNA and mRNA purification

For microarray hybridization, total RNA was isoldttfom 1.5 g of flower buds by a guanidine
thiocyanate-based protocol (Salzman et al., 1998ly(A)+ RNA was subsequently purified using
the Oligotex mMRNA Purification System (Qiagen) frd®0 to 250ug of total RNA, according to
the manufacturer’s instructions. The poly(A)+ RNAsvconcentrated by precipitation with two
volumes of ethanol, in the presence of 33 mM Natl &lycoBlue Coprecipitant (Ambion), then
washed with ethanol 80 % (v/v), and dissolved inaR&Hfree water. The poly(A)+ RNA
concentration in the solution was measured with @eant-iT RiboGreen RNA Assay Kit
(Invitrogen).

For quantitative real-time reverse transcriptiorRART-PCR) experiments, total RNA was isolated
from 100 mg of flower buds using the RNeasy PlamiNKit (Qiagen), but adding 1 % (w/v)
polyvinylpyrrolidone (PVP-40) to the kit extractidruffer before use.

Microarray hybridization

The poly(A)+ RNA (100 ng) was reverse transcribmaplified and labelled with the Amino Allyl
MessageAmp Il aRNA Amplification Kit (Ambion). Cy&nd Cy3 fluorescent dyes were coupled to
the amino allyl modified RNA of each sample and & rof the samples (for reference),
respectively.Purified Cy5-labelled sample and Cy3-labelled reiee (200 pmol each) were
combined, diluted with water to a final volume @0qul, and concentrated until 40 in a microcon
YM-30 filter (Millipore). Half of the mixture (2Qul) was vacuum-concentrated until abouful4
then heat-denatured for 2 min at 80 °C, mixed &idhul of pre-heated hybridization buffer [5X
SSC (75 mM trisodium citrate pH 7.0, 0.75 M NaGl), % (v/v) formamide, 0.1 % (w/v) SDS, 0.1
mg mL* salmon sperm DNA], and finally applied to the mimmay slide, which was previously
incubated for at least 1 h at 42 °C with prehylaton buffer [5X SSC, 0.1 % (w/v) SDS, 1 %
(w/v) bovine serum albumin]. The microarray congain2496 expressed sequence tags (ESTS)
obtained by a subtraction procedure from dormamt aon-dormant flower buds of peach, as
described by Leida et al. (2010). Hybridization wpasrformed overnight at 42 °C. After
hybridization, slides were washed twice at 42 °C5fanin in 2X SSC-0.1 % (w/v) SDS, followed
by two washes at room temperature for 5 min in 0SISC-0.1 % (w/v) SDS, then five washes at
room temperature for 3 min in 0.1X SSC, and finalhsed briefly with 0.01X SSC before drying
by centrifugation at 300 rpm for 5 min.

74



3. Histone modifications and expressionDAM6 gene in peach are modulated during bud dormarnesse in a cultivar-dependent manner

Microarray data analysis

Arrays were scanned atn resolution. Cy3 and Cy5 fluorescence intensitg veorded by using

a ScanArray Gx scanner (Perkin Elmer). The reggltimmges were overlaid and spots identified by
the ScanArray Express program (Perkin Elmer). Sjpadlity was confirmed by visual test.
Microarray and experiment data have been placed AarayExpress database
(http://www.ebi.ac.uk/arrayexpress/), with accessiamber E-MEXP-3201.

For statistical analysis of microarray data, then&&xpression Profile Analysis Suite (GEPAS)
package was employed (Montaner et al., 2006; hMipw.gepas.org/). Normalizations within and
between arrays were Loess and Scale, respectiSajpal intensities proceeding from duplicated
spots were averaged. ldentification of ESTs cotiredawith the different dormancy variables was
performed by Pearson's test. The P-value to cotiieofalse discovery rate was adjusted with the
Benjamini and Hochberg method. ESTs showing a Bevidwer than 0.05 were selected for DNA
sequencing with primers NP1 or NP2R (Table S3.3) expression analysis. From 160 ESTs
correlating with the chilling requirement variab6 showed a higher signal in dormant buds
(positive correlation) and 114 in dormancy releaseds (negative correlation). With respect to the
percentage of bud break, 201 ESTs were found, a¢hw80 were more abundant in dormant buds
and 171 in dormancy released buds. Similarly, fd&4 ESTs correlating with the flowering time
variable, 58 had a higher expression in dormantshared 96 in dormancy released buds. After
removing the clones producing a bad sequence andrns having an interndkd site, which was
indicative of a chimeric rearrangement during thbtsaction procedure, 242 ESTs were identified.
The accession numbers of these ESTs are liste@gbie1S3.2. To identify the genes or transcript
models containing the positive ESTs, a BLASTN asialyAltschul et al., 1990) was performed on
peach genome sequence database released by ttmatioteal Peach Genome Initiative (IPGI). A
BLASTP analysis of the deduced protein of the d#fifé genes or ESTs was made on the non-
redundant protein sequence database, to find disesti annotated hits.

To identify the varieties with similar gene exptiessfingerprints we applied principal component
analysis to the initial matrix of 2525 availablealaonsidering the 10 varieties as individuals and
the genes as variables. The analysis was perfousied) Statgraphics 5.1 package for windows

(Statistical Graphics).
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Real-time RT-PCR

One microgram of total RNA was reverse transcribvth SuperScript Il First-Strand Synthesis
System for RT-PCR (Invitrogen) in a total volume2®&ful. Two microliter of a 40X diluted first-
strand cDNA was used for each amplification rearctioa final volume of 2@l. Quantitative real-
time PCR was performed on a StepOnePlus Real-Ti@fe Bystem using the Power SYBR Green
PCR Master Mix (Applied Biosystems) and primers wghoin Table S3.3. Cycling protocol
consisted of 10 min at 95 °C, followed by 40 cyaéd5 s at 95 °C for denaturation, and 1 min at
60 °C for annealing and extension. Specificityraf PCR reaction was assessed by the presence of
a single peak in the dissociation curve after thpldication and through size estimation of the
amplified product by agarose electrophoresis. Watl uas reference a peach actin gene amplified
with specific primers (Table S3.3). Relative exgres was measured by the relative standard curve

procedure. Results were the average of two indegeridological replicates repeated twice.

Chromatin immunoprecipitation (ChIP) assays

Cross-linking of 4 g of flower buds, and chromaisolation and sonication were performed
according to Saleh et al. (2008), with the follogvilew modifications. For chromatin isolation, we
added 5 ml of nuclei isolation buffer to 1 g of ssdinked frozen material. After homogenization
and centrifugation at 11,000g for 20 min, we adadislly washed the pellet with 5 ml of nuclei
isolation buffer. The chromatin was resuspende@®.t ml of nuclei lysis buffer and the DNA
sheared into fragments of about 500 bp (100 to HpOidterval) by sonicating 5 times for 10 s with
37 % amplitude, on a Vibra-Cell VCX-500 sonicat@ofiics and Materials). Protease inhibitor
cocktail (PIC) for plant cell and tissue extrac&gfna) was added to nuclei isolation buffer and
nuclei lysis buffer, to a final concentration 06® (v/v) and 1 % (v/v) respectively. PVP-40 was
added to nuclei isolation buffer (1 % wi/v) shottlgfore use.

ChIP was performed according to Sandoval et al0420and Ferres-Maso et al. (2009). The
sonicated chromatin was centrifuged at 13,800d.@omin, and the supernatant diluted 10-fold with
dilution buffer [16.7 mM Tris-HCI pH 8.0, 167 mM 4 0.01 % (w/v) SDS, 1.1 % (v/v) Triton X-
100, 1.2 mM EDTA, 0.5 % (v/v) PIC]. Aliquots of 6Q0 of diluted chromatin were incubated
overnight at 4 °C on a rotating platform with Dyealls-Protein G (Invitrogen) previously washed
with PBS buffer (1.8 mM KkEPQ,, 10 mM NaHPQ,, 2.7 mM KCI, 140 mM NaCl, 5 mg mb
bovine serum albumin) and saturated witlg2of the different antibodies. The employed antibed
were anti-trimethyl-histone H3 (Lys4) [07-473], ammimethyl-histone H3 (Lys27) [07-449], and
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anti-acetyl-histone H3 [06-599] from Millipore, ananti-histone H3 [abl1791] from Abcam.
Immunocomplexes were recovered using a DynaMag-gheta particle concentrator (Invitrogen).
Samples were washed twice with cold low-salt buf&r mM Hepes pH 8.0, 140 mM NaCl, 1 %
(v/v) Triton X-100, 0.1 % (w/v) sodium deoxycholate mM EDTA], twice with cold high-salt
buffer [50 mM Hepes pH 8.0, 500 mM NaCl, 1 % (v/niton X-100, 0.1 % (w/v) sodium
deoxycholate, 1 mM EDTA], twice with cold LiCl beff [10 mM Tris-HCI pH 8.0, 250 mM LiCl,
0.5 % (v/v) Nonidet P40, 0.5 % (w/v) sodium deoxglete, 1 mM EDTA], and finally once with
TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA). Wastys were performed at 4 °C for 4 min,
under rotation. After discarding TE buffer, the immmoprecipitated chromatin was eluted from the
Dynabead-protein G by adding pDof elution buffer [98 mM NaHCg 1 % (w/v) SDS], vortexing
and incubating for 10 min at 65 °C. A second elutstep with additional 5Ql of elution buffer
was performed. Formaldehyde cross-linking was sackby incubating overnight at 65 °C in the
presence of proteinase K (0.4 mg ML DNA was purified with High Pure PCR Product
Purification Kit (Roche) and resuspended in 10@f 10 mM Tris-HCI pH 8.0. Chromatin cross-
linking and ChIP was made on two independent saspée condition.

Two microliter of DNA was used for each amplifieati reaction in a final volume of 2(0l.
Quantitative real-time PCR was performed on a Stegpus Real-Time PCR System using
PerfeCTa SYBR Green SuperMix ROX (Quanta Bioscisheamd primers shown in Table S3.3.
Cycling protocol consisted of 10 min at 95 °C, daled by 45 cycles of 15 s at 95 °C, and 1 min at
60 °C. Specificity of the PCR reaction was asseaseabove. The relative standard curve procedure
was utilized for quantification. Results were madkative to the anti-histone H3 reaction. Results

were the average of three PCR reactions for eanplsa

Figure 3.1. Flower developmental changes during
dormancy progression and bud break in peach.Two
dormant flower buds flanking a vegetative bud adrevs
on the left panel. In the middle, several swolllevér buds
are opening and starting to show the green sepatheir
tips. A fully open flower is shown on the right.
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3. Histone modifications and expressionDAM6 gene in peach are modulated during bud dormarnesse in a cultivar-dependent manner

Results

Dormancy-related behaviour of ten different peach altivars

The particular response to climatic and environmlefaictors affecting bud dormancy in ten peach
cultivars was studied by three related methods. fltngering time method integrated complex
intrinsic and extrinsic inputs, such as cultivare@fpc chilling and heat requirements for
endodormancy and ecodormancy releases, and thiemct of light and meteorological conditions.
On the other hand, the measurement of chilling ireqent did not account in principle the
ecodormancy-related factors and was thus expectdaetter respond to particular mechanisms
overcoming winter. Finally, the percentage of buedalk method, measured in samples exposed to
400 CH, allowed an additional estimation of cultigpecific depth of dormancy in a fixed time
condition. The peach phenological stages more aeleto this study are shown in Figure 3.1,
depicting dormant buds, opening buds showing tleermgsepals utilized for chilling requirement
and bud break estimation, and fully open flowerpleryed for flowering time determination.

Table 3.1.Dormancy variables measured for peach cultivars.

Cultivar re(égi”rlciar:l?ent Bud bgeak F_Iowering
(CH) (%) time (dy
‘Red Candem’ <278 76.0 4
‘Flor Red’ <278 82.1 11
‘May Glo’ 278-385 86.1 0
‘86-6’ 278-385 54.2 9
‘Precocinho’ 385-412 68.3 7
‘Sunraycer’ 385-412 66.7 9
‘Carolina’ 412-511 211 11
‘Crimson Baby’ 412-511 35.6 14
‘Rose Diamond’ 631-639 0.0 28
‘Big Top’ 674-712 0.0 39
aMeasured after 10 d incubation of 400 CH shdtays after

‘May Glo'.

The three methods gave essentially different measemts, generating three distinct grading of
cultivars according to their dormancy behaviourbf€a3.1). However, comparative analysis of
flowering time, chilling requirement and percentagebud break variables supported an overall

classification of cultivars into three major group$e earliest cultivars ‘Red Candem’, ‘Flor Red’,
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‘May Glo’, ‘86-6’, ‘Precocinho’ and ‘Sunraycer’ wernot consistently separated by the three
methods and showed similar responses to dormaneasieg factors. The varieties ‘Rose
Diamond’ and ‘Big Top’ were clearly later than thest of cultivars. Finally, a third group
containing ‘Carolina’ and ‘Crimson Baby’ had anenhediate behaviour between the early and late
groups. This broad classification was useful fagemeral overview of the plant material studied,
however the different nature of the three methadslpded their fusion in a unique joint source of

data. Instead of that, the three sets of measuitsmaeate utilized independently.

Identification of genes whose expression correlatewith cultivar-dependent differences in
dormancy

To search for genes responding to bud dormancye stageach, we compared gene expression in
flower buds excised from the different cultivarsaafixed date, using a custom microarray. Buds
were collected after 400 CH, which was supposeet@an intermediate value among the chilling
requirements of the studied cultivars. The corredpw percentage of bud break after 10 d ranged
from 0 % (‘Rose Diamond’ and ‘Big Top’) to 86.1 %M@y Glo’), a nearly uniform distribution
that ensured the utilization of flower buds witlvetise degrees of dormancy (Table 3.1). RNA
obtained from these buds was labelled and hybudipea microarray slide containing a set of
dormancy-related cDNAs obtained by suppressionraatde hybridization (SSH) in Leida et al.
(2010).

In order to determine whether the overall gene e&sgion was conditioned by cultivar-specific
factors, a principal component analysis was peréatmshowing that more than 60 % of the
variability in the original data was explained byotprincipal components. Component two divided
the varieties according to their dormancy stagaferang positive values to the group of six early
cultivars and negative values to the others (Fi@u2¢. In addition, the intermediate ‘Carolina’ and
‘Crimson Baby’, and the relatively late ‘Rose Diamid and ‘Big Top’ varieties were placed
closely, reproducing properly the three-groupssifecsition described above. This result suggested
that the dormancy stage of collected buds had & wfifluence on gene expression, which in fact
validates the use of this transcriptomic approachdentification of dormancy related genes.

A correlation analysis of hybridization signals ahd three dormancy variables shown in Table 3.1
was performed using a false discovery rate of ((D&ble S3.1). Both positive and negative
correlations were obtained for ESTs, which werbegitmore or less abundant in dormant tissues.
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Following the guidelines outlined in Materials aMkthods, 242 ESTs were finally identified
(Table S3.2).

Red Zandem

0.3
0.27

0.17

0.1 0.2 0.3  Crim Bab!
aroling

. iamon
-0.37

Big Top

Component 2 (22.5 %)

=

Component 1 (38.9 %)
Figure 3.2 Principal component analysis of ESTs signal ratio
for the different cultivars assayed. The percentafethe
explained variance is shown in parentheses.

A Venn diagram representing the number of ESTs wlegression level correlated with each of
the three dormancy-related variables is shown igufé 3.3(a). Both positive and negative
correlations were accounted. The results showedtligitedegree of overlap between them, with 59
ESTs (from a total of 242) common to chilling reguanent, percentage of bud break and flowering
time variables, and 39 coincident ESTs in chillireguirement and percentage of bud break
analyses. In conclusion, the three variables dffesienilar results with certain particularities that
should be taken into consideration. The hybridorasignals of ten ESTs showing better positive
and negative correlation with the chilling requiathwere respectively plotted in Figure 3.3(b,c) to
illustrate their overall cultivar dependence.

Six of these 242 ESTs did not match any of predigiene models in the peach genome database
released by the International Peach Genome Iwgatinttp://www.rosaceae.org/node/365). Also,
two sequences corresponding to the same cDNA wetepresent in the peach v1.0 genome
assembly. The rest of the ESTs matched to 68 triphscodels; 45 of them were associated with a
higher expression level in dormant buds, and theameing 23 with higher expression in dormancy
released buds.
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(a) Figure 3.3. Analysis of ESTs correlating with
PBB bud dormancy variables. A Venn diagram
showing the number of ESTs found under a
60 false discovery rate of 0.05 for chilling
requirement (CR), percentage of bud break
(PBB) and time to flowering (FT) parameters
(a). The normalized Iggsignal ratios of the ten
ESTs having better positive (b) and negative
(c) correlation values for chilling requirement
are plotted.
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(c) 0.8

0.6
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0.2
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Table 3.2.Genes showing higher expression in dormant buds.

Transcript ~ RepresentativeNo. of

name EST ESTs BLASTP hit  BLASTP hit annotation Evalue Variablg
ppa008651m  GR410432 4 1601521B LEA D-29 gene 6x10°® FT
ppa010714m  JK006283 4 ABJ96360 DAMB persicd 2x10% FT
ppa014312m  JK006309 4 ACG24938 Hypothetical prd@aa mayk 9x10® CR,FT
ppa010822m  GR410442 3 ABJ96359 DAMS persicd 2x10" CR, PBB, FT
Not found GR410720 2 PBB, FT
ppa005514m  JK006287 2 AAC49658 Dehydi persica 3x10" CR,FT
ppa009007m  GR410685 2 ABQA45405 Sorbitol-6-phosptetydrogenasd] persicd 0 FT
ppa010086m  JKO06300 2  EEF35690 Ferritin, putafieifius communjs 2x10% CR
ppa011123m GR410688 2 ABJ96358 DAM2 persicd 2x10"” CR, PBB
ppa011831m  JK006295 2 CAB85625 Putative ripenitafad protein Yitis viniferd 8x10 CR
ppa012373m  GR410435 2 ABI31653 Zinc finger prof€amellia sinensis 2x10% CR,FT
ppa001989m  JK006292 1 AAL91171 Low-temperature-@edu65 kD protein4. thaliang 2x10%® PBB,FT
ppa002102m JK006378 1 AAQ23899 RSHRdotiana tabacurm 0 PBB, FT
ppa003017m  JK006373 1 NP_179869  AtGRF1 (GROWTH-REGUNG FACTOR 1) [A. thaliand 2 x 10°” PBB
ppa003327m  JK006380 1 CAA48630 4-alpha-glucanoieaase precursoSplanum tuberosum 0 PBB
ppa005713m  JK006285 1 AAK96816 Putative B-box finger protein . thaliang 7x10" FT
ppa005802m  JK006375 1 NP_194274  ZFWD1 (zinc fiMgBX0 repeat protein 1) thaliang 7x10' CR
ppa006008m  JKO06366 1 NP_564673 ;Zﬁ’ig‘:]‘;]g'yca”'bi”di”g LysM domain-containing protph. 8x10“ CR, PBB
ppa006974m  JKO06374 1 NP_564956  AFP (ABI FIVE BINGIPROTEIN) A. thaliang 2x10% CR, PBB
ppa007137m  JK006313 1 AAGO01381 Alcohol dehydrogeral¥itis viniferg 0 CR, PBB, FT
ppa007415m  JK006372 1 XP_0022663Bignilar to B2 proteinVYitis viniferd 6 x10"® PBB
ppa007606m  JK006297 1 ADE41131 AP2 domain classtription factorfalus x domestida 2x 10" CR,FT
ppa007666m  JKO06369 1 EEF30918 Egr';“r:]tﬁ%:isp“’tei” thioesterase 1 precursor, pueafiicinus 7x10% CR, PBB
ppa008311m  JK006299 1 ABI34650 bZIP transcriptexctdr bZIP68 Glycine mak 4x10%* CR
ppa008849m  JK006284 1 ACF06448 Annesiegis guineensjs 1x10™ FT
ppa008859m  JK006379 1 ACM45713  Class | chitin®sels pyrifolig 2x10™ FT
ppa008979m  JK006331 1 EEF52342 R2R3-MYB transoripféactor, putativeRicinus communjs 8x10% FT
ppa009032m  JK006286 1 EEF52567 2-hydroxyacid delygiase, putativéRjcinus communjs 6x 10" CR,FT
ppa009498m  JK006370 1 EEF42166 Homeobox protetatipa [Ricinus communjs 4x10%° CR, PBB
ppa010299m  JKO06382 1 BAG09366 [Pglr;’ginsgm'}fhort'd‘ai” dehydrogenase/reductastyfarotein ;518 g pgg, FT
ppa010931m  JK006367 1 ABNO08437 Ribosomal proteid [Medicago truncatulh 6x10%® FT
ppa011776m  JK006357 1 EEF50502 Remorin, putal@rfus communjs 2x10% CR
ppa012188m  JK006293 1 NP_563710 AWPM-19-like membfamily protein A. thaliang 1x10” FT
ppad12329m  JKO06304 1 EEF35031 Eré?cr}rs]fjgr)ctgomnglljtrl]?élon factor iia (tfiia), gamnthain, putative 4%x10® FT
ppa012578m  JK006359 1 EEF30224 Conserved hypathgtiatein Ricinus communjs 3x10*% CR
ppa012801m  JK006290 1 NP_195570  ATFP6 (FARNESYLATEBDTEIN 6) ]A. thaliang 8x10% CR
ppa012915m  JK006288 1 CBY94070 Early responsiehydration [Fagus sylvatich 5x10* CR, PBB
ppa013063m  JK006291 1 NP_197518 Ribosomal protéfamily protein A. thaliang 7x10”® CR, PBB
ppa013625m  JK006296 1 NP_568818 Eukaryotic tranalaitiation factor SUI1, putatived. thaliang 2 x 10*° CR
ppa013723m  JKOO6360 1 EEF34837 ?g“n?mrfgear ribonucleoprotein sm d2, putatRejnus 3x10° CR, PBB, FT
ppa014118m  JK006303 1 AAK73280 Drought-inducedeinfRetama raetain 1x10° FT
ppa014358m  JK006376 1 EEF30268 Conserved hypathetiatein Ricinus communjs 3x10* FT
ppa015914m  JK006294 1 ABK94181 Unknovopulus trichocarph 1x10” FT
ppa017425m  JK006335 1 NP_193292 MAA3 (MAGATAMA 3) thaliang 0 FT
ppa020191m  JK006368 1 BAGB80556 UDP-glucose:glut@sydferaselfycium barbarurh 4x 10" CR, PBB, FT
ppa024188m  JKO06365 1 NP_564673 ;Z‘I’igi‘zﬂg'yca”'bi”di”g LysM domain-containing protp. 3x10% CR,PBB
Not found JK006298 1 CR, PBB
Not found JK006306 1 CR

A ariables correlating with the expression of asteme EST of the gene.

82



3. Histone modifications and expressionDAM6 gene in peach are modulated during bud dormarnesse in a cultivar-dependent manner

Table 3.2 lists transcript models and ESTs witlhraased expression in dormant buds of the late
cultivars. A gene coding for a putative late emiggmoesis abundant protein (LEA) was previously
reported to depend on the dormancy stage (Leidal.et2010), and identified also in a
transcriptomic approach defining peach mesocarggeifected by chilling (Ogundiwin et al.,
2008). Other genes associated with dormancy intpeae: ppa005514m, coding for a dehydrin
from bark tissue that has been described to haveswicted expression pattern in dormancy-
defective genotypes of peach (Artlip et al., 19%f)d DAM4-6 genes, part of a six-member gene
family of MADS-box transcription factors that habeen postulated to cause dormancy-related
alterations in theevg mutant of peach (Bielenberg et al., 2008). Thesgmee of seven additional
genes coding for putative transcription factors a@@B017m, ppa005713m, ppa007606m,
ppa008311m, ppal008979m, ppa009498m and ppa0l2382agyests that multiple regulation

pathways are involved in dormancy maintenance awiddevelopment processes.

Table 3.3.Genes showing higher expression in non-dormans.bud
Transcript ~ RepresentativeNo. of

name EST ESTs BLASTP hit  BLASTP hit annotation Evalue Variablg
ppa020321m  JK006332 69 EEF52630 Peroxidase 9 pacutative Ricinus communjs 3x10™ CR, PBB, FT
ppal008309m  GR410503 27 ABW82528 Class Il peroxéd@®ssypium hirsutum 9x 10" CR,PBB, FT
ppa020886m  GR410508 26 EEF51430 MEN-8 protein psecuputative Ricinus communjs 5x10* CR, PBB
ppa018509m  GR410669 9 EEF49202 Lipid binding pnoteitative Ricinus communjs 3x10* CR,PBB
ppa008548m  GR410674 5 EEF38791 Cinnamoyl-CoA regectputativeRicinus communjs 4x10"° PBB
ppa017856m  GR410555 5 ACG41003 Carboxyl-terminptigase Zea mayp 8x10%® CR,PBB, FT
ppa005535m  JK006364 4 AAL26909 Dehydration-respangrotein RD22R. persicd 1x10® CR,PBB, FT
ppa005767m  JK006334 4  AAL26909 Dehydration-respengrotein RD22R. persicd 6 x10% CR, PBB, FT
ppa006739m  GRA410750 3 EEF45922 (I:D:nrjl)r{r?lﬁti;)n—responmve protein RD22 precursor,tiugdRicinus 1x10™® CR,PBB, FT
ppa014645m  GR410516 3 ACG41003 Carboxyl-terminptigase Zea mayp 1x10** CR,PBB, FT
ppa025857m  GRA410576 3 NP_177530 Prote_ase |nh|b_|tor/seed storage/lipid transferginotLTP) family 1x10° PBB, FT
protein [A. thaliang
Not found JK006315 3 CR, PBB
ppa009789m GRA410684 2 NP_196821 tshgff:ngd(sENESCENCE'ASSOC'ATED PROTEIN2®[ 5,10 pBB
ppa021109m  JKO06325 > EEF51426 l;lé)nrli[])ueﬁiglc lipid-transfer protein precursor, pit@tRicinus 9x 102 PBB
ppal003039m  JK006342 1 EEF48818 Proteasome-activaticleotidase, putativ&k[cinus communjs 0 CR, PBB
ppa003411m  JK006371 1 EEF32187 L-ascorbate oxigasative Ricinus communjs 0 CR, PBB, FT
ppa003797m  GR410504 1 EEE82643 Acyl:coa lig&sgpllus trichocarph 0 FT
ppa004872m  JK006302 1 XP_00226883%pothetical proteinYitis viniferg 0 CR, PBB, FT
ppa006506m  GR410648 1 AA042227 Putative strictosidynthased. thaliang 0 CR
ppa006852m  JK006362 1 EEE85993 Chs-like profeap[ilus trichocarph 0 CR
ppa010924m  JK006328 1 NP_181525 mggﬁ%mal signal peptidase 25 kDa subunit, pua(SPC25)4. | , 151 cR Fr
ppa020936m  JK006318 1 AAL26909 Dehydration-respangrotein RD22R. persicé 5x10% FT
ppa025137m  JKO06336 1 XP_00227773¢pothetical protein\itis viniferg 2x10% CR,PBB, FT
ppb012876m  GR410653 1 EEF42354 Conserved hypathgtiotein Ricinus communjs 3x10%® CR,PBB
Not found JK006311 1 PBB

Aariables correlating with the expression of astemne EST of the gene.
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Transcripts accumulated in buds after dormancyaseleare shown in Table 3.3. The transcript
models of ppa020321m and ppa008309m, encoding idkse<like proteins, were the most
represented genes in the experiment, with 69 an83%& respectively. Up-regulation of these and
other related peroxidase genes has been reportexhidormant buds of peach (Leida et al., 2010),
coincidently with bud-break induced by chilling acaulation inVitis riparia (Mathiason et al.,
2009), and during dormancy release in leafy spydie et al., 2006). Peroxidases have been
proposed to counteract the production @b a signal molecule exerting a dormancy breaking
effect in grapevine buds ard thalianaseeds (Pérez et al., 2008; Liu et al., 2010). Gthescripts
related to dormancy release in Table 3.3 codedhdbative lipid-transfer proteins (ppa020886m,
ppa018509m, ppa025857 and ppa021109m), peptidappal0l(7856m, ppa0l4645m and
ppa010924m), and dehydration-responsive proteipaQ@5535m, ppa005767m, ppa006739m and
ppa020936m).

Real-time PCR validation of microarray data

Several genes selected from Tables 3.2 and 3.3 avealyzed by quantitative real-time RT-PCR
using bud samples after 400 CH (Figure 3.4). Gé&mas the tandemly repeated family of MADS
box transcription factorBAM4, 5 and6 showed a pattern of higher expression in ‘Roserioiad’
and ‘Big Top’ cultivars, and lower expression imlga&ultivars, with maximum differences of about
100 fold. Genes ppa008651m, ppa012373m, ppa0069Ppap07606m, ppa009498m and
ppa012188m, listed in the Table 3.2 of dormancstesl transcripts, showed an expression profile
similar to theDAM genes, but with much lower differences betweetiveuk. Five of these genes
showed a slightly higher expression level in ‘FRed and ‘Precocinho’ compared to other
cultivars with proximate dormancy behaviour.

The most striking feature of transcripts associatedormancy release in Table 3.3 is their almost
null expression in the late varieties ‘Rose Diami@md ‘Big Top’ (Figure 3.4). Interestingly, three
of these genes (ppa020886m, ppa018509m and ppaDB5ghowed a specific pattern of
overexpression in ‘Red Candem’, ‘86-6" and ‘Sunexycresembling cultivar-specific alterations
described above for five dormancy-related genesctwkupports an involvement of common

transcription regulatory mechanisms in case oftsestof genes.
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DAMG expression decreases concomitantly with dormancglease

DAM proteins are the major known regulatory factofsbud dormancy processes, based on the
analysis in thevgmutant of peach and different genomic studiesheospecies (Bielenberg et al.,
2008; Horvath et al., 2008). From the §)AM genes, we chodeAM6 for subsequent expression
analysis due to its recurrent identification in ge@lormancy genomic approaches (Jiménez et al.,
2010a; Leida et al., 2010), and a close correlatioits expression with dormancy release and bud
break found by Jiménez et al. (2010b), Yamane. €@l 1), and in this work.
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Figure 3.4. Real-time RT-PCR of selected geneRNA samples were obtained from flower buds hapgtsifter
400 chilling hours (CH). The name of the gene anscript model is shown in the upper left cornethef graph.
Expression levels are relative to actin. An expgogssalue of one is assigned to the ‘Red Candemipda. Data
are means from two biological replicates, with elyars representing standard deviations.
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We measuredDAMG6 expression in two representative cultivars of yegdlRed Candem’) and
relatively late (‘Big Top’) cultivars at differentlates during bud dormancy release. In both
cultivars, DAM6 transcript level was strongly reduced coincidentlyth a rise in growth
competence of flower buds measured in the bud basaly (Figure 3.5a,b). Due to their distinct
behaviour with respect to dormancy, such bud groeetimpetence occurred after very different
periods of chilling accumulation, 276 CH for ‘Re@r@lem’ and 684 CH for ‘Big Top’. Thus, in
agreement with previous workkdAMG6 expression was correlating well with the dormarelgase
stage of two different cultivars. An expression kpgas observed in ‘Red Candem’ after 50 CH,
which could be due to the combination of light arfdlling effects, following a peaked pattern
similar to semi-quantitative measurement®8iM6 expression in Li et al. (2009).

H3K4me3 and acetylated H3 around the translation strt of DAM6 decrease during gene
repression and dormancy release

We conducted a ChIP assay in order to define hestandifications ofDAM6 chromatin during
dormancy release. Three genomic fragments correappnto DAM6 promoter (‘PR’), the
translation start site (‘ST’), and a region of setdarge intron (‘IN’) were selected for ChIP
analysis (Figure 3.5c) using ‘Big Top’ and ‘Red @am’ bud samples shown in Figure 3.5(a,b).
Real-time quantitative PCR data were standardipedigtone H3 levels to calculate the relative
ratio of modified H3 shown in Figure 3.5(d,e).

H3K4me3 was in general more abundant in the ‘STiar than the upstream promoter and
downstream intron in both cultivars, suggesting tha zone around the translational start could be
susceptible to regulation (Figure 3.5d,e). Inddd@K4me3 was reduced in ‘Big Top’ buds in
parallel to dormancy release in two independeneerents, reproducing accuratéhAM6 down-
regulation shown in Figure 3.5(a). A significankbyver rate of H3K4me3 in ‘Red Candem’ after
276 CH (RC4; Figure 3.5e) was also coincident witlower expression level of the gene and the
concomitant end of bud dormancy measured as buak lmempetence (Figure 3.5b). The rise in
DAM®G6 expression observed after 50 CH (RC2) was howeeeaccompanied by a corresponding
increase in H3K4me3. This discrepancy could betdube presence of a yet unknown chromatin
modification contributing to gene expression, thiadimg of a transcriptional activator, or
alternatively could have a posttranscriptional iorigs a differential rate of mMRNA degradation.
H3ac was found around the ‘ST’ region during dorayaprogression of ‘Big Top’ and ‘Red

Candem’ samples (Figure 3.5d,e). In ‘Big Top’ ansfigant reduction of H3ac level occurred in
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BT3, a dormant sample previous to dormancy reldagteno events timing could be established in
‘Red Candem’ due to certain discrepancies in tloeedesing pattern observed between independent
experiments.

Similar results were observed when measuring tlaive level of H3 acetylation (H3ac). H3ac
was not consistently regulated during bud develognme’PR’ and ‘IN’ fragments, but a significant
decrease in H3ac level occurred in BT3, a dormamipde before dormancy release, but no events
timing could be established in ‘Red Candem’ becaafseertain discrepancies in the decreasing

pattern observed between independent experiments.

H3K27me3 increases alonPAM6 gene after dormancy release

H3K27me3 followed an opposite pattern to H3K4me3ll a&t3ac modifications. A relevant
accumulation of H3K27me3 was only detected in #s 1Big Top’ sample (BT5), when buds had
already passed the dormancy period (Figure 3.5tBrdstingly, H3K27me3 occurred to a similar
extent in the three genomic regions@AMG6, that supports the overall gene modification rathe
than the modulation of a short regulatory elem@ntertain increase of H3K27me3 was noted in
the non-dormant RC4 sample of ‘Red Candem’, bgtdlteration was not significant and about 10-
fold lower than in BT5 (Figure 3.5e). ConsequentdK27me3 modification, unlike H3K4me3
and H3ac, correlated positively with bud break cetapce following the dormancy period in a
cultivar-dependent manner, and showed a wide bligtan alongDAM6 gene.

Collectively, these results emphasize the occugaicspecific chromatin histone modifications in
the DAMG6 gene during bud dormancy progression and releaskoffer a plausible mechanism for

the transcriptional regulation of this relevant g@&mdormancy processes.
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Figure 3.5. Chromatin immunoprecipitation (ChIP) analysis of DAM6 gene during
dormancy progression.Relative expression dDAM6 by real-time RT-PCR in the late
‘Big Top’ (a) and the early ‘Red Candem’ (b) cu#tré. Flower bud samples of ‘Big Top’
(BT1-5) and ‘Red Candem’ (RC1-4) were collectedlifferent chilling exposure times or
chilling hours (CH), as shown in the lower partloé figure. The dormancy stage of these
buds was assessed by measuring the percentagedobreak, which is also shown.
Expression values are relative to actin and tofifs¢ sample (BT1 or RC1). Data are
means from two biological replicates repeated tyigigh error bars representing standard
deviations. A diagram showing the localization lofeie fragments on the promoter (PR),
translation start (ST) and second large intron (NPAM6 gene, employed in the ChIP
experiment, is depicted (c). The first three ex@(B%-3, grey boxes) and the first two
introns of the gene are shown. The gene diagramtladorresponding ATG-centered
base-pair scale are discontinued on the secondnintQuantification of histone
modifications in PR, ST and IN fragments was penfed by real-time PCR subsequently
to ChIP in the ‘Big Top’ (d) and ‘Red Candem’ (gnsples. The levels of H3K4me3,
H3K27me3, and H3ac are normalized for histone H&8pancy. Two independent ChIP
experiments starting with biological replicates &vperformed (black and grey bars). Data
are means from three replicates, with error bgssesenting standard deviations.
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Discussion

Complementary transcriptomic approaches find DAM genes related to bud dormancy
establishment and release

The aim of this work was to identify peach genesosehexpression in flower buds at a single
developmental stage (400 CH) correlated with thdlimlp requirement and other dormancy
variables of ten different cultivars. Previous stsdemployed the SSH procedure for the isolation
of bud dormancy-related genes in peach. Jiménak €1010a) used SSH to compare wild type and
evgmutant gene expression after bud growth cessatemtiated by transfer to short day conditions.
From 23 genes found by Jiménez and coworkers, amy DAM®6) has been also obtained in this
work, most likely due to differences in the expezital design. Whereas Jiménez and colleagues
examined dormancy entrance by modulating photogericonditions, our work is mostly devoted
to dormancy break processes based on cultivarsiiyeifhus, the identification dDAM6 in both
studies confers an increasing interest to this.gene

On the other hand, Leida et al. (2010) employed &Sidentify genes associated to bud dormancy
release processes, which served to design the amiaso used in this work. In spite of the
experimental differences between both approachesntimber of coincidences with our work is
higher in this case (25). The set of common genekides three members of tBEAM family
(DAM4-6), and genes coding for a LEA, a Zn-finger prot@eroxidases, lipid transfer proteins and
peptidases among others. The percentage of cDNAslating with cultivar-specific differences
may seem unexpectedly low if we consider that naicay probes were obtained by subtractive
hybridization of dormant versus non-dormant samgiesvever previous results show that the ratio
of genuine differentially expressed clones afteHS&ay be very low, and an additional validation
step is required in most cases (Yamane et al.,;A0608a et al., 2010).

The role of DAM transcription factors in regulatibgd dormancy entrance and release in peach is
not only supported by transcriptomic analyses,disib by expression data (Jiménez et al., 2010b;
Yamane et al., 2011), and genetic studies. A deleti severaDAM genes was tightly linked to
the non-dormant and defective terminal bud forrmapbenotype of thevgmutant (Bielenberg et
al., 2008). In addition, quantitative trait loci TQ) mapping of chilling requirement, heat
requirement and bloom date in peach led to a n@jdr in linkage group 1, overlapping with the
EVG locus containingbAM genes (Fan et al., 2010). Thus, in agreement authresults DAM

factors are consequently considered the main cateficko control bud dormancy and meristem
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growth cessation, through regulation of gene exgwes in peach and other perennial plants.
DAM4-6 and other genes found in this work could be engdows expression markers for
comparing the chilling requirements and dormanditiges of different cultivars. In our opinion, a
single time RT-PCR assay using few genes coulditiei the phenotypic evaluation of large

collections of individuals, as the segregating pation of a cross for plant breeding purposes.

ABA Figure 3.6. ABA and drought related proteins.White
Salt stress arrows symbolize the transduction of ABA and algioti
Drought stress signals. White boxes represent ABRE and DRE

elements on the promoter of ABA and drought
responsive genes. Proteins coded by genes resjotadin

these signals are located below the filled arrolwe T
AFP-like

- transcript models of genes described in this wark a
pa006974 shown in parentheses

DREB-like
ppa007606 ATG
LI I >
DRE

FP-like (ppa006974m)

AWPM-19-like (ppa012188m)
AtMYB44-like (ppa008979m)

LEA (ppa008651m)

ERD-like (ppa012915m)

Low temperature induced (ppa001989m)
A20/ANL1 zinc finger (ppa012373m)
RSH2-like (ppa002102m)

Dehydrin (ppa005514m)
Drought-induced protein (ppa014118m)

ABA and drought responding genes are dormancy regated

It is remarkable that many genes expressed in ddrmads correspond to ABA and drought-related
genes in other species. On this matter, Figurdi&®$ some proteins identified in this work with
homologues described as inducible by abiotic steses ABA. One of these proteins encoded by
ppa006974m is similar to ABA-INSENSITIVES (ABI5) rading protein (AFP), involved in ABA
signal transduction ii\. thaliana AFP binds to and promotes proteolytic degradatb@ABI5, a
basic leucine zipper (bZIP) transcription factaatthregulates ABA-dependent genes by binding to
the ABA-responsive element, ABRE (LOopez-Molina &t a2003). In addition to ABRE, abiotic
stresses affect gene expression through the ddlymrasponsive element (DRE) and their
respective DRE binding proteins (DREB; Liu et dl998). The transcript model ppa007606m
found in this work encodes a DREB-like factor tlwatuld contribute to the dormancy-specific

expression of ABA and drought responsive genesth@nother hand, calcium-binding annexins
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related to the product of ppa008849m have beendfauwolved in ABA and osmotic stress signal
transduction irA. thaliana(Lee et al., 2004).

These observations are in agreement with recedinfys by Jiménez et al. (2010a), showing that
genes encoding a LEA and KEEP ON GOING (KEG)-liketgins are misregulated evg mutant
during short day induction of bud dormancy. KEGsE3 ligase which regulates ABI5 abundance
by means of its ubiquitination and subsequent psmme-mediated degradation An thaliana
(Stone et al., 2006).

ABA has been proposed for long time to promote araihtain bud dormancy, although only few
consistent molecular data support this predictiamoi@ et al., 2003; Horvath et al., 2003; Rohde &
Bhalerao, 2007). More relevantly, the poplar horga® of A. thaliana ABSCISIC ACID
INSENSITIVE 3(ABI3) gene was found expressed in buds during budcsatciding with an
increase in ABA content (Rohde et al., 2002). Meezp overexpression and down-regulation of
PtABI3in poplar caused developmental alterations infousiation and misregulation of numerous
genes during bud induction and dormancy (Ruttinkakt 2007). In a recent work, ectopic
expression of thé. thalianamutantabscisic acid insensitive (Bbil) gene in poplar was shown to
modify the dormancy response of lateral buds t@erous ABA (Arend et al., 2009).

Some of the proteins shown in Figure 3.6 could routte to cold hardening processes improving
frost tolerance of buds. Interestingly, overexpssf AtIMYB44(Jung et al., 2008), rice A20/AN1
zinc-finger protein (Mukhopadhyay et al., 2004),daf. thaliana DREB2C gene similar to
ppa007606m (Lee et al., 2010) conferred toleranceotd or freezing temperatures in transgenic
plants. In addition, dehydrins and AWPM-19-like gste]a membrane proteins have been associated
to cold tolerance in peach and wheat respectivalyliy et al., 1997; Koike et al., 1997). In
conclusion, our results support a role of ABA amdught responses in bud dormancy and cold
acclimation processes, and contribute to identfyesal genes encoding putative regulatory factors

of these pathways in peach.

DAMBG is regulated at the chromatin level

The chromatin modifications H3K4me3, H3ac and H3K23 had a different timing for ‘Big Top’
and ‘Red Candem’, coinciding with their specifidtpans of gene repression and increase in bud
break competence. This argues for a potentialabtehromatin modification in modulatingAM6
expression and subsequently the state of bud dagymadevertheless, H3K27me3 was not

significantly increased in the ‘Red Candem’ budst after dormancy release (RC4), which in fact
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suggests a sequential chain of molecular evenextaffy the local state dVAM6 chromatin as
outlined in Figure 3.7. In dormant buds (BT1 and1R&amples), transcriptionally actin@AM6
gene would contain H3K4me3 and H3ac in a shortroatm region around its ATG (Figure 3.7a).
Following demethylation of H3K4 and deacetylatidnH3, DAMG6 repression would contribute to
release dormancy in samples BT4/BT5 and RC4 (Figufe). Finally, H3K27me3 in a region of at
least 4 Kb including promoter, coding sequence sribns, would mediate stable epigenetic
repression of the gene through subsequent celesy@ligure 3.7c¢). This last stage corresponds to
the BT5 sample, but does not have a ‘Red Candeuritegoart in this work, which in fact confirms
the temporal separation of H3K4me3 and H3ac evems H3K27me3. Two scenarios are possible
in ‘Red Candem’ after the induction stage deteateddC4: i) DAM6 chromatin is not trimethylated
on H3K27, which could in fact contribute to cultihvapecific differences in dormancy response, and
i) H3K27 trimethylation occurs in a subsequentpstand thus phenotypic differences between

cultivars could simply depend on the distinct ¢hgltime required for triggering the whole process.

Figure 3.7. Possible sequence @AM6 chromatin events = -
during dormancy release In dormant buds, transcriptionally PR ST N

active DAM6 has H3K4me3 and H3ac modifications aroul
the translation start region (a). Buds undergoiognncy on
release lose H3K4me3 and H3ac modifications conizorthy @)

with gene repression (b), as observed in ‘Red Qandr (g) . . . . . . . ‘ . .
cultivar. Finally, overall H3K27me3 modification gl

facilitate long-term gene inactivation (c).

H3K4me3 @ H3ac . H3K27me3

Changes in the methylation state of H3K27 and HBK4e been recently observed in the promoter
of DAM1 gene of leafy spurge when comparing buds in diffedormancy stages (Horvath et al.,
2010). These chromatin modifications have beenta@ldao the down-regulation dDAM1, as
observed foDAMG in this work. Both genes encode MIK€pe MADS-box proteins belonging to
the SVP/StMADS11 clade (Becker & TheiRen, 2003;é¥iaz et al., 2009; Horvath et al., 2010),
but are not strictly orthologous. Leafy spurBAM1 is more similar to the peach transcript
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ppa022274m, which has not been related to dormpragesses. They may have been originated in
an ancestral duplication event followed by a fumdil diversification.

Modification of DAM6 chromatin in a similar way t6LC and VRN1 as a consequence of the
prolonged exposure to low temperatures (Bastovl,,e2@04; Sung & Amasino, 2004; Oliver et al.,
2009), confirms the existence of mechanistic simiés between vernalization and bud dormancy
processes. The coincidence of H3K27me3 and gemes®pn in these three models suggests the
common concurrence of methyl-transferases activiiesociated to related PcG multi-protein
complexes inFLC, VRN1 and DAM6. Thus, PcG complexes are potentially responsibtettie
stable repression dDAM6 at the end of the seasonal dormancy until the pextod of bud
formation, which would require yet unknown mecharssofDAMG6 activation for the initiation of a
new dormancy cycle. Additional genetic and bioclehapproaches are required to identify these

and other regulatory elements implicated in DAM-elggient pathway.

Supporting Information

Table S3.1Analysis of correlation for the variables chillingquirement, flowering time, percentage of bud krea
Table S3.2.Accession numbers of ESTSs.
Table S3.3.List of primers used in this work.

This material is contained in the CD annexed to tlsi thesis.
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Abstract

Dormancy has been defined as the inability to atgtigrowth from meristem under favourable
environmental conditions. The length of dormancyaiggenotype-specific trait that limits the
climatic adaptability of temperate crops, as pedctnetter knowledge of the genes involved in
dormancy may provide genetic tools for an earlyesssient of the trait in breeding programs.
Recent studies on the molecular aspects of dormprmyided an initial description of candidate
genes involved in bud dormancy maintenance an@gelen peach. In this paper, we compare the
chilling requirement for dormancy release of fiveaph cultivars with the expression of five genes
and ESTs related to bud dormanBAMS5, DB396 (ppa007606m), DB247 (ppa012188m), SB280
(ppa006974m) and PpB63 (ppa008309m). Results itadichat gene expression analysis could

contribute to estimate the chilling requirementdormancy release of new cultivars.

Introduction

Dormancy has been defined as the inability to atgtigrowth from meristem under favourable
conditions (Rohde & Bhalerao, 2007). Perennial {sléwave developed a dormancy mechanism that
ensures the survival of meristems in specific $tmas (buds) during the low temperatures of
winter. Bud dormancy is only released after exp@gora prolonged period of cold, which helps
avoid freezing injury of actively growing tissueBhe length of cold exposure required by a
particular genotype is quantitative and heritaltlalyagge & Cummins, 1991; Fan et al., 2010).
Incomplete fulfilment of this quantitative chillimgquirement may lead to bud break delay (Murray
et al., 1989, Heide 1993), and irregular floral aedetative development (Coville 1920; Erez et al.,
1979; Erez & Couvillon, 1987; Oukabli & Mahhou, ZQ0Topp et al., 2008), with a subsequent
reduction in yield. Consequently, chilling requiremt is an adaptive genetic trait that restrictg fru
production to specific climatic zones, and thus I@some an important objective in different plant
breeding initiatives worldwide (Monet & Bassi, 2008n peach, chilling requirements and
dormancy duration are specific for each cultivauigRet al., 2007; Viti et al., 2010). The
introduction of germplasm with less chilling reqnrents for dormancy release has expanded the
growing area of this species to mild-winter clinga@nd has increased the fruit harvest period,
allowing more competitive prices. Interest in lowilc requiring varieties in a wide range of
perennial species has increased due to the onséiatic warming (Topp et al., 2008; Luedeling
et al., 2011).
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Several empirical models for chilling requiremeualfifment have been developed. These models
differ in the effective temperatures for chillinglfiiment and the possible negation of chilling
accumulation by warm temperatures. Three models napst widely used. The Weinberger
considers temperatures below 7°C as equally eféeat chilling fulfilment (Weinberger 1950).
The Utah model has a narrow range of effectiveperatures (3°C to 9°C) and assigns negative
values to temperatures higher than 16°C and loaar 0°C (Richardson et al., 1974). Finally, the
Dynamic model developed by Fishman et al. (198B&87M), introduces the effect of different
temperature cycles and weighted effective tempesaj based on studies developed by Erez and
collaborators (Erez et al., 1979; Couvillon & Erd885; Erez & Couvillon, 1987). While these
models tend to agree in relatively cold winter @tes, they vary widely in warm winter climates.
Assignment of a chilling requirement to a given g@gpe is made by repeated sampling of cuttings
throughout the winter. The cuttings are then intedbaat growth conducive temperatures and
evaluated for bud break. The accumulated chillixgosure determined by one of the above models
at the sampling date where a threshold of bud boeakrs is then considered to be the chilling
requirement of that specific genotype. Unfortungtdhese procedures are costly and time-
consuming when analyzing a large number of genstymnd the reliability depends on
environmental conditions, showing wide variationgrig consecutive years (Balandier et al.,
1993). From a practical point of view, plant brewgiprograms that need to determine chilling
requirements of a large number of genotypes sfinfiie phenotyping by only measuring bloom
date as an indicator of dormancy release. Unfotalyahis introduces additional variables in the
assessment such as the genetic variation of hgaiteenent for bud break (Topp et al., 2008).

A better knowledge of dormancy processes at thsiplogical and genetic level may provide key
information for an early assessment of chillinguiegment. Several reviews highlight the role of
external (day-length shorteningand temperature) emtbgenous factors (growth regulators, cell
cycle regulation, water status and chromatin maodiifon) as regulators of bud dormancy onset and
release (Arora et al., 2003; Horvath et al., 2d8&;rle & Dean, 2006; Rohde & Bhalerao, 2007,
Allona et al., 2008).

Mapping of bud dormancy variables Rrunus species has been approached by QTL analysis in
almond (Sanchez-Pérez et al, 2007), apricot (Oluledlal., 2009) and peach (Fan et al., 2010).
Interestingly, the major QTLs located in linkagewgps 1, 5 and 7 were common to apricot and
peach. On the other hand, the trait ‘blooming dats been mapped in linkage group 4 in almond
(Sanchez-Pérez et al., 2007).
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Undoubtedly, the characterization of the peach damrant mutanevergrowing(evg, carrying a
deletion affecting several members of a family iaf tandem repeated MADS-box genes, named
DAM1-6 (DORMANCY ASSOCIATED MADS-BRXepresented a valuable tool for genetic and
molecular assessment of growth cessation and deymprocesses (Bielenberg et al., 2004,
Bielenberg et al., 2008). Furthermore, the EVG geinoregion coincided with the major QTL
mapped for chilling requirement (Fan et al, 201@YnsequentlyDAM genes are considered major
candidates to control bud dormancy and meristerwtireessation. However the dormancy trait is
a complex character linked to many biochemical @sses and further studies are needed. Recent
studies on the molecular aspects of dormancy gavmitial description of additional candidate
genes involved in bud dormancy maintenance or sel@araspberry, grapevine, peach and apricot
(Bassett et al., 2006; Mazzitelli et al., 2007; ¥ama et al., 2008; Mathiason et al., 2009; Leida et
al., 2010).

In this paper we evaluate the chilling requiremdatsdormancy release of five peach cultivars by
applying the Weinberger, Utah and Dynamic modaets, study the differential expression of five
genes and ESTs related to dormancy proces3&b5, DB396 (peach transcript ppa007606m),
DB247 (ppa012188m), SB280 (ppa006974m) and PpBpao@B309m) (Bielenberg et al., 2004;
Leida et al., 2010; 2011). Finally we discuss thefulness of relative gene expression analysis as a
tool for assisting in the evaluation of the chifimequirement of peach varieties in breeding

programs.

Materials and Methods

Plant material

The plant material consisted of five peach culsvdiffering in chilling requirements: ‘Big Top’,
‘Catherina’, ‘Fergold’, ‘Maruja’ and ‘SpringladyThe plants were grown in Murcia region (37° 59’
N- 1° 07’ W) at IMIDA experimental fields, locatéd four different locations. The plot consisted in
a collection of varieties planted at 4 x 4 m theteived standard cultural practices. Data were

obtained from three trees per cultivar.

Quantification of chilling requirements
Flower bud break was determined weekly from Octad@®d9 to February 2010 using a shoot
cutting test. Thirty one-year old shoots of 25 @acfn in length were harvested weekly from each
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cultivar and grouped into three sets of ten shqatged in bottles containing distilled water with
3% sucrose and incubated in a growth chamber witliiza h photoperiod and 22°C constant
temperature. The basal 1 cm of shoots were cut badkthe water renewed twice per week to
prevent disease development. After 10 days, weedctbre number of buds that reached the green
stage (stage C) according to the Baggiolini codag(iolini 1980). The percentage of bud break
was calculated for each sampling date and a vawety classified as non-dormant when 25% of
flowering buds were at stage C.

Air temperatures experienced by the five varietiethe field were recorded from the beginning of
November until the end of April at the SIAM (Murciagriculture Information System,
www.siam.e¥ weather station, located at the experimental. glbe air temperature data was used
to calculate the accumulated chill hours (Weinbed@50), chill units (Utah model, Richardson et
al., 1974) and chill portions (Dynamic model, Fismet al., 1987a; 1987b) at each shoot sampling
date. Each variety was assigned a chill hour, amit, and chill portion value based upon the
sampling date at which the variety reached the BGébreak threshold.

Measurement of the expression of selected genesduantitative real-time RT-PCR

Flower buds were sampled when they accumulatedciiing hours according to Weinberger
model, which were reached from™®ecember 2009 to 1February 2010. Plant material was
stored at -80°C until RNA isolation. Total RNA wselated from approximately 100 mg of bud
tissue with the RNeasy mini kit (Qiagen, Valenci@A, USA) following manufacturer’s
instructions but with the addition of 1% PVP (wf@)the extraction buffer. Approximately thrgg

of total RNA was reverse transcribed with the S8papt Il First Strand Synthesis System for RT-
PCR (Invitrogen, Carlsbad, CA, USA) in a total vaolel of 20ul. One microlitre of a 10x diluted
first strand cDNA was used for each amplificatieagction in a final volume of 20. Quantitative
real-time PCR was performed on a StepOnéPluReal-Time PCR system (Applied Biosystems,
Foster City, CA, USA), using PerfeCta SYBR® Green SuperMix ROX (Quanta Biosciences,
Gaithersburg, MD, USA) following the manufactureinstructions. Primer pairs used are listed in
Table 4.1.
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The cycling protocol consisted of 10 min at 95°Qljoived by 40 cycles of 15 s at 95°C for
denaturation and 60 s at 60°C for annealing aneheidn. Specificity of the reaction was assessed
by the presence of a single peak in the meltinggecwafter the amplification and through size
estimation of the amplified product on a 1% agasle The comparative{QAACt) method was
used to estimate cDNA abundance and the standarde cregression was applied when
amplification efficiencies were not equivalent tat of the reference actin gene. Results were the
average of two independent biological replicatgeated three times.

Table 4.1 Primers employed in the quantitative RT-PCR.
Primer sequence forward (5'-3") 1 Primer sequence neerse (5'-3')

Actin - CAGATCATGTTTGAGACCTTCAATGT CATCACCAGAGTCCAGCLEAAT

DAM5 CCACATCAAACTGAGTAAGGAACTC ;CTGCCTTAGCTGGTTGTTAGCTTCACT
DB396 TGAAGAGGGATGATGTTACTGGCGA CACAAAATGACCAGACATGACAAGG
DB247 CCCAGCCAATATGGCGAATATCAGAA; CATAGTGAGCAGTAAGTTTGTGCT
SB280 TTCCGTTGGTGGTGGAGTGGATGCA; TTACTAGCAGGGCTTCTOETCAC

PpB63 TCTCCCTTCGTCCCAGTAAATGGTC TTTCTGGGGAGGGTTTGTTCATC

Results

Chilling accumulation in field conditions

The cultivars ‘Catherina’, ‘Fergold’ and ‘Maruja’igplayed higher chilling requirements, with
values ranging between 800 and 1200 chilling ui®) and 920 chilling hours, and 50 and 65
portions (Table 4.2). These cultivars were clasdifas ‘high-chill’. ‘Springlady’ and ‘Big Top’
showed medium requirements with values ranging éetwb00 and 700 chilling units, 300 and 400
chilling hours, and 30 and 45 portions, and wergs@ered as ‘medium-chill’ (Table 4.2).

A high correlation was observed for calculated @fte chilling accumulation between Utah and
Dynamic models (R0.96), which supports the high similarity betwebnth methods in
Mediterranean mild winters (Figure 4.1). The Wengee model showed lower correlation
coefficients with both the Utah and Dynamic modelith R?=0.77 and 0.76 respectively (Figure
4.1).
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Table 4.2 Chilling requirement to overcome dormancy.

Dormancy Utah model Weinberger model Dynamic model
Cultivar
breaking date (chilling units) (chilling hours) (portions)
‘Springlady’ 27" January 2010 626 331 40.8
‘Big Top’ 2" February 2010 716 363 45.2
‘Maruja’ 10" February 2010 809 572 51.8
‘Catherina’ 16" February 2010 1220 793 62.4
‘Fergold’ 2" February 2010 861 921 52.8
Figure 4.1 Correlations between the
Z1000- Weinberger, Utah, and Dynamic models
2 . for calculation of the chilling
2 8001 ¢ requirement for dormancy release.
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Differential expression of genes related to dormarcrelease

Five genes with expression profiles correlatinghwghilling fulfilment in previous studies were
selected for expression analysis in this studydiLal., 2009; Leida et al., 2010; 201DAM5
belongs to the cluster @AM genes that have been found deleted iretlggmutant and associated
with the major QTL for bud dormancy in peach (Brdlerg et al., 2008; Fan et al., 2010). The
protein encoded by EST DB396 has an AP2 DNA-binddamain found in transcriptional
regulators such as APETALA2 and EREBP, an ethylmsponsive element binding protein
(Tacken et al.,, 2010). The product of EST DB247 sisilar to a membrane protein that
accumulates during induction of freezing toleraimceheat (Koike et al., 1997). EST SB280 codes
for a protein with homology to ABI5 binding proteinom Arabidopsis thaliana,nvolved in
abscisic acid signalling (Lopez-Molina et al., 2R0Binally, EST PpB63 codifies for a protein
similar to a peroxidase described in cotton (Chead.e2009).

When expression of the above genes was analyzd@0athilling hours in the each of the five
cultivars, two clear patterns emerg&hAM5, DB396, DB247 and SB280 were expressed at higher
levels in the varieties with the highest chillingguirements while PpB63 was up-regulated in
lowest chill requiring varieties (Figure 4.2).

The expression level ®@AMS5 was lower in ‘Springlady’ and ‘Big Top’ than in ‘8uja’, ‘Fergold’
and ‘Catherina’ (Figure 4.2). DB247, SB280 and ipatarly DB396 were expressed at higher
levels in ‘Catherina’, which showed respectivelyoab 5, 2.5 and 15-fold higher transcript
abundance than the other cultivars.

PpB63 gene expression was ten-fold higher in ‘Spaty’ than in ‘Fergold’, the cultivar with the
lowest expression. This is in close agreement itblished data showing a pattern of PpB63
accumulation at the end of dormancy (Leida e28l10), considering that at the sampling date (400
chilling hours) ‘Springlady’ had already fulfillethe chilling requirement for bud break. (Table
4.2).

103



4. Gene expression analysis of chilling requirementtsléwer bud break in peach

Figure 4.2 Quantitative real-time RT-PCR analysis of five
DAMS genes related to dormancy RNA samples were obtained from

g flower buds of ‘Springlady’, ‘Big Top’, ‘Maruja’, Fergold’ and
5 ‘Catherina’. The cultivars are arranged by incnegsichilling
4 requirement in the graph. Expression levels arerred to Actin
5 and a relative expression of one is assigned tori§lady’. Data
are means of two biological replicates with errardorepresenting

; " standard deviations
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Discussion

In peach, many cultivars are released every yda.description of new cultivars usually includes
common pomological characteristics, but detailddrmation about chilling requirement is often
absent , mainly due to the difficulties inherenttte measurement of dormancy variables. A method

allowing the quick and accurate determination allioly requirements and consequently providing
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information about the adaptability of a cultivaragiven environment would be very valuable. The
current methods are based on indirect temperateasuanes with low reproducibility among areas
with different climatic conditions. A comparativeudy between the three models in two different
locations reported wide environmental and tempeaibtions (Balandier et al., 1993).

We have calculated the chilling requirement of cele cultivars using temperature models and
compared them with results obtained in other alBasther authors. The inaccuracy of current
methods is confirmed by the interval of values oigd for the same variety by different authors.
For instance, Valentini et al. (2001) found chlirequirements for ‘Springlady’ that doubled the
value determined in this study, and Okie (1998pregul for ‘Springlady’ and ‘Catherina’ 750 and
900 CU respectively, much different than our measants of 626 and 1220 CU.

Under our experimental conditions we obtained & higrrelation between Utah and Dynamic
models, which was also observed by other authorsz(Et al., 1990; Linsley-Noakes & Allan,
1994; Erez & Fishman, 1998; Ruiz et al., 2007), anidw correlation between Weinberger and
both Utah and Dynamic models.

The use of molecular markers for the analysis ofidacollections of individuals for breeding
purposes has increased during the last years,odilreit improved robustness and simplicity when
compared with traditional phenotyping methods. Ehesolecular techniques have been made
possible by the progressive identification of genelasted to different physiological processes,
favoured by the broad application of genomic tomscrop species. A previous use of gene
expression markers in the dormancy field was ampred by Yooyongwech et al. (2009), who
measured the mRNA levels of two aquaporins (P21 and PpAPIP1) in high and low-chill
varieties, and showed that their increased exmessin be used to indicate the state of dormancy
release in peach buds. In this work we proposeutize of five peach genes as gene expression
markers for the evaluation of the dormancy stagengfknown or new cultivar in a particular time.
We chose 400 chilling hours for this single poimaleation, due to its rough intermediate position
among the chilling requirement interval of peachiatées, however it could be changed according
to the dormancy attributes of the assayed genotyfigs unique sample collection would reduce
the complexity of evaluation of dormancy releasetle excised shoots method since simple
phenotyping methods are required in breeding progra

Our group previously identified the five genes shaw this study as changing expression during
the progression of bud dorman®AMS5 is one of the siDAM genes identified as candidates for

the evg mutation in peach (Bielenberg et al., 2008). Thene was also found in several
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transcriptomic approaches studying peach bud daryn@reida et al., 2010; Jiménez et al., 2010a).
Its expression is higher after bud set in late senfmutumn (Li et al., 2009) and during the
dormancy period. This pattern is coherent with thke of DAM5 in the maintenance of the
endodormant state, as suggested by Li et al. (200@) ESTs DB396, DB247 and SB280 and the
unigene PpB63 were identified in a library enricireud dormancy related transcripts obtained by
suppression subtractive hybridization, and theimalance correlated with the chilling requirements
of 10 peach cultivars after a microarray hybridamatexperiment (Leida et al., 2010; 2012). PpB63
codes for a peroxidase-like protein similar to otheroxidases found iNitis riparia and leafy
spurge related to bud break (Jia et al., 2006; Msatim et al., 2009). Peroxidases have been
proposed to have a role in,®} detoxification during the metabolic activation iated by bud
break. The up-regulation of PpB63 at this pointpsuis this protective function and its use as an
expression marker of dormancy release in buds.

According to the results obtained in this work, theression values of these five genes correlate
with the chilling requirement measurements perfatrf@lowing the Utah and Dynamic models.
Thus, these genes could be used as expressionrmérkaingle point evaluation of the dormancy
stage of different peach genotypes, amenable ®iinuplant breeding programs aiming to obtain
varieties with modified climatic requirements. Wecommend this molecular approach for the
characterization of the natural diversity of chidi requirements among peach varieties. The
analysis of gene expression could offer new adusidools for classifying new cultivars according
to their adaptability to a given area. A better kiemige of the biochemical pathways involved in
dormancy processes is needed in order to incréaseumber of dormancy-related genes available
for screening. Expression of additional marker gemeuld increase the accuracy of a chilling
determination method based on gene expression.
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Abstract

Reproductive meristems and embryos display dormaneghanisms in specialized structures
named respectively buds and seeds that arrestrdwglhgof perennial plants until environmental
conditions are optimal for survival. Dormancy shoveenmon physiological features in buds and
seeds. A genotype-specific period of chilling isiall/ required to release dormancy by molecular
mechanisms that are still poorly understood. Inepord find common transcriptional pathways
associated to dormancy release, we analyzed thiéngtdependent expression in embryos of
certain genes that were previously found relatedotonancy in flower buds of peach. We propose
the presence of short and long-term dormancy eadf#sting respectively the germination rate and
seedling development by independent mechanismsit Pleoiods of chilling seem to improve
germination in an abscisic acid-dependent mannéereas the positive effect of longer cold
treatments on physiological dwarfing coincides wihlk accumulation of phenylpropanoids in the

seed.

Introduction

Perennial plants protect important and delicateugs as reproductive meristems and embryos in
specialized structures respectively designated bami$ seeds. Growth of bud and embryo
meristems leading respectively to blooming and geation is strictly regulated by dormancy
mechanisms, which impose a physiological consttainihis growth until environmental conditions
are optimal for long-term survival. Dormancy ise@ded by dry storage of seeds (after-ripening),
moist chilling of seeds (stratification) or a proteed period of chilling in buds. In stone-fruit
species, a high correlation between the chillirquineements for seed and bud dormancy release has
been observed (Kester 1969; Pasternak et al., 198tifh suggests the presence of common
regulatory mechanisms. Insufficient cold stratifioa of seeds in peactPfunus persicg almond
(Prunus dulci¥, and other rosaceous plants may cause, in addaditow germination rates, a shoot
development abnormality called physiological dwagfi(Hartmann et al., 2011). Physiological
dwarfs are characterized by a temperature-depenadsette-type habit of growth, with short
internodes, and deformed leaves (Pollock 1962).

Seed dormancy has been observed throughout hidguets pvith physiological and morphological
particularities in different species (Finch-Savageal., 2006). In most popular model organisms,
physiological dormancy integrates contributionsrirthe embryo and the seed coat, being the coat
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component at least partially due to the mechamniesistance to breakage of endosperm and testa
layers. The ratio of the hormones abscisic acid AABnd gibberellins (GA) is considered a
relevant factor regulating seed dormancy procesSesgeral genetic approaches utilizing mostly
mutant and transgenic lines Afabidopsis thalianaand Solanaceae species have established that
ABA is involved in induction and maintenance of mancy, whereas GAs release dormancy and
promote germination (Kucera et al., 2005). Othentanes as ethylene, brassinosteroids, auxin and
cytokinins have been also proposed to affect doopand germination. The molecular factors and
pathways conditioning seed dormancy status have leeemerated in several recent reviews
(Bentsink et al., 2007; Finkelstein et al., 200&ld$worth et al., 2008; North et al., 2010). Early
studies showed that the orthologous B3 class trigmtien factors encoded byIVIPAROUS 1
(VP1)in maize andABA-INSENSITIVE 3 (ABI3p A. thalianaare involved in seed development
and dormancy (McCarty et al., 1991; Giraudat et 5092). The basic leucine zipper (bZIP)
transcription factor encoded ABA-INSENSITIVE 5 (ABlSpteracts with ABI3 and mediates its
effect on the expression of ABA responding genesight the ABA-response element ABRE
(Nakamura et al., 2001; Carles et al., 2002).

Bud dormancy in perennial plants resembles seedhalmry at the hormonal level (Powell 1987).
The involvement of ABA in bud dormancy events ig@gested by multiple physiological and
transcriptomic studies (Arora et al., 2003; Horvathal., 2003; Rohde et al., 2002; 2007), though
few genetic approaches support this statement i(fRuét al., 2007; Arend et al., 2009). The
DORMANCY ASSOCIATED MADS-box (DAM) group of transigtion factors related to SHORT
VEGETATIVE PHASE (SVP) ofA. thaliang have been proposed to regulate bud dormancy
processes in peach (Bielenberg et al., 2008), lsptyge (Horvath et al.,, 2010) and Japanese
apricot (Sasaki et al., 201)AM gene expression correlates with the dormancy efdteds, with
higher transcript accumulation during the cold eea$ollowed by chilling-dependent down-
regulation prior to dormancy release (Horvath et 2010; Jiménez et al., 2010b; Yamane et al.,
2011). Different transcriptomic approaches havenlmmnducted in order to identi)AM-like and
other genes related to dormancy at the expressiesl (Ruttink et al., 2007; Jia et al., 2006;
Mazzitelli et al., 2007; Rohde et al., 2007; Hohvat al., 2008; Yamane et al., 2008; Mathiason et
al., 2009; Jiménez et al., 2010a; Leida et al.0201

In order to find common molecular features betwseed and bud dormancy processes, we
investigated the expression @AM and other bud dormancy-dependent genes during the

stratification of seeds in peach. The elucidatibgemeral regulation pathways in both seed and bud
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structures may contribute to improve our basic Kedge on dormancy mechanisms, and be
employed in plant breeding projects that profiniran early prediction of chilling requirements for

blooming of new genotypes.

Materials and Methods

Plant material and in vitro culture

The Prunus persicaL. [Batsch]) cv ‘Big Top’ was grown in an orchaldcated at the Instituto
Valenciano de Investigaciones Agrarias (IVIA) in Mada (Spain) under standard agricultural
practices. Mature fruits were collected and immigdyabroken to eliminate the endocarp with
special scissors. Seeds were disinfected and flamtbdalcohol, and then the coats were removed
under sterile conditions. Embryos were culturedaisterile Woody Plant Medium (Lloyd et al.,
1981), solidified with 0,8 % Bacteriological Agandadistributed in 20 ml aliquots into 25 x 150
mm culture tubes. Chilling treatment or stratifioatwas performed by storing the tubes at 4°C in
continuous darkness for 0, 1, 3, 7 or 9 weeks. rAhe stratification period, 10 embryos were
frozen with liquid nitrogen and stored at —80°C RMA extraction, and 48 embryos were placed in
a culture chamber at 24°C. The embryos were magdan darkness during the first week and then
in 16 hours light-photoperiod conditions for thetref the development. The germination and shoot

emergence rates, height of seedlings, and dwapfiegotype were noted once per week.

Quantitative real-time RT-PCR

Total RNA was isolated from 100 mg of seeds deprioktheir coats using the RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA), but adding 1% (y:polyvinylpyrrolidone (PVP-40) to the
extraction buffer before use. From 8 to 10 indialduwere pooled for each sample. One microgram
of total RNA was reverse transcribed with Supei@dii First-Strand Synthesis System for RT-
PCR (Invitrogen, Carlsbad, CA, USA) in a total volkel of 20ul. Two microliter of a 40X diluted
first-strand cDNA were used for PCR reactions ifinal volume of 20ul. Quantitative real-time
PCR was performed on a StepOnePlus Real-Time PGRB)(Life Technologies, Carlsbad, CA,
USA), using Perfecta SYBR Green SuperMix ROX (Qadibsciences, Gaithersburg, MD, USA).
Primer pairs are listed in Table 1. Cycling protoconsisted of 10 min at 95°C, followed by 40
cycles of 15 s at 95°C for denaturation, and 1 ati0°C for annealing and extension. Specificity

of the PCR reaction was assessed by the presercsimjle peak in the dissociation curve after the
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amplification and through size estimation of thepéfied product by agarose electrophoresis. We
used as reference a peach Actin transcript amghfigh specific primers. Relative expression was
measured by the relative standard curve procedResults were the average of two independent

biological replicates repeated twice.

Table 5.1 Primers employed in the quantitative real-time RIR.

Transcript (protein) Forward primer Reverse primer

DAM1 GGGGACGATGAAAATGACGAGGGAG CAATCACCCGGCCAAGGCTTGCATC
DAM4 GAAGAGCTGGATCTGGATGAGTTGC  TCTGATTGTTGGCTTCTACCAGCTAGT
DAMS5 CCACATCAAACTGAGTAAGGAACTC  CTGCCTTAGCTGGTTGTTAGCTTCACT
DAM6 TACTGGACCTGCGTTTGTGGAGCC TGTTGCAGCTGGTGGAGGTGGCAATT
?Sp/i‘g?“zlfgfm ACACAGGCTTCCTCTACTCCATCTTT  GAACCCTCATTCCGAGACATTTATAG
ppa012188m CCCAGCCAATATGGCGAATATCAGAA CATAGTGAGCAGCAGTAAGTTTGTGCT
(AWPM19-like)

?gg%cgiﬂﬁg TGAAGAGGGATGATGTTACTGGCGA  CACAAAATGACCAGACATGACAAGG
?fégopfirg?elirrg TCATCTTCCGCTGCCTTTGTAGCCT  GACACTGCCAAGAACACCAAGGACA
?,E’?Sﬂ?f;“m TTCCGTTGGTGGTGGAGTGGATGCA  TTACTAGCAGGGCTTCTTGCTTCAC
ppa008548m GAGCATGAAAGTGCTCATGGTCGATA GCGTAACTAGAGATAAGATGACCTTG
E’Apé‘?g?ﬁlfgfm ATGAGGTTAGGGTCTTCAGCTACGA ~ TAGTGCAATTCAGATCGGCTGCGTT
?é’?_?iigzom TCGGCAATTGGGTAGGCAAACA TTATCTTCTCCTCCCTCCAGAG

Actin CAGATCATGTTTGAGACCTTCAATGT CATCACCAGAGTCCAGCAAAT

Plant hormone and metabolite analyses

Plant hormones and phenolics were analyzed by LIENESMS essentially as described
(Durgbanshi et al., 2005). Briefly, fresh frozeam material was extracted in ultrapure water using
a tissue homogenizer (Ultra-Turrax, Ika-Werke, &auGermany) after addition of 50 pl of a
mixture of internal standards (see (Durgbanshl.ef@05) for further details). After extractiondan
centrifugation, pH of the supernatant was adjuste?i0 and partitioned twice against di-ethyl-ether
(Panreac, Barcelona, Spain). The organic layere wembined and evaporated in a centrifuge
vacuum evaporator (Jouan, Saint-Herblain, Fraride).dry residue was thereafter resuspended in a
water:methanol (9:1) solution, filtered and injectem a HPLC system (Alliance 2695, Waters
Corp., Milford, MA, USA). Analytes were then sep@& in reversed-phase Kromasil 100 C18
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column (100 x 2.1 mm, 5 um particle size, Scharkdrcelona, Spain) using methanol and 0.01%
acetic acid in water as solvents at a flow rate3@® pl min™. The mass spectrometer, a triple
guadrupole (Quattro LC, Micromass Ltd., Manchesté) was operated in negative ionization
electrospray mode using,Nas nebulization and desolvation gas and set atah@800 | H,
respectively. During measurements, capillary vdtags set at 3.5 kV whereas cone voltage was
adjusted for every analyte. The precursor and proaiuns as well as cone and collision voltages

were selected after direct injection of pure conuiaistandards into the mass spectrometer.

Promoter analysis

The promoter sequence of transcript models wasirdatafrom peach genome database at
phytozome (http://www.phytozome.net/cgi-bin/gbroipsach/). We selected 1-kb upstream
sequence from the transcriptional start site wheowk, and from the translation start ATG in
ppa006974m and ppa008548m genes. The ABRE elenanlosated in these sequences applying
a matrix-based procedure (Gomez-Porras et al.,)200é core sequence of the CRT/DRE element
(G/A)(CIT)CGAC was screened manually (Xue 2002hahy, the RY-repeat element involved in
seed-specific expression was searched using thet Rls-acting Regulatory DNA Elements
Database (PLACE) (Higo et al., 1999).

Results

Effect of stratification on seed germination and sedling development in peach

An in vitro culture experiment was performed in order to ctterize the response of peach
embryos to different periods of cold stratificatidrne early variables germination rate, defined as
the rate of embryos showing an apparent radicleé,stilwot emergence were measured after 0, 1, 3,
7 and 9 weeks of chilling treatment. After few dalyge germination rate was nearly identical and
total in embryos with periods of cold stratificatiof one week and longer, whereas about 80 % of
non-stratified embryos also showed root elongatiéigure 5.1A). The stratification also improved
shoot growth but to a lesser extent. Embryos wiite¢ weeks and longer periods of chilling
showed complete shoot emergence, whereas one-wdetoa-stratified samples had lower rates of
emergence (Figure 5.1B).

In addition to these early observations on gernonaand shoot emergence, germinated embryos

showed long-term effects of chilling on seedlingvelepment. At the end of then vitro
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experiment, seedlings with 0-1 weeks of stratifaatwere small and not viable in most cases,
whereas those with 3-9 weeks of chilling had highize with variable rates of physiological
abnormalities, as dwarfing (Figure 5.2A). The heigh seedlings growrnn vitro was radically
improved by the cold treatment, with optimal valueglants stratified for 7 and 9 weeks (Figure
5.2B). The rate of dwarfed individuals was alsodowfter 7 and 9 weeks of stratification (Figure
5.2C). A qualitative classification of physiologichwarfs attending to the height of the plant, the
presence of rosettes and the size and form of $eaae performed, assigning dwarfing values from

1 (those dwarfs more similar to normal plants) {thdse with deeper symptoms) (Figure 5.2D).

A Figure 5.1. Effect of chilling on seed embryo germation and
100 shoot emergence The germination rate (A) and percentage of
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According to this classification, we found thatlthg reduced the qualitative dwarfing level in a
similar way to the dwarfing rate (Figure 5.2E). R&astratified for 7 and 9 weeks grew actively
during a time interval of three weeks, while thasetified for 3 weeks hardly increased their
average height during the same period (Figure 5.Rf¢restingly, plants stratified for 7 and 9
weeks also reduced their rate of dwarfing in tmeetinterval, due to an overall recovery of growth
by the appearance of lateral shoots with normagldgwment (Figure 5.2G).
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Figure 5.2. Effect of chilling
on the physiological dwarfing
of seedlings (A)
Representative plants subject
to different  stratification
periods were photographed at
the end of the in vitro
experiment. (B) Average
o 1 3 7 9 height of seedlings after seven
Strtifieatian (veeks) weeks in growth chamber. (C)
Percentage of dwarfed plants
after seven weeks in growth
chamber. (D) Representative
seedlings showing different
qualitative levels of dwarfism:
level 1 individuals were
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Regulation of gene expression in stratified seeds

Previous transcriptomic approaches performed in group, based on transcript enrichment by
suppression subtractive hybridization (SSH) and ADNicroarray hybridization, led to a set of
genes differentially expressed during bud dormaetgase in peach (Leida et al., 2010; 2012). We
selected several of these genes, previously validay quantitative real-time RT-PCR on buds, for
its expression analysis in peach embryos subjethdostratification treatments described above.
The geneDAM1, DAM4, DAM5 andDAM6 are components of tHRAM multigene family coding
for MADS-box transcription factors involved in butbrmancy regulation in peach and other
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speciesDAM1 andDAMG6 reduced gradually their expression during theiogiltreatment to reach
their lowest values in 7 and 9 weeks samples (EiguB). DAM5 gene showed a sharp and
permanent down-regulation after one week undetifstedion, in contrast with the increase of
DAM4 expression in the same period. HoweM4 transcript accumulation experienced a slight
reduction in consecutive time samples.

We assayed other genes down-regulated during budashcy release, related to elements of the
ABA and drought stress responseAinthaliana(Leida et al., 2012). The genes coding for STRESS
ASSOCIATED PROTEIN (SAP)-like (peach transcript rabdopa012373m), AWPM19-like
(ppa012188m), DEHYDRATION-RESPONSIVE ELEMENT BINDGN PROTEIN2 (DREB2)-
like (ppa007606m), and LATE EMBRYOGENESIS ABUNDANLEA) protein (ppa008651m)
reduced drastically their expression in stratifedbryos (Figure 3), as previously observed in
peach buds subject to environmental chilling. ABA-INSENSITIVE FIVE BINDING PROTEIN
(AFP)like gene showed an early down-regulation in tingt chilling week, followed by a slow
recovery to reach initial expression values. Mddtanscripts accumulating in buds after dormancy
release had a negligible expression in embryosppa®08548m coding for a putative cinnamoyl-
CoA reductase showed detectable expression afted B weeks of stratification.

We analyzed by quantitative real-time RT-PCR twditohal transcripts that were not previously
identified in our transcriptomic experiments, buérev considered putative candidates to affect
dormancy responses in seeds and buds. ABA-INSENSITIVE 3 (AB)dike transcript
(ppa001608m) strongly declined during the firstethweeks of chilling, wheredd OWERING
LOCUS T (FTike (ppa012320m) had higher expression valudashstratification stages (Figure
5.3).
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Figure 5.3. Expression of selected genes in strag¢ifl embryos Relative expression of bud-dormancy related genes
was determined by quantitative real-time RT-PCRhvépecific primers (Table 5.1). The name of theegen
transcript model is shown in the upper side ofgtaph. Expression levels are relative to Actin.eXpression value

of one is assigned to the non-stratified samplealae means from two biological replicates, withoe bars
representing standard deviation.

ABA content rapidly decreases during stratification

The ABA content in stratified embryos decreasedhfabout 140 ng per gram (fresh weight) to less
than 10 ng after one week of chilling. The hormapatent did not change relevantly after longer

chilling treatments (Figure 5.4).

In order to identify cis-regulatory elements resgiog to ABA and drought stress in the genes

analyzed by quantitative real-time RT-PCR, we exeui 1 kb sequence of their promoters

beginning from the transcription start when knowtherwise the translation start ATG was used.
We performed a search of ABA-responsive elementBRB), C-repeat/dehydration-responsive

elements (CRT/DRE), and RY repeats as describédaterials and Methods. Genes repressed by
chilling treatment had at least one of these tleteeents in their promoters with the exception of
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DAM1 gene, and four of them had the three elementau(&i§.5). We did not find any of these
regulatory sequences in the promoter of the ppaf®85gene induced by cold stratification.

Figure 5.4. Abscisic acid content in stratified
embryos Abscisic acid content was determined as
detailed in Materials and Methods. Data are megom f
three biological replicates, with error bars repremg
standard deviation.

0 1 3 7 9
Stratification (weeks)

-1kb 0
DAM1 - ~ Figure 5.5. Predicted cis-elements in the promotesf
DAM4 — . chilling-regulated genes The ABA-response element
DAMS5 i - . . (ABRE, white rectangles), C-repeat/dehydration-

responsive element (CRT/DRE, black rectangles), and
bAMS6 seed-specific RY repeats (white circles) were liaeal

ppa012373m (SAP-like) T in the 1-kb upstream sequence from the transcrigtio
ppa012188m (AWPM19-like) 3 oF—  start site when known, and from the translatiomt ta
ppa007606m (DREB2-like) ; ppa006974m and ppa008548m), of chilling affected
ppa008651m (LEA-ike) ———— o——H——  genes, as described in Materials and Methods.
ppa006974m (AFP-like) HH—
ppa008548m

IABRE [ICRT/DRE oRY repeat

Phenylpropanoid metabolites accumulate during prolaged cold treatment

A systematic analysis of metabolites was perfornredtratified embryos. We found several

intermediate metabolites of the phenylpropanoidsythesis pathway accumulating in embryos
stratified for 7 and 9 weeks. Among them, the feratid approximately doubled its initial content

during long chilling treatments (Figure 5.6). Owameumulation of other compounds from this

pathway was even more pronounced. Caffeic, counagdccinnamic acids increased respectively
40-fold, 100-fold and 4-fold after a stratificatiperiod of 7 weeks, followed by a slight decrease
two weeks later. Interestingly, the hormone saiicglcid increased its content during the chilling
treatment in a similar way to phenylpropanoid meliéés (Figure 5.6). However, the addition of

salicylic acid to the culture medium at differewincentrations did not ameliorate the germination

or physiological dwarfing defects observed in pesebds (data not shown).
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Figure 5.6. Accumulation of phenylpropanoids in stratified embryos.
Ferulic, caffeic, coumaric and cinnamic acids, ahé phytohormone
salicylic acid were determined in embryos afterfedént chilling
treatments. Data are means from three biologigdicages, with error bars

representing standard deviation
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Discussion

Stratification has short and long-term effects eagh germination and development

Short chilling treatments of one and three weeksewsefficient for optimal germination and shoot
emergence, respectively. These chilling requireséntradicle and shoot growth were lower than
those reported by other physiological studies (Bai983; Frisby & Seeley, 1993), which may be
due to genotype-based differences or most likelyprevious removal of the seed coat in our
samples. Coat excision helped to discard the mécdiaand physiological contribution of the coat
to seed dormancy, which in consequence was exelysdependent on the embryo component.
This experimental procedure was essential to djsigh two separate effects of cold stratification
on seed germination and seedling development. Tihuagdition to early benefits of chilling on
germination and shoot emergence, longer chilliegttnents of seven and nine weeks contributed to
prevent the physiological dwarfing of seedlingsisTthouble effect of stratification on germination
and subsequent development of seedlings has betd meviously in stone-fruit species
(Hartmann et al., 2011; Martinez-Gomez & DicentaQD), but no molecular mechanisms have
been proposed to explain it. The improved germimatatio observed after one week of chilling

was associated to a drastic reduction in ABA cadntenclose agreement with the known role of
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this hormone in the induction and maintenance ofimdmcy in seeds. However, the alleviation of
dwarfing abnormalities at long chilling treatmentss not related to changes in ABA, which
precludes a function of ABA in post-germinative mhancy events.

Other compounds as salicylic acid and the phenghumoids ferulic, caffeic, coumaric and
cinnamic acids accumulated in embryos stratifiedsven to nine weeks leading to seedlings with
low rate of dwarfing. Overproduction of these compds could benefit the normal development of
seedlings or simply be a biochemical feature oihgorcy-released embryos prepared to develop
normally, however we have not obtained experimemaldences supporting any of these
hypotheses. The phenylpropanoids pathway resuttseirsynthesis of the monolignols p-coumaryl,
coniferyl and sinapyl alcohols, which are the mpnecursors of lignin polymers, through the
sequential activity of cinnamoyl CoA reductase (G@Rd cinnamyl alcohol dehydrogenase (CAD)
enzymes (Boerjan et al., 2003). Lignin depositiontdbutes to the secondary thickening of the cell
wall, and takes part in xylem cell differentiatiofhe synthesis of this complex polymer becomes
detectable in early stages of seedling developnre. thaliang associated to the developing
vasculature (Dharmawardhana et al., 1992). Integdgt a triple A. thaliananull mutant in one
CCR and two CAD genes, leading to a strong redandtiolignin deposition, displayed a severe
dwarf phenotype and abnormal leaf morphology (Thévet al., 2011), resembling the symptoms
of physiological dwarfing described in this workh&se observations and the high-chilling
dependent induction of ppa008548m in stratified b (Figure 5.3), coding for a predicted
protein similar to CCR, suggest the participatidnpbenylpropanoids and lignin biosynthesis

pathways in the alleviation of anomalies associtdguhysiological dwarfing.

Bud and seed dormancy regulate a common set of gene

The quantitative real-time RT-PCR analysis of gegresiously related to bud dormancy revealed a
parallel pattern of gene expression in buds andrgmsb A relevant number of genes down-
regulated during bud dormancy release after tHfémdnt of cultivar-specific chilling requirements
were also repressed by cold stratification in embryThis suggests the presence of common
regulatory pathways in dormancy release mechananimids and seeds. The silico search of
known homologous genes in other species and aisegits in their promoters pointed to a common
effect of ABA and drought signalling on such genklwever ABA could only account for

transcript accumulation changes observed durinditsieweek of chilling, due to the stabilization
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of ABA content after this time. Consequently, latBywn-regulation of the expression of these
genes should be assigned to additional regulatattyyays.

DAM genes are patrticularly interesting among thisadegjenes.DAM have been related to bud
dormancy maintenance by expression and functidndles in multiple species, and are considered
the major known regulators of this process. Thea that DAM1, DAM5 and DAMG6 are also
significantly repressed during chilling treatmerft the embryo suggests their participation in
mechanisms of transcriptional regulation associtberklease of seed dormancy by stratification.
Additional evidences odDAM function in seed dormancy would be obtained byhiranalyses of
the evergrowingmutant in peach carrying a deletionDAM genes (Bielenberg et al., 2008) and
transgenic plants expressing constitutively theseeg (Sasaki et al., 2011).

Previous molecular studies relating seed germinatind flowering inA. thaliana have been
recently published. ThHELOWERING LOCUS C (FLyene coding for a MADS box transcription
factor involved in flowering time regulation thraughe vernalization pathway, also affected the
temperature-dependent germination of dormant s@@lising et al., 2009). The effect of FLC on
seed germination was most likely mediatedFbyDpWERING LOCUS T (FTWwhich also takes part
in the flowering pathway. Interestingly, a peacmgeimilar toFT increased its expression after
stratification during 7-9 weeks (Figure 5.3), whiphbints to the presence of a related signalling
pathway in peach. The RNA Polymerase Il Associdtactor 1 Complex (PAF1C) &. thaliana
has been also proposed to have a dual role in floggeand seed dormancy (Liu et al., 2011).
Moreover, a poplar orthologue &BSCISIC ACID INSENSITIVE 3 (ABI8&ne, involved in the
ABA-dependent expression of many seed-specific g@nA. thaliang is expressed in buds during
bud set and causes some alterations in bud develdpminen overexpressed and silenced (Rohde et
al., 2002).

The transcriptional similarities between bud anedsdormancy highlighted in this work may also
be relevant for plant breeding purposes. The seledf early and late flowering genotypes from a
segregating population usually requires the ardwematuation of large collections of individuals,
which could be improved by a previous selectiorthaf desirable trait at the seed level. Previous
studies found a positive correlation between thdlirdp requirements for seed germination and
blooming in almond and apple (Kester et al., 1M&hlenbacher & Voordeckers, 1991). This work
contributes to characterize the molecular baseseryndg these and other physiological
observations with high interest to plant breeders.
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DAM genes are relevant regulators of dormancy proceses

The peach transcriptional models ppa011123m, p@2f and ppa010714m, corresponding to
MADS-box genesDAM4, DAM5 and DAMG6, were identified in an initial transcriptomic study
based on the SSH procedure (Leida et al., 2010)iratioe subsequent microarray hybridization
experiment comparing 10 cultivars with differenillahg requirements (Leida et al., 2012). Real-
time RT-PCR analysis confirmed th&AM gene expression changes during flower bud
development according to the dormancy stage, anédlates with dormancy-related parameters of
different cultivars. Other authors, working indegently, observed similar season and dormancy-
dependent modifications dDAM-like gene expression in peach buds (Jiménez et2all0b;
Yamane et al., 2011), and in other species as eagpfMazzitelli et al., 2007), Japanese apricot
(Yamane et al., 2008), poplar (Druart et al., 20@nAd leafy spurge (Horvath et al., 2008).

The central role of DAM genes in dormancy regulataf vegetative and reproductive buds has
been confirmed by additional functional approachesir of the six tandemly array&iAM genes
were found deleted in thevg mutant of peach showing non-dormant phenotypegestag that
they are required for dormancy setting up (Bieleghket al., 2008). Moreover, a genetic mapping
approach using a family of peach, segregating follimg requirements, heat requirement and
flowering time identified a major QTL for theseitsathat fairly overlapped witibAM locus on
linkage group | (Fan et al., 2010). Transgenic poplants expressing constitutivelyDsAM-like
gene from Japanese apricot showed growth cessatidnterminal bud set under favourable
conditions (Sasaki et al., 2011), whereas overesgwa of peacHDAM6 in plum, resulted in
accentuated branching and dwarfing of plants suggea growth inhibitory effect of these genes
(Fan, 2010).

Interestingly, the deletion of four of tH2AM genes in the evg mutant caused the transcriptional
inhibition of the other two structurally intact genof the family (Bielenberg et al., 2008). This
observation and the apparently sequential activaif@®AM1 andDAMG6 genes (Leida et al., 2010)
suggest a kind of reciprocal regulation betweersdéhgenes, which could only be tested by
biochemical ways.

In order to know the mechanism of dormancy regoihatve study the molecular mechanisms of
DAM6 down-regulation concomitant with dormancy releasdlower buds. A ChIP analysis of
DAMG6 promoter and structural gene revealed chromatimlification events similar to those
observed in vernalization éfrabidopsisand cereals.

129



6. GENERAL DISCUSSION

Certain biannuaRrabidopsislines require a prolonged period of cold accumaatiuring winter
prior to flowering named vernalization. Vernalizatirepresses the expression of eéC gene,
coding for a MADS-box transcription factor that ibits flowering transition. The mechanism of
FLC repression involves numerous epigenetic eventiyding micro RNA synthesis and covalent
modification of histones. The N-terminal tail ofstone H3 located oRLC promoter is highly
acetylated and trimethylated at the lysine K4 whkien gene is transcriptionally active. Changes
triggered by vernalization on H3 include demethglatof K4, deacetylation of K9 and K14, and
methylation of K27 and K9. Trimethylation of H3K2Fatalyzed by PcG complexes, plays a critical
role in maintenance ofFLC stable repression. Some similarities between Veai®n gene
repression in Arabidopsis and PcG-mediated gemession in animals are evident despite certain
differences (Sung & Amasino, 2005).

In cereals, vernalization response involves epigemegulation of the MADS-box gengRN]
targeted by histone modification complexes sintitathose repressingLC. H3K27 trimethylation

at the VRN1 locus causes mitotically stable repressionV&N1 until plants experiment cold
conditions. Vernalization activates protein compkesthat reverse these modifications to activate
VRN1 expression, by increasing the rate of trimethgdaté3K4 and decreasing the rate of
trimethylated H3K27, as described in barléyWRN1locus (Oliver et al., 2009).

We showed that the MADS-box gel@ME6 is transcriptionally active in dormant peach flowe
buds collected in October. At this point a shoroohatin region around its ATG is trimethylated at
H3K4 and acetylated at the N-terminal tail of HnComitantly withDAM®6 repression, H3K4
became demethylated and H3 deacetylated. Later A3¥&3 trimethylated along a genomic region
larger than 4kb, including promoter, coding seqeeaed intron. We postulated a possible sequence
of DAM6 chromatin modification events during dormancy tagan: 1) Trimethylation of H3K4
and acetylation of H3 are modifications of the chabin structure associated to active gene
expression. 2) Buds undergoing dormancy lose timethylation mark at H3K4 and H3
acetylation, leading to gene repression. 3) Findhynethylation of H3K27 mediates the stable
repression of the gene.

These observations suggest thHARM6 responds to chilling accumulation by epigenetic
mechanisms similar tBLC andVRN1 The common enrichment of trimethylated H3K27 gldime
transcriptionally repressed chromatin @AM6, FLC and VRN1 supports the presence of related
PcG-like multiprotein complexes with methyl-transfge activity. Thus, PcG complexes are
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potentially involved in the stable repression DAM6 after dormancy release until the next
dormancy cycle.

Due to their relevance in dormancy regulatibAM genes could be utilized as expression markers
to assess the dormancy stage of an individual pladtto evaluate the chilling requirements of new
cultivars. In fact, we studied the expression pattef DAMS5, together with other transcripts
(BD396, DB247, SB280 and PpB63), they correlatell wih chilling requirements values of five
varieties differing in chilling requirements (‘BiJop’, ‘Catherina’, ‘Fergold’, ‘Maruja’ and
‘Springlady’) measured following Utah and Dynamioaels.

A further characterization of the function of thegenes will be essential for understanding and
future manipulation of dormancy in perennial treés.deeper analysis of transgenic plants
overexpressing these genes will contribute to wstded their influence in plant development and
dormancy regulation. Additional molecular approaclkas the two-hybrid system and chromatin
immunoprecipitation using specific antibodies majphto clarify the protein interactions required
for proper function of these factors, and to idgntiarget promoters. These and other biochemical
and molecular approaches will improve our basicvkedge on the signal transduction pathways

involved in dormancy regulation.

Dormancy in bud and seed has common regulatory patiays

Some of the genes identified in our transcriptoexperiments using flower buds, 28M1, DAM5

and DAMG6, were also regulated during the cold stratifioatiof peach seeds, suggesting the
presence of common regulatory pathways in the docsharocess of buds and seeds. These
similarities between bud and seed dormancy havenpat implications in the evaluation of bud
chilling requirements of peach genotypes at seeel.l&he measurement of the relative expression
of DAM and other genes in seeds could provide a methodviduating chilling requirements of
plant material at very early stages of developngeeatly reducing the time needed for evaluating
plant material in breeding programs. A positiveretation between seed germination and blooming
date has been found in apple and almond, suppdhiadink between dormancy in buds and seeds

at the phenotypical level (Kester et al., 1977; Mabacher et al., 1991).

Many ABA dependent genes are down-regulated duringormancy release

ABA has been proposed to promote and maintain lomchancy (Arora et al., 2003; Horvath et al.,
2003; Rohde & Balherao, 2007) although few molecdita support this prediction. A significant
number of genes identified in this work were hongolas to ABA and drought related genes from
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other species. Ppa006974m codes for a proteinasirtol ABA-INSENSITIVES (ABI5) binding
protein (AFP) involved in signal transduction in abdidopsis. AFP binds and promotes the
degradation of ABI5. ABI5 is a basic leucine zipgeZIP) transcription factor that regulates ABA-
dependent genes by binding to the ABA-responsieeneht, ABRE (Lopez-Molina et al., 2003).
Additionally, drought stress modulates gene expoeshirough the dehydration-responsive element
(DRE) and their DRE-binding proteins (DREB; Liu at, 1998), similar to the transcript model
ppa007606m encoding a DREB2C-like factor. The pcodd ppa008849m is similar to calcium
binding annexins involved in ABA and osmotic streggal transduction iArabidopsis(Lee et al.,
2004).

Our results contributed to the identification ofapke genes regulated by ABA, drought and salt
stress as ppa008979m (AtMYB44-like), ppa008651mA). ppa012373m (A20/AN1 zinc-finger),
ppa005514m (dehydrin) and ppa012188m (AWPM-19-Jikeyolved in cold hardening and frost
tolerance. Several orthologues of these genes medfencreased cold resistance in different
transgenic plants (Jung et al., 2008; Mukhopadieya}., 2004; Lee et al., 2010; Artlip et al., 1997
Koike et al., 1997).

For instance, ppa012373m protein shows A20/AN1-fimger domains that have been already
described in other eukaryotes. In animals, ZNF2b&en regulates nuclear factor NFkB, involved
in the immune and inflammation response reactiash&ya et al., 2006). The same protein, which
plays a critical role in muscle atrophy, containsA20 domain that binds ubiquitin and participates
in the ubiquitin-proteasome pathway of protein degtion (Huang et al., 2004). In plants, proteins
related to ppa012373m that are expressed underacoldgalt stress conditions have been grouped
into the stress associated protein (SAP) familypdexnents onArabidopsis showed that
modifications in the cytosolic redox state, as thmee induced by stress conditions, cause a
conformational change in SAP proteins. The fastagutation of SAP12 irabidopsisafter 6 h of
stress and its subsequent down-regulation aftdr, 48iggests a possible role in rapid transmission
of redox information under stress conditions (S¢roét al., 2009). If these proteins are part of an
ABA or stress-dependent pathway for regulation @fnthncy events may only be assessed after

deep biochemical and genetic studies.
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. In two different transcriptomic approaches, we of#gd 137 cDNAs related to dormancy
release in flower buds of peach. Some of them, pa0pl123m, ppa010822m and
ppa010714m AM4, DAM5 and DAM6) were previously found associated to dormancy
processes.

. The isolation of certain transcripts involved in ABsalt and drought stress regulation, such
as ppa007606rDREB2C-like), ppa006974m (AFP-like), and ppa008&4@&nnexin-like),
supports the role of ABA and drought responsesuih dlormancy events, and contributes to
identify putative regulatory factors of both patlysan peach.

. DAMG6 gene expression is regulated at the chromatinl.|®emethylation of H3K4 and
deacetylation of H3 in the region around the ATGd &imethylation of H3K27 in a large
genomic stretch of at least 4 kb, associateD#®M6 repression, concomitantly with
dormancy release.

. The expression profile of five cDNAsDAMS5, DB396, DB247, SB280 and PpB63)
correlated well with the chilling requirements ave cultivars (‘Big Top’, ‘Catherina’,
‘Fergold’, ‘Maruja’ and ‘Springlady’) measured folving the Utah and Dynamic models.
These genes were proposed as expression markeisdte point evaluation of the dormant
stage of peach genotypes.

. Cold stratification had a short-term effect on geation of peach seeds, coincident with a
decrease in ABA content.

. We observed that a long-term (7-9 weeks) seedifgtadibn have a positive effect in
decreasing the developmental abnormalities on isgmsdhamed "physiological dwarfing".
This amelioration was associated with the accunaratf several intermediate metabolites
of the phenylpropanoid biosynthesis pathway (shticyferulic, caffeic, coumaric and
cinnamic acids), involved in xylem synthesis.

. A set of genes regulated during dormancy releaaeedhby buds and seeds indicated the
presence of common regulatory pathways of dormargigase in both organs.
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