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Titre : ANALYSE FONCTIONNELLE DE LA DEMETHYLATION D'ADN ACTIF EN
TOMATE

Ré&umé

La méhylation de I'ADN géomique est lI'un des principaux mé&anismes @igédiques
qui conduisent ades changements stables et hédlitaied®edpression des gées sagse cela
VIDFFRPSDJQH GH dex d&ReBdel d' AMNVEdtiR®@nte. Elle fait rééencea
I'additiond'un groupement méhyl sur lecarbone 5 desytosine (5meC)Ces dernigées annés,
OfpWXGH GHV PpFDQLVPHYV UpJXODQW OD PLVH HE&tSODFH
devenwnthéne de recherche importante, en raison de son rde essentielalagysilation du
fonctionnement du géome des plantes et des mammiféges. La distribdgésn5meCsur
OfHQVHPEOH GX JpQRPH GTXQ RUJDQde\tRiid dddr@ird®phH D SSHO
GLIIpUHQWHY PpWKRGHYVY GRQW OH VpTXéhent ubisuBGitd d® 1$'1 Jp
sodium(WGBS ou méhylC sd).

&KH] OHV YpJpWDX[ OD PpWK\ODWLRQ GH Of$'1 SHXW VI
s@uence incluant les motifs symériqu&3G et CHG et le contexte dissymériqueCHH (H
pouvant ére A, T ou C). En fonction du contexte de sé&uence, la méhylation des cyt@shes
mise en place et maintenue par trois types difféents d'/ADN méhyltransféasenaintien de
la méhylation auxsites CG et CH@st assurépar O 1 $ 'Méhyltransféasel (MET1)
et par laChromomoméhylase, CMT3, respectivementLa chromomoméhylase 2 (CMT2)
estelle impligu& dans le maintien des méhylation de type CHH, de méne que les Domain
Rearanged Methyltransferases (DRM). Ces dernigées sont sont regpemde la mise en place
de la méhylationde novoHW VRQW JXLGpHV MXVTXYj] OHXU FLEOH SI
mé&anisme de KRNA directed DNA Methylation(RdDM). Enfin la méhylationde I'ADN
peut @alement ére dimine& par bs ADN glycosylasdyases bifonctionnelle, @alement
appelé@les DEMETER-like DNA demethylase¢DML). Chezla plantemodée Arabidopsis
la dénéhylation active de I'ADN joue un rde essentiel dans I'empreinte maternelle et la
dénéhylation O7$'1 JpQRPLTXH ORUVWG & Hs pY Bh@dEIRBri¢ BeinBlent
pas jouer de rde essentigiendantle d&eloppement de la plantehez cette espé&e.La
PPWK\ODWLRQ GH O71%$'1 JpQRPLTXH SHXW DXVVL rWUH SHUG
les m&anismes devant assurer sonntian ne sont pas actifs. On parle alors de dénéhylation
SDVVLYH GH OY%$'1 JpQRPLTXH



La tomate $olanum lycopersicunest unglante ayant une forte importaregronomique
Elle est aussi utilis& commerincipal modée pour O § p W X Géeélogpetnent etdu
murissement des fruits charneclsnatéiques. Des dudes r&entes ont maintenant montréque
le déreloppement et la maturation desfruits reposent sumlmise en placet le maintien de
patronsde transcription difféentielle,dont la r@ulation estassur@ par un ensemble de
processus complexes impliquant la fois des contr@es généiques etdes r@ulations
hormorales Cependant, il semblgue la r@ulationdu déeloppement et de la maturation des
fruits charnus ne reposemasbasant uniquement sur les modées gédiquesais impliquent
aussi es r@ulations @igédiques. En effet,ab travaux r&entsuggéentque la méhylation
de I'ADN pourrait @alement é&re impliqué En particulier, unediminution importantede

O 1D E R@«&s b @dal'ehelle du géhome entieet la dénéhylation acertains promoteurs
observé lors de la maturation des fruitstomate.

A fin d'analyser les mé&anismes mol&ulaires responsables de la perte de méhylation
survenant lors de la maturatiorsdieiits de tomatgle projetpré&entése concentre sur l'analyse
fonctionnelle des enzymes de tomate impligu&s dans la dénéhylation active de I'ADN
géomique. Nous avons identifié4 ADMénéhylases putatves (SIDML 1a4) qui contiennent
toutestrois domaines hautement conservés compreadbmaineGlycosylasesjui est porteur

GH OYDFWLYLW petlk@dmaibed/duppkéhierithires A enBessaires da liaison de

ces enzymesladADN. Dans une tentative d'éude de I'activitédproténes SIDML, lesADNcs

comples codant pourles enzymes 8IML1 et 2 etainsi que fragments de ces ADNcs codant

pour des versions tronquées de la porténe SIDMirt8nquées a ééclonés. La production des

proténes recombinantes correspondantes dans la ba&del, QD SDV SHUPLV GH Gp!
leur activitébiochimique.

Pour analyser les fonctions biologiquies ADN dénéhylases de Tomateles plants de
tomates transgéiques altéé dans I'expression des g&H3ML ont dégénéés. Ces plantes
pré&ententde nombrasesaltéations du dé&eloppemeniparmi lesquelleses modifications de

OYRUJDQLYV DWW fiur<Et 0O IR foimO des feuill®sL Q V L imbkiitdrintdrqué de la
maturation des fruit€n utilisant ces plantes, nous avons dénontréguddaéhylation active

de I'ADN est une exigence absolue pquela maturation des fruidetomatepuisse avoir lieu.

En particulier nous avons mis en &idenaeliende cause aeffetlirectentre la dénéhylation

active de I'ADN principalement mélie panne des quatreBML de tomate, SIDML2 et la
maturation des fruitsfr HV SODQWHV GRQW OIDMUZ6k HuNEpRsent&uke Jg Q H
inhibition de la maturationonsé&utive j @yferméhylation etaréression de I'expression des

gaées codant pourds facteurs de transcripti@ontrdant la maturationdes fruits(Ripening



Inhibitor, RIN; Non RipeningNOR; Colourless Non Ripening;NR et pour desenzymes
impliqués dans des processus biochimiques clefs se produisant lors du muriststsngume
Ocd¢tDmulation des carotéaiegPhytoée Synthasd, PSY).

A fin de déerminersi les phéotypes des plantes transgéigqadeloppement affectant
les fruits, les fleurs ainsi que le dé&eloppement des feyiest hédlitaires aprés la perte du
transg@e par s@rdgation,leur stabilité a éédudie sur plusieurs gééations. Dans tous les
cas, les phéotypesont perdus et les plantes apré perte du transgée semblent en tout point
identique ades plants de tomate sauvage qui suggée une absence d'héitabilité des
modifications induites paO D UpGXFWLRQ G T HBSDMHIENL Gependadtynalg Q HV
ne pouvons exclure que certapetronsanormaux de méhylationliés ou non aux phéotypes
observés,sont n@nmoinghéités. |l est possible quia perte des phéotypease soit pas due a
unenorthéitabilité G T H P S Udd m@&hWaldovi inappropriésacertainsloci sp&ifiques.Cela
pourrait plut@ refléer que la combinaison defats de méhylation | O fH Q é$ ROEIO H
n&essaire au phéotype n'est pas obtenue dans les planistenues aprés croisement.
/ITDQDO\WH GTXQ SOXV JUDQG QRPEUHetIH 8RPILY V& UDKDMOM A
la distribution des cytosines méhylées sera n&€essaiceir r¢pondre &cette question.

Pour déerminer, leprocessus contr@é pasIDML2 dans ledruits detomate, nous avons
effectuéune analyse comparative du transcriptome et du méabolome desdegitplantes
sauvagestdes plantes transgéiqu&NAiI DML ahuit & apes de dé&eloppement du fruit. Ces
analyses ongnsuitedé corréees aux donnés duméhylome de tomatdderminéapartir de
fruits detomate de la variddiilsa craig Ces analyses ré&éent qu'en plus des géiRiN, NOR,

CNR, PSY1n nombremportantde méabolitesprimaires et secondairest,denombreuxgées
pré&entent une accumulation difféentielle et deatronsd'expressiomlistinctsrespectivement
chez les fruits transgéiques DML RNAet chez lesfruits sauvages Par exemple
l'accumulation dearoténaies, la biosynthése et la signalisation de I'éhyléne, la synthéeis

la dgradationde la paroi cellulaire, mais aus€® T H [ S U H VoéieR cpdaatHodur divers
facteurs de transcription, pbur certaing@ulateurs @igédiques, incluant ue DRM, des
histones décdylases et difféents histones déndhylasesont extrénement affectélansles
fruits transgéiques. Ces réultats suggéent que de nombreux géparmi lesquels ceugui
jouent des rdes essentiels pour le dé&eloppement et la maturation des fruits, n&gdsiteG TrwW U H
dénéhyl& pour leur expressiofEn cons@uence, ces travaux apportent la dénonstration, pour
la premige fois que la dénéhylation active d'’ADN a desffets trés globaux sur le

dé&veloppement et la maturation des fruiisest maintenant n&essaire de valider ce tragail



déerminant le méhylome des lignés transgéiquesltéées dans la dénéhylation activede
I'ADN.

En conclusion, les observatiopssenté@s dans ce travail fournissent un cadre de travalil
SHUPHWWDQW GYIYDQDO\WVHU OHV PpFDQLVPHY PROpPFXODLUF
se produisant pendant la maturation des fruits de tomate. Ici, nous préentons une analyse
complée des coW pTXHQFHV GI{XQH UpGXFWLRQ GH OfH[SUHVVLR
trancriptome et le méabolome des fruits, tout au long de leur déeloppement. La corrdation
HQWUH OHV SURILOV GYH[SUHVVLRQ GH JgQHV UpDOLVpPHYV
chDQJHPHQWY GH OD GLVWULEXWLRQ GH OD PpWK\ODWLRAQ
$LOVD FUDLJ PRQWUH TXTfHQ SOXV G XQ U{OH JpQpUDO Gl
impliqué dans plusieurs voies méaboliques, plusieurs gaes codant posirfatdeurs de
transcription ainsi que des r@ulateurs é@igédiqgues sont @alement susceptibles d'ére
directement contr@é par la méhylation de leur r@ion promotrice. Cependant, nous ne
pouvions pas éablir une relation stricte entre la diminution alenéhylation de I'ADN et
I'induction de I'expression des gées, car de nombreux génes pré&entant une diminution du
niveau de méhylation de I'ADN dans leur r@ion promotrice pendant la maturation des fruits
sauvages correspondent ades gées normalemgritmés. Ceci suggée que la méhylation
active de I'ADN serait n&essaire deur rpression pendant le processus de maturation. Ainsi la
relation entre la dénéhylation de I'ADN et I'expression des gaes pourrait ére plus complexe
et ne se limiterait paéa simple hypothése de départ de ce travail: la dénéhylation de I'ADN
est n&essaire al'expression de gées induits au cours de la maturation. La dénéhylation de
active de I'ADN pourrait g@alement ére n&essaire ada rgpression de génes exrimé ueigent

lors des phases pr&oces du dé&eloppement des fruits et réorimé lors du murissement.

Mots clés :

Tomate ; Demné&hylation d'’ADN; M{rissement des fruits; R&ions difféentiellement

méhylées; I'expression du géene




Title : FUNCTIONAL ANALYSIS OF ACTIVE DNA
DEMETHYLATION IN TOMATO

Abstract

DNA methylation is one of the epigenetic mechanisms that lead to stable and heritable
changes in gene expression without alteration on DNA sequence. DNA methylatioriaefers
the addition of a methyl group to the fifth position of the cytosine ring. In recent years, DNA
methylation is becoming more and more widely studied, because of its importance in mammals
and plants. Methylated cytosines distribution can be determoredsathe genome at single
nucleotide resolution, #t is methylome, using whole genome bisuHgequencing (BSeq
approaches. fie methylomes of an increasing number of plant species has/bkeescribed,
revealing that these larggeale patterns ofnethylation first described foArabidopsisare
shared among flowering plants, although differences exist between plant species. |n plants
cytosine methylation which occurs in all sequence context (CG, CHG, CHH, H being A, T or
C) is set up and maintainég three different types of DNA methyltransferagkethylation of
symmetric CG and CHGtsis can be maintained by METHYLTRANSFERASE1 (MEahy
CHROMOMETHYLASEZ2 (CMT2/CMT3), respectivelywhile maintenance of asymmetric
CHH methylation relies orRNA directed DNA methylation (BDM) or CMT2 DNA
methylationcan also be removed by the bifunctional DNA glycosylsases, also called the
DEMETER-I|ike DNA demethylases. Inthe model plant Arabidopsis active DNA
demethylation plays a critical role in matakimprinting and endosperm demethylation, but
none of these functions appear to be essential for the development in this species.

Solanum lycopersicum (tomatc an important agronomic crop atite main model to
study the development and ripening praoefsclimacteric fleshy fruit. Recent studies have now
shown that the development and ripening of fleshy fruits relies on the establishment and
maintenance of differential transcription patterns and complex regulatory pathways that involve
both genetic anthlormonal controls are operating at these developmental plbsesver, it
appears that a full understanding of fruit development and ripening will not be achieved based
only on genetic models as suggested by recent sfwdngsh showing an important dezase
in global methylation levelrad demethylation at specific prmters during fruit ripening.

In order to analyze the molecular mechanisms responsible for the loss of methylation
observed during tomato fruit ripening, the present project focuses amtit®nal analysis the
tomato enzymes involved in the active demethylation of genomic D¥$At was suggested



that DNA demethylases BNA glycosylasdyases which is normally associated witemoval

of methylated cytosine, nicking the DNA backbone &aling a single nucleotide gap and
filled with an unmethylated cytosine through base excision pathisain Arabidopsis, three
highly conserved domains were observed including a glycosylases domain as well as two
additional domains A and Bhese threeamains is necessary for DNA binding and catalysis.

In an attempt to study theIDML protein activity the tomatofull length DNA glycosylase
lyasesas well as different truncatedcombinanproteinshave been producednfournatelly,

none of the proteint®w activity in this study, a further expressional condition should be
optimized. In addition, to investigate whether hypermethylated epialleles generated in the
transgenic plants can be inherited after the transgene has bd@ndegregation, the staiby

acros generations of the developmental alterations affecting flower as well as leaf development
was studiedAs a result, T4 plants show us that the phenotypes reversed to WT phenotype once
the transgene was out segregated, suggesting an absereréatdillty of the modifications
induced bySIDML2 knock down. However, we cannot rule out that some abnormal
methylation patterns linked or not to these apparent phenotypes have been inhexdgition,

it is not known how many loci are involved generating the flower and leaf abnormalities.
Hence it is possible that lack of phenotypes is not due to thehaoitability of the improper
methylation state at specific loci. It may reflect that the correct combination of homozygous
methylation statetall required loci was not obtained. Further generation and screening of more
important plant population will be necessary to answer this point.

After characterizing the gene family encoding the tomato DNA demethylases, transgenic
tomato plants impaireoh the expression dIDML genes have been generated. These plants
present several developmental alterations, including inhibition of fruit ripening, modifications
of flower, fruit and leaf shape. Using these plants, we have demonstrated that active DNA
demethylation is an absolute requirement for tomato fruit ripening to ddishow a direct
cause and effect relationship between active DNA demethylation mainly mediated by one
tomato DML, SIDML2 and fruit ripening. RNAISIDML2 knockdown results in ripeng
inhibition via hypermethylation and repression of the expression of genes encoding ripening
transcription factoréRIN, NOR CNR) and ratdimiting enzymes of key biochemical processes
(PSY).

In recent years, the coordinated changes during tomatagenent and ripening was
analyzed using combined transcriptome, metabolism and proteome characterization. However,
it appears that a full understanding of tomato fruit development and ripening will not be

achieved based only on genetic models. In addiépigenetic regulation, mainly genomic



DNA methylation may play a key role in this process. Indeed, several evidence point out the
importance of DNA methylation and chromatin regulation on fleshy fruit development and
ripening ripening. The fruit ripeningefect of Cnimutant is caused by hypermethylation of an
upstream region of the CNR promoter. Zhong et al (2013) also detected that, the promoter
region ofseveral genes are demethylatkding tomato fruit ripening, suggesting that DNA
demethylation maplay critical role during this phase dévelopmentHowever, the pathways
under the regulation of BML2 have not been comprehensively identified. With the aim to
obtain a more comprehensive view of the roles of active DNA demethylation on tomato fruit
development and ripening, we have performed a comparative analysis of the transcriptome and
metabolome of VW andDML RNA. fruits at eight fruit development and ripening stagésese
analygs was integrated with tomato epigenodetermined inWT Ailsa craig plantsThese
analyses reveal that in addition to the four geriRBN( NOR, CNR, PSYlpreviously
characerized a large number of metabolites and genes present differential accumulation and
expression patterns respectivelyDML RNAI transgenic fruitsSuch aarotenoid, ethylene
biosynthesis and signaling, cell wall synthesis and dissembling, transcfaatiors,and many
othersare extremely affected in transgenic fruits. This@ing suggest that plenty ofgenes,
including those playing essential roles for fruit development and ripening might require
demethylation for their expression. Here, we preseitence for the first time that active DNA
demethylation has very global effects on fruit development and ripeviaiglation of this
analysis will now require determining the fruit methylome of the plants impaired in active DNA
demethylation.

In condusion, the observations presented in this work provide a framework for analysis of
the molecular mechanism of DNA demethylation during fruit ripening of tomato. Here, we
provide a comprehensive analysis of the knock down SIDML2 on the trancriptome, im@taob
and DNA methylation in the promoter analysis. The large transcriptional reprogramming that
occured in mutant during fruit ripeing was correlated alterations in DNA methylbterewe
highlight the central role of active DNA demethylation during tanfatit ripening. In addition
to a general role in the regulation of genes directly involved in several metabolic patheays,
also foundhat several transcription factors as well as epigenetic regulat@aisatikelyunder
direct methylation controlHowever, we could not establish a district relationship between
DNA reduction of DNA methylation and induction of gene expression, as not all DEGs
containing a typen DMRs (decreased DNA methylation during fruit ripeningd not
correspond to genes normalhduced in WT and repressed in transgenic plants. Some were

corresponding to an opposite situation and in a few cases more complex methylation pattern



(several DMRs) were also founkhdeed these conclusions are based on methylation analysis
obtained inanother variety. They might however reflect the situation of WVA106 fruits,
although some variations are expectable when the methylome of DML RNAI fruits will be
analyzed. Hence the relationship between DNA demethylation and gene expression might be
more @mplex than expected, and not limited to the starting hypothesis of this work: DNA
demethylation is an absolute requirement for the expression of critical ripening induced genes.
This is indeed clearly in this studyut the analysis presented here alsggsst that DNA
demethylation might also be necessary for the repression of several genes as well.

In addition,from the rencent stydn ArabidopsisROS1 were foungreferentially targets
transposable elements (TEghich are closer to protein codingngs and intergenic regions,
which suggesting that ROS1 may prevent DNA methylation spreading from TEs to nearby
genesWhile in tomato, as our analysis, we found the methylation level of promoter of a number
of genes was altered during fruit ripening, #fere, through methylome analysis, we will also
get the preference of DNA methylation on TE, this analysis will give us idea that demethylation

in fleshy fruit may has other distinct function as it is in Arabidopsis.
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Tomato ; DNA demethylation ; fruit ripeing ; differently methylated regions ; gene

expression
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Summary

Summary

DNA methylation is one of the epigeneticechanisms that lead to stable and heritable
changes in gene expression without alteration on DNA sequence. DNA methylation refers to the
addition of a methyl group to the fifth position of the cytosine ring. In recent years, DNA
methylation is becoming me and more widely studied, because of its importance in mammals
and plants. Methylated cytosines distribution can be determined across the genome at single
nucleotide resolution, the smlled methylome, using whole genome bisuiigguencing (BS
seq approaches. fe methylomes of an increasing number of plant species has vieken
described, revealing that these lagpale patterns of methylation first described Avabidopsis
are shared among flowering plants, although differences exist betweerspéaies. In plants
cytosine methylation which occurs in all sequence context (CG, CHG, CHH, H being A, T or C)
is set up and maintained by three different types of DNA methyltransferase. It can also be
removed by the bifunctional DNA glycosylabases, o called the DEMETERke DNA
demethylases. IMArabidopsis active DNA demethylation plays a critical role in maternal
imprinting and endosperm demethylation, but none of these functions appear to be essential for
the development in this species.

Tomatois the main model to study the development and ripening process of climacteric
fleshy fruit. Recent studies have now shown that the development and ripening of fleshy fruits
relies on the establishment and maintenance of differential transcription padteincomplex
regulatory pathways that involve both genetic and hormonal controls are operating at these
developmental phaseblowever, it appears that a full understanding of fruit development and
ripening will not be achieved based only on genetic modslsuggested by recent stugies
showing an important decrease in global methylation level and demethylation at specific
pormoters during fruit ripening.

In order to analyze the molecular mechanisms responsible for the loss of methylation
observed during tomato fruit ripening, the present project focuses on the functional analysis the
tomato enzymes involved in the active demethylation of genomic DNA. i@\ this goal,
after characterizing the gene family encoding the tomato DNA demethylases, transgenic tomato
plants impaired in the expression SIDML genes have been generated. These plants present
several developmental alterations, including inhibitadrfruit ripening, modifications of flower,
fruit and leaf shape. Using these plants, we have demonstrated that active DNA demethylation is
an absolute requirement for tomato fruit ripening to octvie. show a direct cause and effect
relationship betweeactive DNA demethylation mainly mediated by one tomato DEBIQDML?2,
and fruit ripening. RNASIDMLZ2 knockdown results in ripening inhibition via hypermethylation
and repression of the expression of genes encoding ripening transcription factors and rate
limiting enzymes of key biochemical processes. In an attempt to stud$IERdL protein
activity a recombinant tomato DNA glycosylalsases have been produced. In addition, to
investigate whether hypermethylated epialleles generated in the transgenicgtabesinherited
after the transgene has been |l@st segregation, the stabilitycess generations of the
developmental alterations affecting flower as well as leaf development was studied.

To identify the global effect of active DNA demethylation onitfrtipening, we have
compared the transcriptome and metabolome of RNAi DML plants and WT controls. This
demonstrated that multiple aspects of the fruit ripening processes are affected when DNA



Summary

demethylation was impaired. Furthermore, we combined diffalgntimethylation regions
determined inAilsa Craigwhich allow us identify a number of potential targets for acineA
demethylation. Validation of this analysis will now require determining the fruit methylome of
the plants impaired in active DNA demeldiyon.
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Chapter 1

Introduction

The introduction part of this manuscript is a revidvihe current state of the art concerning
epigenetic in plantAll epigenetic mechanisms are not deddiland the following text mainly
focuseon DNA methylation and demethylation. Histone ginahslational modificationdHPTMs)
are also briefly considered, because ctafiss have been described between DNA methylation
and HPMTs, leading to specific combiiwas of epigenetic marks along the genome, as revealed
by genomewide studiegRoudieret al.,2011). The introduction part is organized into six sections.
Part | ofchapter | presents general notions about epigenetic marks and how they are distributed
alongplantgenome. Part 1l and Ill othapterl focus on DNA methylation and demethylation,
including the description of the various components controlling these epigenetic modifications, as
well as their biological functions; (Il: Mechanism of DNA methylation; Ill: DNA demethylation
in plants);PartlV of chaptet is a brief summaryof the importancef epialleles in plantsPartV
of Chapter | introduces tomato fruit development nd ripening and relatgdiological changes;

Part VI summarizes the current knowledgélwd role of DNA methyladn / demethylation during
fruit development and ripeninghen the work presented here was started.

|. Background: Definition of epigenetics

The definition of the term "epigenetics" has evolved over time. In the early 1940s, epigenetics
ZDV ILUVW GHILQHG E\ &RQDUG :DGGLQJWRQ DV 3WKH EUDQ
interactions between genes and their products which bring the phéhoty@ WR EHLQJ™ :DGGL

,Q RWKHU ZRUGY KHUH HSLIJHQHWLFV GHVLJQV DO
HISUHVVLRQ RI D JHQRW\SH L Q®Mupontet SID2009L B/0OWIY tIKHQR W \.
definition is broad and not precise. It includes many different mechanisms that can modulate
phenotype such as post transcriptional regulation;aooing RNA regulation(Holoch and
Moazed 201k Since thatime, epigenetics has been redefined several times, becoming more and
more specific and precise. By the middle 1990s, it has turned from causal interactions between
genes and their products to chromosomal modifications that had the potential to modify gen
HI[ISUHVVLRQ GXULQJ GHYHORSPHQW %XW WRGD\ HSLJHQHWL
study of mitotically and/or meiotically heritable changes in patterns of gene expression that occur
ZLWKRXW DOWHUDW L RiQasaki @nd Pszkdski X010 HHE definition is still
evolving and was recently suggested to also include stable marks that although not heritable may
lead to stable alteration of the transcriptional programing of specific (fallemova 201} as
indicated by the roadmap consortium of epigenomics
(http://www.roadmapepigenomics.org/overview).

At present, it is widely accepted that posttranslational histone modifications, DNA
methylation and certain nesoding RNAmediated epigenetic regulations (Holoch and Moazed
2015) constitute epigenetic mechanisms whictcateally important in modulating the structure



Chapter 1

of chromatin. Chromatin, which is only found in eukaryotic cells, designs a complex and organized
structure made of proteins, DNA and RNA. The structural unit of chromatin, the nucleosome,
consists of 146 o of DNA wrapped around a protein core made of 4 histones dimers. The
chromatin allows the organization and compaction of the genetic material into the nucleus. Along
each chromosome, chromatin is organized into transcriptionally active less condensaahatiich

and transcriptionally inactive highly condensed heterochromatin. But chromatin structure is highly
dynamic, and may undergo changes during development or in response to environmental signals.
Because epigenetic mechanisms govern these modifisatiochromatin structure, they impact
DNA accessibility for all DNAtemplate processes including gene transcrifi@aria and Rossi

2011, DNA recombination(Choi and Henderson 201Land transpositiorfMirouze and Vitte

2014). In the folbwing text, only the role of epigenetic regulations in gene expression is described,
the other processes using DNA as a template are not discussed.

The epigenetic regulation of the genome activity relies on different mechanisms. Some of
these mechanismsvalve chromatin modifiers, which are responsible for covalent modifications
in chromatin, including DNA methylation, and histone ginahslational modifications (HPTMSs),
the soecalled epigenetic marks. Other epigenetic mechanisms involve chromatin rerapailich
nortcovalently modify chromatin structure by changing the nucleosome position, destabilizing
nucleosomes, or substituting histone variants to the canonical histones. Both chromatin modifiers
and chromatin remodelers usually function in con¢empnodify chromatin structure.

1.1 Epigenetic marks

Two types of epigenetic marks have been described, DNA methylation and histone post
translational modifications corresponding both to covalent modifications, affecting respectively the
DNA molecules, anthe different histone proteins.

1.1.1 DNA methylation

Although DNA covalent modifications have been described since 1948, it was first suggested
that these modifications may modulate gene expression much later in (Heféhkiss
1948Griffith and Mahler 1962 DNA methylation refers to the addition of a methyl group to the
fifth position of thecytosine ring. This covalent modification is found in procary(ethikari and
Curtis 2016 and initially existed in most of the eukaryotic including plants, fungi, protists and
animals(Zemachetal., 2013. But it appears that the ability to methylate DNA was lost in some
organisms. For example, the genomes of the budding $aasharomyces cerevisiaad of the
nematode wornCaenorhabditis elegardo not contain methylated cytosi(@olot and Rossignol
1999. DNA methylation is considered as a very stable mark that is maintained by well described
mechanisms (Law and Jacobsen 2010; Matzke and Mo8hér)znd which can be removed by a
variety of mechanisms depending on the organism consi@erecblo and FisheyChinnusamy
and Zhu 200¥Kohli and Zhang 2013 Recently, another pattern of DNA modification, DNA
hydroxymethylation was only found in mammals and was shown to be an intermediate to DNA
demethylation. In additions-hydroxymethylcytidine (5hmC) is also though to play regulatory
roles in gene expressi (Song and Pfeifer, 2016). More recently, DNA-&tfenine methylation
(6mA) was also proposed to become a new epigenetic mark in eukaryotes although it is detected
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at very low amount. The possible regulatory function of 6mA mark was reviewed by Luo et al
(2015)(Luo et al.,2015.

In mammals, DNA methylation mainly happens in the symmetrical CpG context, which
occupies approximate 7&0% of CG throughout the genorfieaw and Jadosen 201 However,
recent publications have described that DNA methylation in non CG context (mCH) was also
observed in embryonic stem cells, and adult mammalian somatic cells, such as mammalian brain
cells. Genome wide methylomes show that the comtemCH in fetal brain cells is very low, but
abundant in human adult brain tissue. This increase in mCH is correlated withspssifec
functions(Pinney 2014Schultzet al., 2015. This suggests thaip addition tomCG that plays
major roles in mammals developmenthCH appears to have important functions during the
formation of specific tissuesln plants, the cytosine methylation patterns are distinct: cytosine
methylation can occur in all sequence contexts, in CG, CHG symmetrical contexts, and in non
symmetrical CHH context (where H=A, T or C). The distribution of mC between the different
sequace contexts varies between plants. For example, in Arabidopsis methylation occurs
predominantly at the CG context (CG:55%; CHG:23%; CHH:222%anget al, 2006Lister et
al., 2008, whereaszhong et al (2013) found that in tomato, CHH is the major context for mC
(CG:28%; CHG:23%; CHH:49%{honget al.,2013. However in most plants, the methylation
level in CG context is always higher than in CHG and GigHtexts(calculated as the number of
methylated sites over the totraimber ofites in aygenomei.e., mCG/total CG sites). This indicates
that methylation predominantly occurs in CG context compared with other contexts. For example,
Niederhuth et al (2016) found that mCG is always the highest among the three cytosine contexts
by comparing 34lifferentangiosperm species, although there is a large variation in methylation
levelsin each cytosine context in different species (El (Niederhuthet al.,2016.

A B

DNA methvlation level

Fig 1.1 Genomewide methylation levels for different cytosine contexts (CG, CHG, and CHH)

in different plant species.Cytosine methylation levels 84 differentplantspecies. Figuré was
adapted from Niederhuth et al (2015); Cytosin methylation levelgamdme size in different
species. Figurd and FigureB showed CG methylation level is highest in all the species were
measured. Figure ®as adapted from Mirouze et al (2014).
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1.2 Histone posttranslational modifications

Histones are basic proteins tlzae essential for the packaging of DNA into chromatin. The
nucleosome, which is the structural chromatin unit, consists of 146 bp of DNA wrapped around an
octameric histone core made of 4 histones dimers. Among the five major families of histones that
havebeen described H2A, H2B, H3 and H4 are the core histone proteins, while H1 is known as
the linker histone (Fid.2) (Lugeret al.,1997Georgopoulos 2002

Fig 1. 2 Structure of a nucleosome 7KH DVVHPEO\ Rl '1$ LQWR D FRPSDFW
FKURPDWLQ LV HVVHQWLDO IRU SDFENDJLQJ WKH JHQRPH LQW
DGDSWHG IURP *HRUJRSRXORYV

Histone posttranslational modifications (HPTMs) include acetylationthytaion,
phosphorylation, sumoylation as well as ubiquitination and occur at amino acid residues (lysines,
histidine, etc) located mainly in the amino terminal tail of histone that protrudes from the
nucleosome (Fig. 7TKH +LVWRQH 370 flupliedby the fddt Wat differéht amino
acid residues can be modified in each single histone, and that some modifications occur at various
levels. For example, the lysine K4 of histone H3 may be maiig or tri-methylated. Histone
marks are associatewith either activation or repression of gene transcription. For example
histones H3 and H4 acetylation, and histone H3 methylation of li&€irs@e associated with gene
activation(for a review, sggauria and Rossi 20)L HPTM can affect chromatin structure in two
different ways(Bowman and Poirier 20)5First all marks except methylation modify the net
charge of the histones, and might alter the interactions between nucleosomes or between DNA and
histones within a single nucleosomeR U H [ D P Sé&cbhd« HPTMs constitute signals that are
read by other preins, often organized as protein complexes, able to influence chromatin structure,
or to directly regulate gene expression. Indeed the signal recognized by these regulatory proteins
may correspond to individual marks, or to a combination of different HP T information
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provided by the HPTMs constitutes thecadled histone code whose existence was first postulated
by Jenuwein and AlligJenuwein and Allis 2001

Fig13 1 WHUPLQL DQG & WHUPLQL RI WKH FRBHFKLVAWRQHM QR
PRGLILFDWLRQV DW IRXU QXHFHOHBRVYRFPH +FRWHGKEVWRQHUMV HC
QXFOHRVRPH KLVWRQHVOHWWHHW NEDIS YN QMDMEH LU CHILH-Q@ W HKd
J)LIXUH UHIHUHQFHG IURP *UDII HW DO

2. Genomewide distribution of methylcytosines

Whole genome bisulfitsequencing WGBS) approaches enable determination of
methylcytosines distributioacross the genome at singlacleotide resolution, revealing the-so
called methylomeéLaird PW2010.

In mammals, DNA methylatiois spreadver the entirggenomewith the exception of dense
clusters known as CpG islands often found near gene pronieieney 201%).

In plants, a majority of DNA methylation occurs at transposable elerfidgYsind repetitive
sequences that are clustered in heterochromatin in centromeric, and pericentromeric regions, but
that may also be found in euchromdthanet al.,2009. TEsand other repeats are methylated in
all possible ontexts (CG, CHG and CHH), and this methylation has been shown to be essential for
the repression of transposotranscriptionand mobility. The genome wide profiling of the
Arabidopsis methylome has also shown that the methylation pattern of genes lisxcantgpcan
be located in various part of ger(@hanget al.,2006. Hence, in Arabidopsis, 61.5% of the genes
were entirely unmethylatedVhenpresentDNA methylation can occur either in the promoter
region (5.2% of the Arabidopsis genes) and/or gene bodies (33.3% of the genes). Promoter
methylation was associated with genes presenting differential expression pattern, whereas gene
body mehylation, which is mainly restricted to CGs, is prevalent in constitutively expressed genes
with moderate to high transcription level. Hence unlike methylation at transposons, CG
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methylation in gene bodies does not seem to cause silehister €t al.,2008. Furthermore in

metl mutants, which lack virtually all CGs methylation (see below), the expression of body
methylated genes did not appear to be systematically increased when compared to unmethylated
genes(Zhanget al., 2006 Law and Jacobsen 2010ndeed the furton of body methylation in

plants remains to be further investiga(Edr a review, see Bewick et al (2017))

The methylomes of an increasing number of plant species are now being described, revealing
that these largscale patterns of methylation first described Apabidopsisare shared among
flowering plants, but some differences also ef&giringeret al.,2016. For example, whereas in
Arabidopsis intergenic regions are mostly short and devoid of methylation, this is not true for rice
or maize where these regions are doneddy transposons and methylated (E#y) (Springeret
al., 2016. Other differences are related to the repartition of the methylation in the 3 different
sequence coakts. For example, iArabidopisCHG and CHH methylation often occur together
and are mostly located at transposons together with CG methylation, but this is not the case in
species such as rice, maize or tomato. In maize, where the ganden€HH methyléon levels
are quite low, most transposons lack elevated CHH methylation (West 2014). The analysis of the
maize methylome furthermore revealed limited regions often located close to genes, characterized
with high CHH methylation and low level of CG and GHinethylation(Gentet al.,2013. Li et
al (2015) resed the hypothesis that thesecadled CHH islands may act as epigenetic insulators,
preserving the silencing of transposons from activity of nearby &wtet al.,2013Li et al.,

20153. In rice, CHH methylation is mainly located in euchromagigions where it essentially
targets small TE such as miniature inverted transposable elements (MITES), which are located with
KLJK TUHTXHQF\ DW WK H -clidibg@énegfeida@et 4k 208 0. R &hial@sis of

tomato meK\ORPHY DOVR UHYHDOHG VXFK HQULFKPHQW LQ &++ Pt
associateavith MITEs (Zhonget al.,2013, although in tomato there is ala substantial level of

CG and CHG methylation in the same regions (F4). Interestingly two recent studies in maize

have shown the association between the insertion of a MITE in the promoter regioa of
Vegetative to generative transition 1 (Vgta)specific regulatory gene and a characteristic trait,
early flowering timgCastellettiet al.,2014) or drought tolerancéMao et al.,2015. In both case

a correlation has been established between the presetieeMITE in the promoter, an increase

in promoter CHH methylation, and a decrease in gene expression, suggesting that TE insertion can
influence neighboring genes expression via an effect on the chromatin state of their promoter
regions. Another diffemce concerns gene body methylation, whereas rice Aaatdidopsis
correspond only to CG methylation, however, in maizalsio contains CHG methylation
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Fig 1.4 Epigenome organization inArabidopsisand maize.Theorganization of genes (green)
and TEs (pink), the relative abundance of three chromatin modifications, CHG DNA methylation
(red), CHH DNA methylation (black), and H3K9me2 methylation (blue). Figure is adapted from
Springer et al (2016).

Figl.5%$VVRFLDWLRQ RI '1$ F\WWRVLQH PHWK\ODWLRQ 7( GHQVLW
LQ W RGdn®¥ Rere classified into 5 groups based on their expression level in tomato fruit at
breaker (group 5: highest, group 1: lowest). (A) Distiitru of miniature inverted transposable

elements (MITES) in the regions 2 kb upstream and downstream of TSS and PAS (bin size = 100
bp). (B) Distribution of 24nt small RNAs. (C) Distribution of CG methylation. (D) Distribution of

CWG methylation. (E) Distibution of CCG methylation. (F) Distribution of CHH methylation.

TSS: transcription start site; PAS: polyadenylation site. Figure is adapted from Zhong et al (2013)
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II. Mechanism of DNA methylation

DNA methylation is catalyzed by enzymes called DNA methyltransferases (DMTSs). Different
DMTs have been characterized in both mammals and plants, which are involved, either in
maintenance of DNA methylation during cell divisions, or in the establishmenéwfDNA
methylation patterns (the so calléd novamethylation)

2.1 Enzymes involved in DNA methylation in mammals.

Maintenance of DNA methylation in mammals

In mammals four DNA methyltransferases (DNMTs) have been characterized that are highly
conservedDNMT1 maintains DNA methylation at hermethylated DNA after DNA replication
during cell division. It is the most abundant DNMTs in adult cells. DNMT3A and NNMT3B are
involved in establishingle novo'1$ PHWK\ODWLRQ DV W kidath@de@NY UHT XL L
to bind. DNMT3like (DNMT3L) is another member of the DNMT3 family, but it has no
enzymatic activity by itself. This enzyme binds to DNMT3A or DNMT3B and enhances their
catalytic activity(Pinney 2014 In mammals, DNMT1 is the principal enzyme that can mediate
the maintenance of CG methylation. This enzyme is required for embryonic development and
survival of somatic cellsiPLFH ,W KDV EHHQ ZHOO VXPPDUL]J]HG WKDW '
but work with some accessory proteins. For example, ubiquitin like PHD and RING finger 1
(UHRF1) wererecently shown to be key regulatdor maintenance of DNA methylatioffhe
uhrfl mutantis indeed characterized by a severe decrease in DNA methylation. The current model
for UHFR1 action is as follows: UHRF1 recognizes hemathylated DNA via its SET and RING
associated (SRA) domains and H3K9me3 via its TUDOR and PHD domains; UHFR1 uhigsity
H3K23/H3K18 to facilitate the environment for DNMT1 binding. Then DNMT1 binds
ubiquitylated H3K23 inducing a conformational change in DNMT1 which promotes its activation
(Nishiyamaet al., 2016. In addition, UHRF1 interacts with DNMT3A and DNMT3B, which
suggests a role for UHRF1dle novamethylation. Maintenance of DNA methylation also requires
the chromatin remodeling factor Lymphoid Specific Hetiel, but the precise role of LSH1 in
DNA methylation remains unknow(iNishiyamaet al.,2016.

2.2 Enzymes involved in DNA methylation in plants.

In plans, four DNA methyltransferase classes have been characterized. DNA
methyltransferase 1 (MET1) which is the homologue of DNMT1 maintains methylation at CG sites.
CHROMOMETHYLASE3 (CMT3) is a plant specific enzyme that maintains CHG methylation
and requiresistone H3 methylation at the lysine K9 to be recruited at its targe('¥deget al.,

2016. De novoDNA methylation in the different sequence contexts is mediated by two enzymes,
one is the homologue of the DNMT3 methyltransferases, DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DRM2) and another one is CMWMatzke, M. A. and R. A. Mosher,
2014).
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2.2.1 Maintenance of DNA methylation in plants

It has been well documented that, in plants, MET1 is responsible for CG methylation
maintenancéKankel, M. W, et al.2003. The mechanism of maintenance of CG methylation is
KLIJIKO\ FRQVHUYHG EHWZHHQ SODQWYV DRuGregubdds Rdi@ional 0 (7
proteins recruitment of MET1 at target sites requires two different SRA proteins, VARIANT IN
METHYLATION (VIM) and Decrease in DNA Methylation 1 (DDM1). However, in plants
whether these proteins behave in a similar way as in mammals, needsValittetron Kankel,

M. W., et al.2003.

CHG methylation is maintained by the plant specific enzyme, CMT3 (chromolasthy)
and requires the H3K9 methyltransferases KRYPTONITE (KYP/SUVH4), SUVH5 and SUVH6
(Lindroth et al.,2001). Genomewide profiling of H3K9Me2 and DNA methylation showed that
these marks are highly correlat®festet al.,2014. CMT3 mutant displayed a dramatic loss of
DNA methylation as also observed irsavh4mutant, SUPPRESSOR OF VARIEGATIONS3
HOMOLOGUE 4 a histone methyltransferase that is largely responsible for H3K9 diatiethyl
(Cedar and Bergman 200 et al., 2014. Furthermore, two other H3K9 histone
methyltransferases, SUVH5 and SUVH6 also contribute to global levels of CHG methylation
(Ebbs and Bender 20Pp@&Hence, in Arabidopsis CMT3 is recruited to specific sites by binding
dimethyl K9 histone H3 (H3KOMed4Pu et al.,2015. Reciprocally, KYP binds CHG methylated
motives through its SRA doma{dohnsoret al.,2007) thereby establishing a setinforcement
loop between CHG methylation and H3K9 dimethylation.

2.2.2De novoDNA methylation in plants

In plants,de novamethylation is mediated by RNA directed DNA methylation, a process also
called RADM (Law and Jacobsen 20j10which is also responsible of maintenance of CHH
methylation. RADM is mainly dependent on the methyltraastes, DOMAINS REARRANGED
METHYLTRANSFERASE1 (DRM1) and DRM2, and it is always associated with 24nt siRNA,
which direct DNA methylation at their homologous regions (For a revielyis¢zke and Mosher
2014). Alternatively de novo methylation may rely on the chromatin remodeler DDM1
(DECREASE IN DNA METHYLATION 1), together with the CHROMOMETHWSE 2
(Zemachet al.,2013Stroudet al, 2014).

A number of components of the RADM pathway have been recently identified in Arabidopsis
leading to the proposal of a model for this complex epigenetic mechanisih@HiGallusciet al.,
2016. RdDM depends on specialized transcriptional machinery and involves at least two steps:
24-nt SRNA biogenesis and siRNguidedde novomethylation (for a review, sg@latzke and
Mosher 2014Zhou and Law 2015

FLC
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Figl.6 OHFKDQLVP RI 5G'051® WODQWRULSWY DUH JHQHUDWHG IU
WUDQVSRVRQVED®@® RBWKHRO\PHUDVH NQRZQ3@V(1FRO, 9 &
51$32/<0(5$6( 5'5 WKHQ FRQYHUWYV WKH 51$ WRKBRNEDWHH VV
SURFHVVH®RQXOMWRWLGH VPDOO 51$V/,ML51&Y EXKH&Fs DUH
PHWK\ODWHG DW WKHLU HQGV E\ +8%$(1+$1&(5 +(1 DQG WKHI
WKH JHQRPLF '1$ WKDW ZLOO EH WKH WDUJHWIBBMWKH 5G"
$*2  $*2 LV UHFUXLWHG WKURXJK LQWHUDRWLRRY,ZLWK 3R
75$16&5,37,21 )$&725 .7) ',56&B(''1$ 0(7+</$7,21 5'0
OLQNV $*2 DQG '20$,16 5($55%$1*(' 0(7+</75$16)(5$6( '50
FDWDGM HMWRNWK\ODWSRYLRIUH LV DGDSWHG IURP *DOOXVFL H\

The classic RADM pathway is initiated by recruitment of Polymerase IV (Pol 1V), a plant
specific DNA dependent RNA polymerase to the appropriate regions of the genome, including TEs
and intergenic region® transcribe a single strand RNA. The recruitment of Pol IV to target
sequences is not fully understood. For a large subset of the RdDM targets, Pol IV recruitment
necessitates a homeodomain protein, SAWADEE HOMEODOMAIN HOMOLOG 1 (SHH1)
which recognizest@omatin enriched with unmethylated H3K4 and H3K9me2 and interacts with
Pol IV (Law et al.,2013Zhanget al.,2013h. The long single strand RNAs produced by Pol IV
are rapidly converted into double strand RNAs (dsRNAs) by RNA DEPENDENT RNA
POLYMERASE 2 (RDR2). The generation of dsRNAs also involves the putative chromatin
remodeling prtein CLASSY 1 (CLSY1), but the role of this factor remains unknown. The dsRNAs
are then processed into-884siRNAs by Diceilike 3 ribonuclease Il enzyme (DCL3). The double
stranded 24t siRNAs are transferred to the cytoplasm and loaded into the Argo(aGO)
protein AGO4 to form a silencing complex. The silencing complex is transferred back to the

nucleus with the help of AGO4, and siRNAs are targeted back to DNA repeats through sequence
homology.

10
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The siRNAguidedde novamethylation requires themather plansspecific DNA-dependent
RNA polymerase, Pol V, and some associated factors. Pol V generates long intergenic non coding
RNAs from target loci. The AGdbaded siRNAs pair with this Pol V scaffold RNAs, and recruit
the de novoDNA methyltransferas DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2) which catalyzesle novoDNA methylation at the target locus. Pol V transcription and
association with chromatin are facilitated by the DDR complex. This complex comprises the
putative chromatin remodeler DEEEIVE IN RNA-DIRECTED DNA METHYLATION 1
(DRD1), DEFECTIVE IN MERISTEM SILENCING 3 (DMS3), and RNBIRECTED DNA
METHYLATION 1 (RDM1), which has been shown to interact with both AGO4 and DRM2, and
to bind to methylated singlstranded DNA. Some other RADMraponents may also be needed
to complete this process, including some historwalifying enzymes that remove active marks.

Recently, alternative RdADM pathways have been suggested. For example Yang et al (2016)
IRXQG WKDW WKH PDMR UL WdJuife DL kitdtein® and AARISIRNA Fo(x fathet)
25-50 nt RNAs Pol IVdependent small RNAs (P4 RNAs,) that may act as trigger RNASs to initiate
DNA methylation following the RdDM pathwgfanget al.,2019.

RdDM has been shown to be inhibited by heterochromatin, which is enriched in larger
transposons. Furthermore lack of DRM2 causes a relatively modest decrease in CHH methylation,
demonstrating that the majority of CHH methylation does not depend on RdBéédmost CHH
methylation at heterochromatic sequences is mediated by another pathway, requiring the
chromomethylase CMT2 and DDM1 and depending on linker histon@éttiachet al.,2013.

In Arabidopsis bdt the DDM1/CMT2 and the RADM/DRD1 pathways mediate nearly all
transposon CHH methylation. Hence both pathways act together to inhibit transposon mobility.
But this scheme may not be valid in all plant species. For example in rid@stinsn2mutation
was $iown to lead to a near complete loss of CHH methylgfl@amet al.,2016. Hence, in rice,
almost all CHH methylation seems to be established by OsDRM2. Furthermore OsDDM1 is
required for the facilitation of OsDRM&ediated CHH rathylation. These results suggest tiat
novoDNA methylation though mediated by similar pathways, can vary between plant §pecies
et al.,2016.

2.3 Functions of DNA methylation in plants

In eukaryotes, cytosine DNA methyila is a conserved and stable epigenetic mark that plays
essential roles in the silencing of transposable elements (TEs) andlgamesd Jacobsen 20110
A number of articles have reviewed that cytosine methylasoeritical for diverse biological
process, including the establishment and maintenance of tissue specific gene expression patterns,
genomic imprinting and X chromosome inactivat{aird PW, 2003,Duymichet al.,2016).

2.3.1 Cytosine DNA nethylation plays different roles during plant development

The genomewide distribution of methylcytosines is subjected to dynamic changes during
development

The distribution of methylcytosines has been analyzed at a genatadevel in different
plants andievelopmental contexts, including endosperm develop(hisithet al.,2009 Zemach

11



Chapter 1

et al.,2010Q Lu et al.,2019, male gametophyte developmé8stotkinet al.,2009 Borg and Berger
2015, fruit ripening (Zhonget al, 2013), and flower developmeftanget al.,2015 .

These studies show that DNA methylation patterns are modified during plant development.
More precisely, the variations in DNA methylation affect specific regramsh are referred to as
differentially methylated regions (DVHR

Correlations could be established between some ®Mifl changes irgene expression,
However,not all geneassociatedMRs wereassociated withio variations ingene expression.
This isillustrated for example by the study of Yang et al (2015), who compared different samples
along flower development (meristems, flowers at early and late development stages). Their results
show that methylation variations during flower development are latetk with expression
changes ofmore tharB000 genes, many of which are important for flower development (Yang et
al., 2015). But many more gemnelated DMR were identified, which were not associated with
differentially expressed genes. For example, ftbencomparison of meristems with early flowers,
Yang et al (2015) identified 2503 genes associated with changes in promoter methylation. But only
141 among these 2503 genes were differentially expressetl. Tliglearly revealing that changes
in DNA metylation at gene promoters are not systematically associated with changes in gene
expression (Yangt al, 2015). This analysis also revealed that DMRs were more abundant in gene
body than in promoter, antiseemghat part of the DMR localized in getwedy was associated
with differential expressionindicating that the role of gene body methylation in transcription
regulationmaybemore important than initially thought.

These results suggest that specific changes in DNA methylation could be impartiduet
regulation of gene expression in relation to developmental phase change. This hypothesis is further
demonstrated by the analysis of mutants impaired in DNA methylation function. As illustrated in
the following part, through a few examples.

Fig1l.7 *HQHV ZLWK '1$ PHWK\ODWLRQ YDULDWLRQV GXULQJ $L
&RPSDULVRQ RI JHQHV GLIIHUHQWLDOO\ PHWK\ODWHG DW RQ!
H[SUHVVHG EHWZHHQ PHUUVWHRQEHQBRIBDI ®QGORZHRPRWHU
WUDQVFULEHG UHJLRQ DQG WKH NE XSVWUHDP UHJLRQ RI J
JHQHV WKDW DUH GLIITHUHQWLDOO\ H[SUHVVHG )LJXUH LV WL

12
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Some mutants impaired in DNAmethylation show defects in their development

a- mutants affected in CG methylation

In Arabidopsis, mutations affecting maintenance of CG methylgtioet:1, mett2, and
met13) arerecessivgdKankelet al.,2003Sazeet al.,2003. As expected, the planisipaired in
MET 1function (mutants or antisens plants) are characterized by a decrease ithgfatror. The
more affected plants show pleiotropic developmental defects including reduced apical dominance,
smaller plant size, altered leaf size and shape, decreased fertility and altered flowering time
(Finneganet al., 1996Jacobseret al., 2000. The lateflowering phenotypas present inrmetl
heterozygous Arabidopsisagits, and is even more severe metlhomozygote background. This
phenotype is caused by the hypomethylation of RN€A gene, which controls Arabidopsis
flowering time and contains direptpeats in its promotéKankelet al.,2003Sazeet al.,2003 .

The knock out of the gene responsible for CG maintenance has a much more severe impact
on plant development in rice. Mutation affecting the major CG methyltransferas®OgdheT 12,
leads to severe defects in seed development and vegetative dgadithgto seedlings swift
necrotic death(Hu et al.,2014. This suggestthatalthoughDNA methylationin a CG context is
conserved in plants its role during plant development mayaraong different plant species.

b- mutants affected in non CG methylation

In Arabidopsisdrm1 drm2double mutants show no morphological def¢Ci@o and Jacobsen
2002Kankel et al., 2003, althoughDRM2 was $iown to have an essential function in the
establishment of DNA methylation at genes suchH-#$A and SUPERMAN(SUP (Cao and
Jacobsen 2002¢mt3mutants also display a wHtype morphology, even though it was found that
CMT3 plays an important role in hypaethylation of the promoter UP gene in the CHG
context, inmetlmutants(Lindroth et al.,2007).

On the other handirm1drm2cmt3ddc) triple mutantplants show pleiotropic effects on plant
development. Interestinglgome of the developmental alterations observeddatimutants were
not seen irddcmutants, as for examplthe late flowering phenotypsuggesting that CG and non
CG methylation may control different aspects of plant develop(@ad and Jacobsen 2002).

The analysis of rice and maize mutants showed that alteration of DNA methylation in crop
species may have stronger deleterious effects tharalsidopsis For example, in rice, knockdown
of OsDRM2(Moritoh et al.,2012, OsDCL3a(Wei et al.,2014), or OsCMT3(Chenget al.,2015
causes pleiotropic delopmental defects, unlike mutation of their respective homologous gene in
Arabidopsis.This suggests DNA methylation in crop plants with complex genome components
may play more important role than in Arabidopsis.

2.3.2 DNA methylation under environmentalstress

Environmental stress such as salt, drought and other biotic and abiotic factors represent serious
challenges for plant breeding as they may impact plant growth, as well as yield and product quality.
Recent studies have highlighted the importanc®NA methylation in the regulation of gene
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expression under biotic and abiotic responses, and also have suggested that DNA methylation may
play a role in stress memory.

a- Role of DNA methylation in abiotic stress response

Several studies have described changes in DNA methylation patterns in responses to abiotic
stresses.For example, using a methylatisensitive amplification polymorphism (MSAP)
approachGayacharanrad Joel (201Bfound that under drought stress, drougiéceptible and
droughttolerant rice genotypes were characterized by different evolutions in DNA methylation
level, which was evaluated as a methylation percentage. Furthermore, they showedyibat the
and panicle weight were negatively correlated with methylation percentage in rice under drought
stress, these changes in DNA methylation correspond to the activation ofrelaess
geneg¢Gayacharan and Joel 2013

You have other i@ent articles showing chges in the methylome in response to stress. Other
articles show that rice plants thapresent different tolerance to stress have differerihyt@me
consistent with a rolef DNA methylation in the adaptation to stress.

b- Role of DNA methylation in stress memory (abiotic stress)

Plants that have experienced a stress become more tolerant to future stressful conditions,
through the acquisition of stress memory. In some cases, this memory is transmitted to the next
generations. Téamolecular mechanisms underlying the memory of stress and its transgenerational
inheritance are not well understood but some reports suggest that epigenetic mechanisms may be
involved (for reviews, seélwasaki and Paszkowski 20Bllichak and Kovalchuk 2016

Most of the tudies arguing for a role of DNA methylation in stress memory are based on the
demonstration of a correlation between changes in DNA methylation and stress tolerance.

In some reports, this correlation was based on the comparison of different generfations o
plants submitted or not to stress. As an illustration two studies using rice could be mentioned:
nitrogen deficiency and heavy metal stress were shown to induce modifications in DNA
methylation patterns, which were partly inherited in the following geitars. The inheritance of
the modifications was correlated with an enhanced stress toldkmeet al.,2011) (Ouet al.,

2012.

As an alternative, the correlation betwedranges in DNA methylation and stress tolerance
was demonstrated through the comparisiagifferent genotypes characterized by contrasted levels
of stress tolerance. For example, usangntegrated approach combining-B&Q and RNASEQ,
Garg et al (2015) compared the methylomes of different rice cultivars with contrasted sensitivity
to drought and salinity stress. They identified a high number of differentially methylated regions
(DMR) among the different cultivars and found that the distribution of many of these DMR was
associated with differential expression of genes important for abiotic stress response. Moreover,
smRNA abundance was positively correlated with hypermethylated re(@@nget al., 2015.
This analysis suggests that long term adaptation of plant to abiotic stress involves modifications in
DNA methylation patterns responsible for the regulation of the expression of a specific set-of stress
responsie genes.

Using a completely different experimental approach, Shen et al (2014) also obtained results
suggesting a role for DNA methylation in long term adaptation. Using a large collection of
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Arabidopsighalianaaccessions adapted to a wide range ofagtiic conditions, they performed a
genomewide association analysis, in order to identify loci where the alleles tolerate different
climate rangesTheir study revealed that the temperature seasonality is correlated with a specific
allele of theCMT2 gene.The reference WITCMT2allele is mainly found in species growing in
areas with less seasonal variability in temperatures, whereas the alte@MiiZallele exists in

both stable and variable regions. Shen et al also demonstratefirab@dopsiscmt2 mutants
display an increased tolerance to hs&ta¢ss. Altogether their results suggest that genetic
modifications responsible for changes in DNA methylation mechaniSM3 Zrelated functions)

may participate in natural adaptation to variable temperafBtesnet al.,2014).

c- Role of DNA methylation in biotic stress response

The modulation of DNA methylation not only appears to be important for abiotic stress
response, but also for biotic stress response. For example, Akimoto et al (2007) found that
experimentally hypomethylated rice was less susceptible to the infectiontheitipathogen
Xantomonas oryzapv. oryzae This enhanced tolerance was correlated with an increase in the
expression oKa21Gcoding for the Xa24ike protein, known to confer resistancextaryzaepv.
oryzae The difference in gene expression was assediwith a difference iXa21Gpromoter
methylation: wherea¥a21Gpromoter was heavily methylated in the control plants, it was almost
devoid of methylcytosine in the hypomethylated plants. Acquisition of disease resistance, and
promoter hypomethylatiowere stably inherited, indicating that reprogramming DNA methylation
at some loci is an important mechanism for plant deféhlsienoto et al.,2007).

This hypothesis was confirmed by Dowen et al (2012Aiabidopsis Mutants globally
defective in maintenance of CG methylatiome{t3) or nonrCG methylation (ddc = drm2 drm2
2 cmt311) were exposed to a bacterial pathogengyringag. All mutants showed global DNA
demethylation and an increased resistande. teyringae Methylomes were obtained from rron
infected and infected plants, revealing many different DMRs, corresponding biottréase or
decrease in DNA methylation mainly in CG and CHH contexts. Many infeotiated DMRs
were associated with differentially expressed genes (DEGSs), which were characterized by a strong
enrichment for genes involved in plant defense. Moreoviee, DEGs associated with
hypomethylated DMR tended to be constitutively expressed irmett3 and ddc mutants,
consistent with the increased tolerance of these mutamis $gringagDowenet al.,2012).

[1l. DNA demethylation in plants

Cytosine methylation of genomic DNA is reversible through DNA demethylation. In plants,
DNA demethylation can be achieved passively, when maintenance of methylation after DNA
replication is not operating, or actively, by lieption-independent processes.

3.1 Passive DNA demethylation in plants

Passive demethylation occurs for newly synthesized DNA during replication if the new DNA
is not targeted by DNA methyltransferggaius et al.,2006.
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Is there any situation where this has been described before in animals and plants. If yes you
should add a couple of sentencexplain that

3.2 Active DNA demethylation in plants

3.2.1 Enzymes involved in DNA demethylation in plants

The first DNA demethylases to be characterized, AtROS1 and DEMETER, were identified in
2002 in Arabidopsi¢Choiet al.,2002Gonget al.,2002. AtROS1 was isolated during a screening
for Repressor of Silencing (ROSuis1 mutants were shown to cause the silencing of a transgene
andof a homologous endogenous gene that were originally active silénging was correlated
with DNA hypermethylation at the affected Ig@onget al.,2002. Demetemutants were isolated
in the frame of a screen for genes controlling seed viability by their maternal(@liedeet al.,
2002. DEMETERwas shown to be expressed exclusively in the central cell of the female
gametophyte and in seeds, and to be required for the activaMEREAexpression in the central
cell and in the endosperm. Since 2002, w@dulitional DNA demethylases were described in
Arabidopsis, DEMETERLIKE 2 (AtDML2), DEMETER-LIKE 3 (AtDML3) (Pentermaret al.,
2007hOrtegaGalistecet al.,2008, whereas very few functional studies were performed in other
plant specie¢La et al.,2011).

3.2.2 Machinery of active DNA demethylation in plants

Strong evidence gyports that DNA glycosylasdgases, also called DEMETERe DNA
demethylases, can catalyze the removal of methylated cytosine efficiently through a Base Excision
Repair pathway (BER proced$§jonget al.,2002Gehringet al.,2005. DNA demethylases are
bifunctional enzymes, which possess both DNA glycosylase and apurinic/apyrimidinic (AP) lyase
activities. Four steps were shown to be involved in the BER pro@e&dNA demethylase with
DNA glycosylase activity cleaves the phosphodiester backbone atrtteC5site, generating an
abasic site(ll) DNA demethylase with AP lyase activity subsequently nicks the DNA to generate
D SULPDU\ OF H[FLMZVRURQasS URGHKEFRHGHOWH. EDWLRQ RU JR G
HOLPLQDWLR Q-p&phatdQHUPHV 83 HOQGRQXFOHDVH FRQYHUWV W
OH to generate a single nucleotide g&y) The gap is repaired by a DNA polymerase and a DNA
ligase by addin@gn unmethylated cytosing/) Finally, this biochemical process results in a net
loss of cytosine methylation (Fiy8) (Pentermaret al.,2007hLaw and Jacobsen 201Wu and
Zhang 201D.
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Figl1.8 $FWLYH '1$ GHPHWK\ODWLRQ WKURXJK GLUHFW EDVH H]
‘X DQG =KDQX»DVH H[FLVLRQ UHSDLU %(5 WKHNRK\IXFOLRWEQ
PH& ,QLWLDWLRQ Rl WKH %(5 SDWKzZD\ FDQ EH FDUULHG R
PH& WR JHQHUDWH DQ DEDVLF DSXULQLF DQG DS\ULPLGLQL
E\ DQ $3 O\DVH RU E\ WKHLYOEERVMQOWYRQMO/HOKHI £t WXJIDU JL
E\ DQ $3 HQGRQXFOHDVH DQG WKH UHVXOWLQJ VLQJOH QXFO|
E\DQ XQNQRZQ SRO\PHUDVH DQG OLJDVH ,W KDV EWHQ ZHOO
DONRRZQ DV UHSUHVVRU RI VLOHQFLQJ 526 IDPLO\ RI }

JO\FRV\ODVH UHDFWLRQ )LJXUH LV DGDSWHG IURP :X DQG =K

The different components that participate in active DNA demethylation have been well
defined At step(lll), Arabidopsis AP endonucleases family members APE1L and ARP are capable
Rl SURFHVVLQJ WKHa T®B $r dither usE@QA\RRJdD &\LHNA 3' phosphatase ZDP to
FRQY-HHOW P/L Q DW L R @5 UdR & X.R20LANMRIA fgase LIG1 was also identified as
the major DNA ligase that complete the BER pathway in active DNA demethyléBdualoba-
Careroet al.,2011).

All four DNA demethylases from Arabidopsis can target both symmetrical cytosine CG, CHG
and asymmetrical cytosine CHH. It is worth pointing out that DME and ROS1 can also remove
thymine, but not uracil, and seems to show a prefertar CG contex{MoralesRuizet al.,2006.

How DNA demethylases are guided to their target lo@pigarnot known. However recent
studies suggested that specific combinations of epigemearks may contribute to the recruitment
of DNA demethylases to their targetéLi et al., 20150. This hypothesis is based on the
characterization of a protein complex involved in the repressor of silencing function through the
active demethylatin pathway, which recognizes and binds to specific epigenetic marks, and is
responsible for the acetylation of histone H3. This complex has been shown to contain 4 proteins:
MBD7, IDM1, IDM2 and IDL1. MBD7 is a methyCpG-Binding protein which is enrichest
highly methylated, C&lense sites throughout the genome. It was shown to prevent aberrant
spreading of DNA methylationWanget al.,2015. IDM1 is a histone acetyltransferaseigi
binds methylated DNA at chromatin sites lacking histone H3K4me2/H3K4me3 and acetylates H3
(Qianet al.,,2012. IDM2 and IDM2OLNH SURWHLQ ,'/ -Drystdllin AdtnaihH O D W H
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proteins; IDM2 was shown to be required for the full activityl@M1 in vivo. ROS5 is a small

heat shock proteifzhaoet al.,2014), which interacts with MBD{Wanget al.,2015 and with
IDM1. According to Li et al (2015), the histone acetyltr@nage complex creates a feasible
chromatin environment to recruit DNA demethylases, which then starts the active DNA
demethylation process (Figo9).

In addition to these essential protein factors, a component of the cytosolgulfoncluster
assembly(CIA) pathway, MET18, an ansilencing factor was shown to interact with ROS1. This
suggests that the CIA pathway may play a role in active demethylation, but how MET18 is linked
to ROSL1 is still unclearfDuanet al.,2015. Another study also identified that, ROS3, a RNA
binding protein, may function in@athwaysimilarto ROS1, but the link between ROS3 and DNA
demethylation needs to be further verif{gthenget al.,2008.

Fig1.9 :RUNLQJ PRGHO IRUOWKH 0%®' FRPSOH[ IXQFWLRQLQJ L¢
PHGLDWHG DFWLYH '1$ GHPHWK\ODWLRQWWIRBPY DRR®SQAE
ZLWK ,'0 ,'0 DQG ,UHFRODBEL]HV PHWK\ODWHGE S L\gGUR X JK
GRPDLQV 7KHQ ,'0 LV UHFUXQW® HIZF MWR\ OSW A VI LKL \ORRQH + L
IDFLOLWDWLQJ DFWLYH '1$ GHPHWEFBBWUR® E\ B DQLIXUH L
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3.3 Function of active DNA demethylation in plants

3.3.1 Active DNA demethylationis involved in parentalimprinting during endosperm

development

The first DNA demethylase identified, DEMETER is expressed in a very restrictatema
the female gametophyte central cell, and plays a role in gene imprinting.

Parentaimprinting occurs in the endosperm in plants, and is essential for embryo and seed
developmentParentaimprinting at specific locimeans that only one allele ispgrssed, which is
either of maternal or of paternal origin. Bauer and Fischer (2011) have reviewed imprinted genes
in Arabidopsis Recent work indicate that betweétb and 200 genes are imprinted in the
endosperm depending on the species analyzed anchsegudepthand potential co,ntaminations
with seed coat or embryo tissueBor a review, see Ghering et Satyaki 200/8Il characterized
imprinted genes iMrabidopsisincludeFWA MEA, FIS2 andPHERES1which are specifically
expressed from thmaternal genome in the endosperm while the alleles from the paternal genome
are silenced. Imprinted genes are regulated on an epigenetic level, involving DNA methylation,
DNA demethylation and/or histone modificatiparticularly the trimethylation of lyse 27 of
histone H3 which is mediated by the PRC2 comgEauer and Fischer 2011t was suggested
that passive DNA demethylation could also have a function iniggmanting (Bauer and Fischer
201J). In most cases the epigenetic mechanisms responsible for gene imprinting are implemented
during the formation of the gametophytekeading to different epigenetic status of the parental
alleles in each gamete. The epigenetic status of each allele persists beyond fertilization, resulting
in differential expression of the parental alleles in the endosperm.

In Arabidopsis, DEMETER (DMEhas been shown to play an important role for imprinting
of specific genes as for examp#EDEA (MEA). MEAIs a maternally expressed gene that controls
seed development, and is specifically expressed in the female gametophyte central cells and in
seeds(Xiao et al., 2003)The current model suggests tMMEA is constitutively repressed in
vegetative tissue through MEJdependent methylation. Durinpe formation of the female
ganetophyte DEMETER removes the methylation marks at the maternal all¢fecentral cell
which results in its expressiq@hoi et al.,2002 Xiao et al.,2003. During male gametogenesis
the repression of the paternal allele is maintained owing to the lack of DME, @redRolycomb
complex PRC2activity which is responsible for the addition of repressive H3K27me3 marks at
MEA promoter(Gehringet al.,2005. Additional DNA methylationindependent mechanisms may
also be involved as suggested by the identification of a sequerd&Anpromoter which is
necessary and sufficient to medid#EA imprinting in a DME and METI-independent way
(Wdhrmann et al.,2012. Another imprinted genésWA, which is only expressed in the female
gametophyte and in the engesm, plays key functions in the control of flowering time. The
imprinting of this maternally expressed genalsoregulated by DMESoppeet al.,200QChoi et
al., 2002Gehringet al.,2005Wdrmannet al.,2012.

Comparison of endosperm and embryo methylomeArabidogsis, rice and maize have
revealed that imprinting may affect more than 100 genes in each of these species (for a review,
(Zhanget al.,20133.
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Genomewide analyses have also shown that DNA hypometioylah the endosperm was
not restricted to loci near imprinted genes, but rather occurred in TE and repeat sequences
throughout the genome of Arabidopéizehringet al.,2009Hsiehet al.,2009, rice (Zemachet
al., 2010, maize(Lu et al.,2015 and Castor Bea(Xu etal., 2016. In Arabidopsis DNA global
hypomethylation was also shown to occur in the gametophyte central cell and to be DEMETER
dependent(lbarraet al.,2012. Altogether these results suggest that gene imprinting may arise in
central cell when demethylation events targeting repedtaumsposon also affect the expression
of neighboring genes.

Two functions were suggested for the decrease in DNA methylation in the central cell and in
the endosperm: (1) it may play a role in endosperm biogenesis. Indeed Zemach et al (2010) have
shown th& genes coding for major storage proteins and starch synthesizing enzymes are
hypomethylated in rice endospef@emachet al.,2010. (2) The decrease in DNA methylation
may favor siRNA biogenesis, which would diffuse to neighborinig cegg cell in the gametophyte,
and embryo cells in the seed. There siRNAs would enhance TE and repeat silencing through RdDM,
providing an efficient protection against the deleterious effects of TE mobilization (ré¥ieavig
et al.,201339).

3.3.2 Other functions of active DNA demethylation in plant

AtROS1, AtDML2 and AtDML3 function as genome wide DNA demethylases that remove
P& PDUNV DW VLWHYV ORFDWHG DW W Ktéct ferne€fem floteh@aBy R1 JHQ
deleterious methylation. Indeed nearby TE or repeat sequences are common features of DML gene
targets(Pentermaret al.,20073. Butrosl, dml2, dmi3single, double or triple mants showed
little or no developmental alterations, suggesting that the functions of DNA demethylases are not
essential for development in this species(Yu et al.,2013.

Only recently, Yamamuro found thaetsl mutant andros1l dml2 dmli3rdd) triple mutant
show overproduction of stomatal lineage cells leading to a sielkitluster phenotype (Fif).10)
(Yamamuroet al.,2014. Yamamuro et al (2014) suggested that ROS1 negatively regulates the
bHLH protein SPCH to prevent establishing the stomatal lineage cells through a coBtPsi2of
expressionEPF2 is known to negatively regulate SPCH function andl phenotype is very
similar toEPF2lossof-function phenotyp€Yamamuroet al.,2014). IndeedEPF2was shownd
be repressed iroslandrdd mutants due to an increase in the methylation status of its promoter.
The reduction ilePF2expression was shown to be responsible for the steldtluster phenotype
in roslandrdd mutants. Yamamuro et al (2014) proposedael wherdeEPF2expression in the
WT is regulated through the antagonist actions of RADM and active demethylation, because of the
SUHVHQFH RI D 7( LQ WKH XSVWUHDP UHJLRQ RI LWV SURP
transcriptional start site. The Ti&targeted by RdDM and thus methylated, this methylation tends
to spread from the TE into EPF2 promoter but ROS1 en&PEL expression by erasing the
spreading DNA methylation. It is unknown how the balance between DNA methylation and
demethylation adtities is achieved.

InterestinglyROS1is also located in the vicinity of a TE, and was shown to be regulated
through the double action of DNA methylation and demethylation. But each activity has the
opposite outcome oROSlexpression, compared to typidargets of these processésOS1
expression is promoted by DNA methylation and inhibited by DNA demethyl@fibiiams et
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al., 2019. Williams et al (2015) propose that owing to this specific regulation, ROS1 may play a
role in DNA methylation homeostasis at the genoevite scalescale.

A B

Fig1.10 3KHQRW\SLF DQDO\VLV RI HSLGQHMHIPOOGHERW GIW Q LIQ GL
SURPRWHU '1$ PHWK\ODWLRQ RB (3P DQFUDVERRFVILRDIH RI F
DGD[LDO HSLGHUP®IRFE RO ILRP MJR F DQG UGGFHOO6PDO
FOXVWHUV DUH LQGLFDWHG E\ EUDFNHWV % 6QDSVKRW LQ \
PHWK\ODWLRQ OHYHOV RI WKH (3) SURPRWHUGG®®IGI XSN VNVHTLC
DGDSWHG IURP <DPDPXUR HW DO

Another study suggests thatROS1may be involved in stress response. Bharti et al (2015)
produced transgenic tobacco plants esgpressingAtROSl1and submitted them to salt stress.
AtROS1 overexpression was correlated to an increase in the exprdggoe®encoding enzymes
involved in flavonoid biosynthesis and antioxidant pathways and these upregulations were linked
to a decrease in the methylation status of their promoters. This suggests that active DNA
demethylation may participate in the induatiof secondary metabolites synthesis in response to
salt stress. However the gene expression levels were -@iytes higher in transgenics compared
to WT. Furthermore, the secondary metabolites (flavonoids) were not measured, therefore further
experimets are necessary to confirm this conclugBhartiet al.,2015.

AtROS1was shown to have a function in plant defense against pathogens, through the
regulation of some TEs related genes. Yu et al (2013)dfahat AtROS1 can restrict the
multiplication and vascular propagationRgeudomonas syringae leaves through the induction
of some immune related genes that have repetitive sequence in their promoters. This process is
tightly linked with the RADM pativay (Yu et al.,2013.
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I\VV. The importance of epialleles in plants

Heritable epigenetic variants of genesmed epialleles, are associated with heritable changes
in DNA expression without any alteration of the DNA sequence. Epialleles can broaden genetic
diversity and may provide a new source of beneficial traits for crop breeding. Assessing the
importance omethylated epialleles in plant population require the following determination: (i) the
extent of variation in methylation patterns among individuals within a population; (ii) the extent
to which natural methylation variants are stably inherited. Howewy,very few epialleles have
been identified until now.

Different epimutants were isolated and characterizédabidopsis The phenotype of thek
epimutant €¢lark kenj is similar to the phenotype of tlsepermansup)mutant, characterized by
an increased number of stamens and abnormal fused carpels.$tutd&ds shown to be modified
by an epimutation in thelk epimutant: its promoter is hypermethylated compared to the WT
(Jacobsen and Meyerowitz 199Another wellknown epimutant in Arabidopsis fava, which
shows late flowering. This phenotype is due to hypomethylation at two direct repeat elements
upstream of the FWA locug&inoshitaet al.,2004).

Howeva, the first natural epimutant was found.inmaria vulgaris Thelcycepimutant shows
an hypermethylated region in the promoterl©¥C (Linaria cyloidealike), which encodes a
transcription factor that controls the floral development process. |dy® phenotype can
spontaneously reverse, which corresponds to a change in the methylation status of the promoter
(Cubaset al.,1999(Fig 1.11).

Currently, three natural epialleles were found in rice-dpi Epitdf and Epiravé (Zhang
(Miura et al.,2009Zhanget al.,2012Zhanget al.,2015. All of them are associated with defects
in important agronomic trait. Bl is a natural mutant, which shows a metastable dwarf
phenotype, although this phenotype is chimeric. This is caugeth hypermethylation in the
promoter of DWARF1Miura et al.,2009. Epi-df mutant shows a dwarf phenotype together with
various floral defects. In this case, the phenotype is caused by an hypomethylation in the promoter
of FIE1 (Fertilizationindependent endosperm1l), coding for one of the component of the Polycomb
Repressive complex 2. As expected for a plant affected in the expression of a PcG gene, it was
found that H3K27me3 levels were alteredEpi-df mutant(Zhanget al.,2012. More recently,
Zhang et al (@15) isolated a spontaneously occurring epimutantr&, with large leaf angle
and small seed size. These defects were caused by the ectopic exprd8idf obding for a B3
DNA-binding domain containing protein involved in brassinosteroid homessids alteration
in RAV6expression was furthermore linked to the hypomethylation of its prorfiianget al.,
2015.

In tomato, an epimutantals also been isolated and studied, the-lw@dwn cnr epimutant
which produces fruits that never ripe (Rid.1). This norripening phenotype was correlated with
the hypermethylation of the promoter@RNR which codes for a major regulator of fruit ripegi
Interestingly, this epphenotype is very strong and stafanninget al.,2006 .

Altogether, these findings show that epialleles may havsubstantial effect on plant
phenotype. Some epialleles may be associated with critically important agricultural traits. So
epimutants screening represents an interesting and powerful tool for plant breeding.
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7 &15PXWDQ\

Fig 1. 11 Natural epimutants of Linaria vulgaris fowers and tomato CNR. A. View of a wild-

type Linaria fower compared to a peloric mutant. Floral diagrams oftyle (top) and peloric
(bottom) fowers showing the relative positions of different organs, with identities indicated by
colours: blue (dorsal) brown (lateral) yelldwentral). The WT fower has an axis of dorsoventral
asymmetry orientated such that the dorsal (upper or adaxial) part is nearer the stem whereas the
ventral (lower or abaxial) part is nearer to the subtending leaf. The peloric fower is radially
symmetricq with all petals resembling the ventral petal of the wild type. The epigenetic change is

at theLcyc locus. B. Revertant sectors occasionally seen on mé&nffruits. The epigenetic

change is at thENRIocus. Figures were adapted from Cubkal(199) and Manningt al(2006)

V. Physiological changes during tomato fruit ripening

Tomato Solanum lycopersicupris an important crop and a model plant for fleshy fruits
development and ripening. After fertilization, tomato fruit development proceedsoimmain
phasesthat precede fruit ripeningzarly fruit developmeneventscorrespond to fruit growth
mediated by an activeell divisionphase followed by an important increase in cell size associated
to the endoreduplication processuit growth esserdily ends at the s-D O OH G-gié¢eb W X UH
VWDJH™ ZKHQ WKH IUXLW KDV DFTXLUHG L WitsstingQbedrut L]H EX
ripening process then takes plaBeveral dramatic physiological and metabolic changes occur at
the fruit deelopment to ripening transition and during ripening: (i) transition from a partly
photosynthetic metabolism to a completely heterotrophic metabolism; (ii) differentiation of
chloroplasts into chromoplasts; (iii) changes in cell wall composition, and ar sungl organic
acids accumulatigrand the dramatic accumulation of carotenoids mainly lycoffene review
see Tohge, T, et al.2014). Altogether these modifications determines nutrient accumulation in
the fruits, hence the fruit nutritional quality, motivating intense research efforts to decipher the
regulation mechanisms underlying ripening. The availability of extensive genetic,utaoland
genomic resources for tomato has contributed to a better understanding of the ripening control.
Ripening was shown to be understrict genetic control in relation with hormonal regulations,
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involving especially ethylen@iovannoni, 2007)Threetranscription factors have been identified
as central regulators for fruit ripeninBIN (ripening inhibitor),NOR (non-ripening) andCNR
(colorless nofripening) (Giovannoni 2004; Manning, et al. 2006; Vrebalov, et al. 2002 (Ex).

&EU]E E]

Fig1.12 2YHUYLHZ RI ULSHQLQJ UHJXDUWMA\RRKY L WA R RV RU HUDXLON
GXULQJ WKH ULSHQLQJ SURFHVV )LJXUH LV DGDSWHG IURP 2

Below, | will describe some of themajor physiological events associated with tomato fruit ripening

5.1 Tomato fruit softening

Decrease in firmness during ripening involves a coordinated series of modifications of the
primary cell wall and middle lamella, resulting in a weaken structure. Since fruit softening is the
major determinant of shelf life, understanding the mechanismgonsible for cell wall
modifications during ripening is @conomidmportance.

In tomato, a number of cell wall structurelated genes are expressed during fruit ripening,
including more than 50 structural genes encoding cell wall modifying proteiag@essed during
fruit development and ripening procdtHuisik et al.,2016. A few studies have investigated the
role of individual cell wall structureelated gene in fruit ripenin@Smith et al., 2002Brummell
2006Godoyet al.,2013, many of them have focused on genes related to pectin biosynthesis, such
asPG (POLYGALACTURONASEwhose expression shows a sharp increase during ripening and
results in substantial cell wall pectinase atgivduring fruit softeningDellaPennaet al.,1989.
However specific repression or inductionRS& in fruit does not alter fruit softening, indicating
that the polygalacturonase activity is not sufficient for fruit softening. It may associate with some
other factors to control fruit softenin@siovannoni 2004 The role ® another enzyme, the
galacturonosyltransferas&AUT) also involved in pectin biosynthesis, was analyZeAUT4
RNAI mutant showed altered pectin composition coincided with an increase in firmness. This
indicates thatGAUT4 plays a role in fruit softeninguring fruit ripening, although it was also
shown to interfere with carbon metabolism, partitioning and allocation and globally affect plant
developmeni{Godoyet al., 2013. More recently, Uluisik et al (2016) found that silencipg
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encoding pectate &se, also increased fruit firmness but without altering other agjatsik et

al., 201§ ,QGHHG IUXLW ULSHQLQJ LV DOVR FKDUDFWHUL]HG E\
galactoseFRQWHQW RI FHOO ZD O O Wal&Wwsidased U BGLY aeYthoQghitvi&k P D W R
play important roles duringdit development and maturation, but only suppression of TBG4 was
associated with alteration of fruit firmness, which is associated to a reduced galactose loss.
'RZQUHJIXODWLRQ RI 7%* DQG GLGQMW OHD@GEd&¥etRa.REYLR XV
2019. The expression of TBG4 was shown to be related with the galactose d&dast al.,

2016. Furthermore mutants impaired fexpansiorfunction, show delayed fruit ripening and
softening, coincident with modification of hemicellulose structuidinoia etal., 2016. However,

repression of the ripeniaglated endo -1,4-glucanase<CEL1 or CEL2 did not change fruit

softening. Impaired Expl show delayed fruit ripening and softening, which caused by the
modification of hemicellulose structure.

These studies suggest that several genes encoding cell wall modifying enzymes contribute to
cell wall changes during fruit development and ripening. Fruit softening would thus be the result
of the concerted action of numerous cell watidifying enzymes. le sum of each enzymatic
activity could lead to extensive softening and, eventually, tissue disintegration. However, this
process is still poorly understood, and requires more investigations.

5.2 Ethylene production

Basically, fruits can be categorizado two families depending on their ability to undergo a
burst of ethylene production and an associated increase in respiration rate at the onset of ripening.
JOHVK\ I[UXLWV VXFK DV VWUDZEHUU\ JUDSH DQG RieWUXV GR
are categorized as natimacteric fruits. Contrarily, for tomato, which is as a typical example of
climacteric fruit, the ripening process is linked to a dramatic increase of ethylene prodinction
rises inrespiration Some other fruits, such apple, peach and banana belong to this family, too
2VRULR HW DO
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Fig 1. 13 Simplified scheme showing ethylene biosynthesis and response in tomatorow
heads represent positive regulatory interactions, anddmpmesent negative regulation. Figure
comes from Liu et al (2015.

Adenosyl L-Methionin (SAM) is the starting point of ethylene synthesis. SAM synthesis is
made by the @denosyimethionine (SAM) synthase which catalyzes the adenosylation of the
Sulphuratom of methionine. Ethylene synthesis then occurs in two steps initiated by the conversion
of SAM into 1 aminocyclopropang-carboxylic acid (ACC) followed by the transformation of
ACC into ethylene respectively catalyzed by the ACC synthase (ACS) aA@@exidase (ACQ)

In tomato,14 genes corresponding to putative ACS and 6 to putative ACO have been identified
within the tomato genome sequence (Tomato Genome Consortium, 2012; Liu et al, 2015b). A
subset of them are operating in fruits and particieétteer to the ethylene synthesis System 1,
operating during early tomato fruit development, either to the system 2 which insures ethylene
production during fruit ripeningACS1A, ACO1, 3, dre the main genes participating to system 1
(Barry and Giovannoni 20QCara and Giovannoni 2008vhereasASC2 ACS4 ACOlandACO4

are involved in system 2. System 1 allows the synthesis of ethylene in developing fruits. At the
mature green stag&CS2and ACS4are induced and further stimulated by ethylene production,
resulting in an auteatalytic ethylene production. This leadghe repression ACS1andACS6

In addition fruit ripening associated factors, includitigN, CNRplay key roles in this process and

are necessary for ethylene production at the onset of fruit ripg@mayannoni 200Y.

Ethylene is then perceived by the ethylene receptor, ETR that initiates a signaling cascade that
release the blocking dEthylene InsensitiveHIN) by the Constitutive TripleResponsegroteins
(CTR). This starts a trangptional cascade that is initiated by the stabilizatiorinsensitive3
Likel (EIL1) that in turn activates the genes encoding the Ethylene Response factor, ERF (Solano
et al, 1998). Finally ERF transcription factors control the expression of ethgdgntated genes
by binding to GC@ox type ciselements (Liuet al, 201%;|Cara and Giovannoni 20p8The
genes involved in this process during fruit ripening have been identified and IETIRIEEIN2,
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EIN3/EIL1 and then theERF family, which in turn control several genes determining various
ripeningrelated traits,ncluding color, firmness, aroma, taste and shelf life.

5.3 Color change: chlorophyll degradation and carotenoid synthesis

Tomato color change from green to red is the visible sign indicating the transition from
development to ripening. The color change is associated with the degradation of chlorophylls and
the shift of the carotenoid composition from lutein and neoxantluartienesnainly tolycopene
and to a lower extend-carotene.

Chlorophyll is responsible for the green color in the early stages of fruit ripening. The
chlorophylls biosynthesis and degradation pathways have been well reieamadka and Tanaka
2006. The chlorophyll a biosynthetic pathway starts from glutamate. In this phase, the synthesis
of 5-aminolevulinic acid (ALA) by glutamytRNA reductase (GIuTR) and glutamate 1
semialdehyde aminotransfemis a key control point. The interconversion of chlorophyll a to
chlorophyll b, the saalled chlorophyll cycle, is catalyzed by the chlorophyllide a oxygenase
(CAOQ). The degradation of chlorophyll a and chlorophyll b is a slow and important proceds, whi
corresponds to the transition of green fruit to riper(ifgnakaet al., 1998 Tanaka and Tanaka
20006. It was suggested that chlorophyll degradation is initiated by the reduction of chlorophyll b
into chlorophyll a. This redttion step is catalyzed by ngmellow coloring 1 (NYC1), a chlorophyl
b reductase. Mutation dwY Clor NOLgene NYCZtlike) leads to nofripening fruit, which always
stays greerfTanakaet al., 1998Kusabaet al., 2007Horie et al.,2009Satoet al.,2009. Then
chlorophyll a is degraded by sequential elimination of phytol and magnesium, respectively by a
chlorophyllase (Chlase), and a Mg dechelatase, producing pheophorbide a (pheide a). Under the
activity of pheide a oxygenase (PAQO) amed chl catabolite (RCC) reductase, pheophorbide a is
converted to primary fluorescent chl catabelitpFCG1), which are finally transformed to non
fluorescent chl catabolites (NCQs3 U X & LeQaV.]2005.

Carotenoids are terpenoid derivatives that are synthesized in fruit tissue during fruit ripening.
There are two major classes of carotenoids: (i) xanthophylls, as for example, violaxanthin and
QHI[DQWKLQ DQG LL F D UR W-daptevgSeeXeviewDTOh@et BIRDHQH DQG
In tomato fruits, there is a substantial accumulation of certain carotenoid pigments during the
ripening processAmong thoske dramatic accumulation of lycopene causes the chiorgdrom
green to orange and red. Tsariptional regulation of the genes involved in carotenoid biosynthesis
pathway has been well characterized and 22 genes were demonstrated to play a role in this process
in tomato (Fraser et al.,, 2009 Nogueira et al., 2013. Lycopene biosynthesis from two
geranylgeranyl diphosphate molecules has been shown to proceed through the production of
phytoene by the phytoene synthase (PSY1). This enzyme plays a keylyolgpene biosynthesis
and it is highly induced during fruit ripening at the transcriptional level. Furthermore psyl mutants
show serious defects in carotenoid accumulation (Bartley et al., 1992; Fray and Grierson, 1993
and Fraser et al 20D0Several gees coding for enzymes acting upstream of lycopene are also
induced during fruit ripening, concomitantly with the accumulation of lycofjBaetley et al.,

1992. On he contrary, genes coding for enzymes acting downstream of lycopene are mainly
turned off during fruit ripening to allow the accumulation of lycopene. Lycopene accumulation in
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tomato fruits has been shown to be regulated by ethylene signaling and byeéhepaiental
regulatorsRIN, NORandCNR(Klee and Giovannoni 201%eymoutet al.,2013.

5.4 Primary metabolites changes during tomato fruit ripening

The combined analysis of tomato fruitanscriptome and metabolome shows that
transcriptomic changes are less dramatically than variations in metabolites abundance, suggesting
that posttranslational mechanisms dominate metabolic regulation (Carrari et al 2006). However,
some strong relationstsetween ripeningssociated transcripts and specific metabolite groups
were found too, such as TG#cle organic acids and sugar phosphates.

The acid taste of tomato fruits is attributed mainly to organic acids, including citrate and
malate. The levelsf organic acid in TCA cycle tend to decrease along fruit development. These
changes are largely caused by the changes in activity ofCyCl& enzymes, most of which decline
during the chloroplasthromoplast transition in tomato fryBartley et al., 1992Schaueret al.,
2005Carrariet al., 2009. As the pecursor of aspartate, malate is an important metabolite for
ethylene feedback regulation during tomato fruit ripening and is also an important contributor to
starch accumulation. Earlier work showed that starch degradation is also one of the major changes
for fruit transition from development to ripening. Starch metabolism has been well demonstrated
to have a tense relation with AGPase activity, which is also controlled at the transcriptional level
(Osaio et al., 20133. Moreover, Centeno et al (2011) found that in tomato, malate is a key
component in the redox regulation of AGPase. Inhibiting-Bpécific gene of mitochondrial MDH,
major tomato fumarase, or cytosolic phosphoenolpyruvate carb@sgi(PEPCK), leads to a
decrease in the content of transitory starch in the transgenic plants with the higher malate content.
These findings suggested that malate may have an important regulatory function for starch
biosynthesigCentencet al, 2011 Osorioet al.,20131.

The balance and content between organic acids and sugars are important for high quality fruit
(Bastis et al.,2011). Glucose, fructose and sucrose are the major sugars after fruit ripening. The
levels of fructoseand glucose increase during fruit development and ripening, whereas the
concentration of sucrose decreases during fruit development. The decrease of sucrose is caused by
the activity of invertases, enzymes that hydrolyze sucrose to hexose and thufupldgnaental
role in the energy requirements for plgnbwthand maintenancéOnfna Mirona et al., 2002.

Knock down of a specific gene encoding a suchogertaselines induces an increase in the level

of sucrose and a decrease in hexose content, resulting in smaller (lgtsn et al., 1996.
Transcription factors can also affect key primary metabolites. For example, in SIAREB1
overexpressors, citrate, malate, glutamate, glucose and fructose showabkiglraulationevels

in red mature fruit pericarpompared with thosebservedn antisensesuppression lines. This

suggests that an AREBediated ABA signal affects the metabolism of these compounds during
WKH IUXLW GHYHORSPHQWDO SURJUDP HYHQ LI WKH IUXLW UI
(Bastis et al.,2011; Tohgeet al.,2014).

The transition from tomato fruit develogmt to ripening involves a huge amount of protein
degradation(Carrariet al.,2006Kahlau and BocR008. Therefore, most of the free amino acid
contents tend to increase during fruit transition, such as glutamate, aspartate, although their
contents are variable in different species. In particular, free glutamate of ripe tomatocipiesc
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a central role in the metabolism of amino acid in pldBisrrequietat d., 2010. However, GABA
was found to be one of the most abundant free amino acid in the pericarp of mature fruit and to
show a rapidly decrease during ripenifitekayama and Ezura 2015

VI. Role of DNA methylation / demethylation during fruit development
and ripening

As mentionnedabove,DNA methylation participates in the control of plant development.
Several lines of evidence further suggest that DNA methylation plays a role during fruit
development and ripening.

The importancef epigenetic regulations fruit was first suggested kihe identificationof
the tomato epmutantColorlessnon-ripening(Cnr) (Manninget al 2006) More recently, several
reports have described situations where a differential methylation pattern in fruits was associated
with a change in fruit phenotype. For example, Telias et al (2011) have analyzed apple cultivars,
VXFK DV p+RQH\FUIOMEY WKDQWRSDRGIOFH IUXLWYVY FKDUDFWHUL
These patterns correspond to the presence of sectors of different colors, green or red, in the peel.
The molecular analysis of the two types of sectors has revealed that the color diffsrence
associated with different anthocyanin contents and with the differential expression of MYB10,
which codes for a transcription factor that has a key role in anthocyanin accum{latias et al.,
2011). The difference in MYRO expression was shown to depend on the methylation level in the
promoter of MYB10, MYB10 promoter is more or less methylated depending on the peel areas
(Fig 1.14). The origin of this methylation mosaic is not known. Similar results were obtained by
comparing different pear fruits from the cultivar Max Red Bartlett producing botharedi green
skin fruits on the same tree (Wargal., 2013), or by comparing yellow fruits from an apple
VRPDWLF PXWDQW {VANQLRQMFHIH \Z U WR FINHIEE-Sharkawyetd., 1. LG G
2015. Working on tomato, Quadrana et al (2014) found that the vitamin E content in fruit is
correlated with the methylation level in the promoteW®E3 which encodes a protein involved
in vitamin E biosynthesis. AccordingiyTE3expression ishked to its promoter DNA methylation
status. Interestingly, in some species, as for example, the cultivated spénesn lycopersicum
VTE3 § UHJXODWRU\ UHJLRQ FRQWDLQV D 7( DQG LV KLJKO\ PH
as for example theild speciesS. pennelliithe TE is absent andTE3promoter is not methylated
(Quadranaet al.,2014).

These different findings show that modification of the DNA methylation level at some specific
loci can impact fruit development and ripening, but telR QTW GHPRQVWUDWH WKDW
gene expression through DNAethylation plays a role during fruit development or ripening.
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Fig 1. 14 'LIIHUHQW W\SHV Rl IUXLW SHHO SLJPHQW SDWWHU
OHWK\ODWLRQ OHYHOV LQ M+RQH\FULVSYT HYDWOWDWHGN XKQQ
DQWKRF\DQLQ LQ DSSOH SHHOV Rl EOXVKHG $ DQ@® MWQNVSHC
FODVVLILHG DV UHG RU JUHHQ VWULSHV & &RPSDULKRRQ RI
DQG WR RI WKH 0<% SURPRWHU *HQ%DQN DFFHVVLRQ (
JUHHQ VWULSHV )LJXUHV UHIHURBGIBNGWORP 7HOLDV HW DO

Messeguer et al (1991) first suggested that DNA methylation undergo changes during tomato
fruit development and ripening. Teyssier et al (2008) then showed that there is a 30% decrease of
the global DNA methylation level in pericarp during fruit maturatibhe comparison of tomato
fruit methylomes at 4 developmental stages further demonstrated that there is a widespread
epigenome reprogramming during fruit ripening (Zhatal, 2013). Zhong et al (2013) found
that around 1% of the tomato genome is défeially methylated during tomato fruit ripening, and
that DNA demethylation occurs at promoters of fruit ripemielgted genes such as NOR and CNR.

The global and locus specific loss of DNA methylation during ripening is unlikely to be due to
passive DNAdemethylation because there is no more cell division and little endoreduplication
during this proceséTeyssieret al.,2008. This suggested that active DNA demethylation might
play an important role during tomato fruit ripening. Because the treathenimature fruits with

a DNA methylation inhibitor induces early ripening before seed maturation, Zhong et al (2013)
proposed the following model: (i) methylation inhibits ripening before seed maturation, the
promoter of key ripening genes being hypernkatied. (i) In maturing fruits, these promoters
become demethylated, which would induce their expression through the recruitment of specific
ripeningrelated transcription factors like RIN. Indeed RIN binding sites are typically adjacent to
DMR and they bcome demethylated during ripening. This suggests that the binding of RIN to its
targets sites occurs in concert with their demethylafidhenet al.,2015.
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VII. Objectives of the work

Cytosine methylation (5MeC) of genomic DNA is a crucial reversible epigenetic mark that
impacts several biological processes. Most notably, DNA methylation is involved in the control of
gene expression and provides an epigenetic layer to the gaf@tation. As introduced above,

DNA methylation is a revisable marker. DNA methylation is set up and maintained by three types

of DNA methyltransferases, MET1, Chromomethylases (CMT), and small RNA mediated de novel
methylation companied with Domain Remnged Methyltransferase (DRM) in three different
contexts, CG, CNG and CHH (H being C, T or A) and can be actively eased by DNA demethylases
(DML). DMLs are essential enzymes that protect the genome against extensive methylation, hence
removing DNA methO DWLRQ LQ WKH ¢ DQG § SDUW RI JHQHV DQG C
hyperE methylated epialleles.

As introduced abovaver the last 10 years, DNA methylation/demethylation has been shown
to be critically important for plant development in the mqulant ArabidopsisTomato is a model
plant of fleshy fruits development and ripenifiigdeed, we have shown that tomato plants treated
with zebularine, an inhibitor of DNA methylation present pleiotropic phenotypes affecting the
vegetative parts of plés flowers and fruits, therefore highlighting the important function of DNA
methylation in this plant as welZhong et al (2013) found that more than 4000 genes happens
DNA demethylation during fruit ripening, which suggest active DNA demethylation vadonsg
fruit ripening process. Therefore, the objective of this project is to address the question of the
functions of this class of enzyme during tomato fruit ripening and more generally during tomato
plant development and quality.

To achieve this goaplants modified in their methylation level needs to be generated and
analyzed. Therefore, RNAi was used to knockdown genes involved in the control of DNA
demethylation. Selected lines were characterized using combined analyses of fruit metabolic
compositon, transcriptome, small RNA populations and if relevant the gemade description
of DNA methylation pattern (McrBE Seq and /or Bisulfite [BS] sequencing) (The strategy used
in this project is as following, Figl.15).

This aims at determining which gesiloci targeted by DMLs in tomato fruits impact their
phenotype. Identified loci with differential methylation and expression profile were validated using
McrBC-PCR or targeted BS sequencing approaches and their expression level from RNA seq data
were contolled by quantitative REPCR.

This project is divided into two parts:

(I: Chapter2) focuses on the characterization of thactionsof active DNA demethylation
during tomato fruit ripeningnd more globally in tomato plants. To achieve this goal, RNakitp
with reduced DNA demethylase gene expression have been generated. This part aims at
demonstrating that specific fruit ripening phenotypes observed in these plants are due to the
hypermethylation of genes critical for fruit ripening. It also inclutterapts to characterizbe
biochemical function of tomato DML protein&n additional question is to analyze to which extend
phenotypes that are induced wHeNIL genes are knocked down can be stably inherited during
subsequent generations and thereforestians the stability of demethylation induced changes in
methylation patterns.

(Il: Chapter3) presents amprehensive analysestbie impact ofactive DNA demethylation
onthe transcriptomeandmetabolomes of fruits that have a redubdL2 gene expression. The
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aim is to determine amongst the numerous physiological disorder affecting theséhivsgsthat

are directly controlled by methylation. To answer this question RNA seq was combined with the
metabolic analysis of fruitdResultswere used to determine what genes are both differentially
expressed and methylatedthe transgenic lines as compared to WT fruits.

&KDUDFWHUL]DWLRQ R
WRPDWR

&KDUDFWHUL]JDWLR

DMLs knock down |=——=3»{ GHYHORSPHQWDO

-

OHWDER Transcriptome '1$ PHWK\ODQD.®
RI TUXLW of fruits 21 TUXLWG

v 4

/ NV EHWZHHQ SURPR
,PSDFWHG SURFHVIV%V JHQH H[SUHVVLRQ

P

,GHQWLILFDWLRQ RI JHQHV UHJXODWHG YLI
'1$ PHWK\ODWLRQ

Fig1.15 6WUDWHJ\ XVHG IRU WKLV 3K' SURMHFW WR VWXG\ IX
GHPHWK\ODWLRQ LQ WRPDWR
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Introduction

In plants, genomic DNAnethylation at cytosines is a reversible epigenetic mark regulating
various aspas of genome functioning, such as transposon mobility and gene expression.
Methylation of cytosines can be actively removed by bifunctional DNA glycosijases, the so
called DEMETERIike DNA demethylasegChoi et al., 2002. In Arabidopsis active DNA
demethylation plays a critical role in the maternal imprinting and endosperm demethylation.
However impairing DNA demethylase activities has no major impact on Arabidopsis plants
suggesting that these enzymes are not essential for developntbig species. However, the
functions of this class of enzymes are not known in tomato (Yamashato 2014,).

It has previously been shown in the laboratory that the genomic DNA of tomato fruit pericarp
is massively demethylated during ripening, déiheée when cell division and DNA replication are
reduced (Teyssiat al, 2008). This makes unlikely th&dst of DNA methylation is due to dilution
following DNA replication and the inability to maintain DNA. It rather suggests that DNA
methylation is atively removed. It was also recently demonstrated that demethylation occurs at
specific gene promoters (Zhomyal., 2013). The objective of my project is to study the role of
tomato SIDMLs, using transgenic tomato plants impaired in the expresssdbME genes.

In the first part in this chapter, | will present the functional analys&lDML genes, mainly
focusing on one of the gen8{OML2, during fruit ripening. Firstly, the four toma8DML genes
were characterized in details aBdlL RNAI transgeit plants were generated with the aim to
knock down allSIDML genes at once. TO plants were phenotyped and many of them presented a
strong inhibition of fruit ripening. To investigate the consequences of DNA demethylation on the
ripening process, we hawmalyzed the primary metabolites as well as carotenoids and ethylene
content, and found that many the aspects of fruit ripening were inhibited and linxBtLiRNAI
transgenic fruits. To demonstrate a causal relationship between fruit ripening defestsgénic
lines and the impairment of active DNA demethylation, four essential gdRIEENING
INHIBITOR (RIN), NON RIPENING (NOR), COLORLESS NON RIPENING (CNR) and
PHYTOENE SYNTHASE 1 (PSYflying important roles in fruit ripening were analyzed to
determine their expression level and the methylation level at their promoter.

In a second part of this chapter, | will present the strategy used to characterize tomato SIDML
protein activity. Among the four DEMETERe DNA demethylase genes, SIDML2 wasosbn
to demonstrate the DNA glycosylal@ses activity in vitro because it is the most highly expressed
of the fourSIDML genes in ripening fruits. Attempt to produce the recombinant protein and the use
of anin vitro activity test will be described.

The third part in this chapter will present the potential role of active DNA demethylation on
other aspects of tomato plant development, namely, flower formation and early leaf development.
We found that in somBML RNAI transgenic plants, flower and frypericarp were altered, in
addition to fruit ripening. This is allowed to investigate the heritability of these phenotypes in the
absence of the transgene. We have therefeveloped strategy to segregate out the transgene in
order to analyze the evesmiuransgenerational stability of the flower and fruit phenotypes.
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In plants, genomic DNA methylation which contributes to develop-
ment and stress responses can be act ively removed by DEMETER-like
DNA demethylases (DMLs). Indeed, in Arabidopsis DMLs are impor-
tant for maternal imprinting and endosperm demethylation, but only

a few studies demonstrate the developmental roles of active DNA
demethylation conclusively in this plant. Here, we show a direct
cause and effect relationship between active DNA demethylation
mainly mediated by the tomato DML, SIDML2, and fruit ripening—

an important developmental process unique to plants. RNAi SIDML2
knockdown results in ripening inhibition via hypermethylation and
repression of the expression of genes encoding ripening transcrip-
tion factors and rate-limiting enzymes of key biochemical processes
such as carotenoid synthesis. Our data demonstrate that active DNA
demethylation is central to the control of ripening in tomato.

active DNA demethylation | DNA glycosylase Iyasel epigenetic | tomato |

fruit ripening
Genomic DNA methylation is a major epigenetic mark that is
instrumental to many aspects of chromatin function, including
gene expression, transposon silencing, or DNA recombination-4).
In plants, DNA methylation can occur at cytosine both in sym-
metrical (CG or CHG) and nonsymnetrical (CHH) contexts and is
controlled by three classes of DNA methyltransferases, namely, the
DNA Methyltransferase 1, Chromomethylases, and the Domain
Rearranged Methyltransferases (). Indeed, in all organisms, cy-
tosine methylation can be passively lost after DNA replication in
the absence of methyltransferasactivity (1). However, plants can
also actively demethylate DNA via the action of DNA Glycosylase-
Lyases, the so-called DEMETERLike DNA demethylases (DMLS),

DNA —protein interaction and gene expression, as already observed
in human cells (19).

Indeed, accumulating evidence suggests that active DNA deme-
thylation might play a greater role in controlling gene expression in
tomato. In support of this idea, recent work describing the meth-
ylome dynamics in tomato fruit pericarp revealed substantial
changes in the distribution of DNA methylation over the tomato
genome during fruit development, and demethylation during rip-
ening at specific promoters such as thBION RIPENING (NOR)
and COLORLESS NON RIPENING (CNR) promoters (20, 21).
This observation is consistent with previous studies indicating that
genome cytosine methylation leve decrease by 30% in pericarp of
fruits during ripening, although DNA replication is very limited at
this stage (22).

Significance

This work shows that active DNA demethylation governs ripen-
ing, an important plant developmental process. Our work defines
a molecular mechanism, which has until now been missing, to
explain the correlation between genomic DNA demethylation
and fruit ripening. It demonstrates a direct cause-and-effect re-
lationship between active DNA demethylation and induction of
gene expression in fruits. The importance of these findings goes
far beyond understanding the developmental biology of ripening
and provides an innovative strategy for its fine control through
fine modulation of epimarks in the promoters of ripening related
genes. Our results have significant application for plant breeding
especially in species with limited available genetic variation.
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Here, we investigated active DNA demethylation as a possible wT 1 2 3 4 5 6
mechanism governing the reprogramming of gene expression in

fruit pericarp cells at the onset of fruit ripening.

Results

The Tomato Genome Contains Four DNA Glycosylase Genes with
Specific Expression Patterns.The tomato genome contains four
putative DML genes encoding proteins with characteristic do-
mains of functional DNA glycosylase-lyases (235( Appendix
Fig. S1A and C and Table S). SIDML1 and -2 are orthologous

to the Arabidopsis AtROSIRepressor of Silencing 1) gene and
SIDML3 to AtDME (DEMETER), whereas SIDML4 has no
closely relatedArabidopsisortholog (S| Appendix Fig. S1B). All
four SIDML genes are ubiquitously expressed in tomato plants,
although SIDMLA4 is expressed at a very low level in all organs
analyzed. In leaves, flowers, and young developing fruits, the
four genes present coordinated expression patterns character-
ized by high expression levelén young organs that decrease C
when organs develop. However, unlik&IDML1, SIDML3, and
SIDML4, which are barely expressed during fruit ripening,
SIDML2 mRNA abundance increases dramatically in ripening
fruits, suggesting an important function at this developmental
phase (Fig. 1).

2A 2B 8A 8B

Transgenic Plants with ReducedDML Gene Expression Present Various
Fruit and Plant Phenotypes. The physiological significance of to-
mato DMLs was addressed through RNAi-mediated gene re-
pression using the highly conserved Helkairpin—Helix-Gly/Pro
rich domain (HhH-GPD) specific to DML proteins as a target
sequence 81 Appendix Fig. S2A). Our goal was to repress si-
multaneously all tomato SIDML genes, anticipating potential
functional redundancy among these four genes; 23 independent
TO transgenic lines were generated and 22 showed alterations of
fruit development, including delayed ripening, modified fruit
shape, altered color, shiny appearance, parthenocarpy, or com-
binations of these phenotypes (Fig. 2A

Lines 2 and 8, which showed delayed and inhibited ripening
phenotypes, were chosen to investigate the possible link between
ripening and DNA demethylation. In both cases, 1025 T1 and
T2 plants were grown that showed maintenance and strength- lane) or fruit sections (lower lane) from eight independent representative TO

35 39

(8n

55
(Br+16)

70 €
(Br+31)

pa
(Br+ |

(1) 2 (3

)

Fig. 2. Phenotypes of tomato DML RNAi fruits. (A) Fruits (70 dpa) (upper

Az

30 dpa

ening of the nonripening phenotypes in subsequent generations RNAi plants. (B) Fruits (85 dpa) from T2 plants (left to right); WT plants, line 2
coincident with the presence of the transgene. The loss of the Plants (OML2A and DML2B), line 8 plants (DML8A and DML8B), and an

RNAI transgene in segregating lines led to reversion to a wild-

Fig. 1. Differential expression of SIDML genes in tomato organs. Absolute
quantification of SIDML1, SIDML2, SIDML3, and SIDML4 mRNA; SIDML4 gene
expression is presented in a separate diagram because of its very low ex-
pression level. Fruit pericarp is at 5, 10, 20 dpa and at Breaker (BR, 39 dpa),
orange (O), and red ripe (RR). Asterisks indicate significant difference [Stu-
dent’st test (n = 3)] between SIDML2 and all other SIDML genes: *P < 0.05;
** P< 0.01; ** P< 0.001. Error bars indicate means + SD. Ap, stem apex; CF,
closed flowers; L, leaves at positions 3, 4, 5, 8, 10, 16, and 20 from apex; OP,
open flowers 5, 10, and 20; R, roots; S, stem from whole seedlings.

20of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1503362112

azygous plant (AZ). ( C) Ripening kinetics of WT ( Top), DML8A (Middle ), and
DML2A (Bottom ). (D) WT bicarpel (Upper) DML2B multicarpel fruits ( Lower).
(E) VIGS experiment on 47-dpa (Br + 5) fruits injected with PVX/SIDML2
[fruits (1) and (3)] or PVX [fruits (2) and (4)] at 12 dpa [fruits (3) and (4)] inside

of fruits (1) and (2), respectively. (Scale bars: 1 cm.)

type (WT) phenotype, indicating a lack of memory effect across
generations when fruit ripening is considered (Fig. 2 and B and

SI Appendix Fig. S3A). In plants of both RNAi lines, analysis of
SIDML gene residual expression in 20 days postanthesis (dpa)
fruits indicates that only SIDML1 and SIDML2 are repressed to
40-60% of the WT level, whereasSIDML3 and SIDML4 are
either unaffected or induced compared with WT (Fig. 3A This

is most likely attributable to the lower homology level of these
two genes, withSIDMLL1 in the part of the gene used for the
RNAI construct (SI Appendix Fig. S2A). During ripening,
SIDML2 expression is reduced to 10% of WT at the Breaker (Br)
stage and remains low at 55 dpa (B¥ 16) but increases slightly
at 70 dpa (Br + 31) (Fig. 3B and S| Appendix Fig. SB), co-
incident with the partial ripening observed in transgenic RNAI
fruits (Fig. 2C and S| Appendix Fig. SB). Whether the increase

in SIDML2 expression at late ripening stages is attributable to a
weaker effect of the RNAi remains unclear. None of the three
remaining genes,SIDML1, SIDML3, and SIDML4, which are
weakly expressed during ripening, displayed significantly reduced

Liu et al.

(4



A chlorophyll degradation (Fig. 4A. Primary metabolite compo-
5 sition was also modified, as visualized by principal component
3 . analysis (PCA) using the absolute concentration of 31 primary
g SIPMLL - metabolites issued from*H-NMR analysis (Fig. 4B and Sl Ap-
o O sibmL2 . . . . f
° B souis pendix Fig. S5A). The first two principal components (PCs),
> . . . .
El m soma  €xplain more than 54% of total variability. During early devel-
& opment (20, 35, and 39 dpa), WT and transgenic samples follow
WT1 DML2ADML2E WT2 DMLSA DMLSB AZ parallel trajectories as highlighted by the PCA in which the
B
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Fig. 3. Residual expression of SIDML genes in fruits of transgenic DML RNAI 2
plants. Normalized expression of the SIDML genes (A) in 20-dpa transgenic 2
fruits of plants from line 2 (DML2A and -2B), line 8 (DML8A and -8B), an é,

azygous plant (AZ), and the respective WT1 and WT2 controls ( B) in WT2 and
DMLBA fruits at seven developmental stages. Expression of the SIDML  genes
was normalized to EF1 and to the corresponding WT fruits at 20 dpa.
For each SIDML gene, asterisks indicate significant difference [Student 's
t test (n = 3)] between transgenic plants and WT controls, respectively, at

300 4

20 dpa (A) or at the same age during fruit development ( B). *P< 0.05; ** P< % 250 { Lycopene
0.01; *** P < 0.001). Error bars indicate mean + SD. i 200 4
S 150 A
j=2)
. . . o £ 1004
expression compared with WT fruits of the same age, indicating 2 5
that observed ripening phenotypes are likely attributable to 04 - - s -
SIDML2 gene repression. This hypothesis was further confirmed WT1 DML2ADML2B WT2  AZ DMLBADML8B

using virus induced gene silencing (VIGS) to specifically repress
the SIDML2 gene; 17.5% of the fruits injected with a PVX/
SIDML2 vector presented non ripening sectors contrary to those B
injected with a control PVX virus that all ripened normally (Fig.

2E and Sl Appendix Fig. S8B). Indeed, SIDML2 was down-reg-
ulated in nonripening sectors of fruits injected with the PVX/
SIDML2 vector, whereas none of the three othelSIDML genes
was repressed %l Appendix Fig. SAC), demonstrating that the
specific knock down ofSIDML2 is sufficient to inhibit ripening.

It was noteworthy that some plants from line 2 developed ad-
ditional phenotypes affecting plant growth, leaf shape, flower
development, and fruit carpel number that were not observed in
TO and T1 generations (Fig. B and S| Appendix Fig. S3B and C).
The screening of additional lines revealed other independent
transgenic lines that presented flower, fruit, and plant phenotypes
similar to line 2 (SI Appendix Fig. S®). These observations in-
dicate that the severity of the phenotypes increases over genera-
tions and suggest that DMLs may also be involved in other aspects
of tomato plant development beyond fruit ripening.

All Aspects of Fruit Ripening Are Delayed and Limited in RNAI

Transgenic Lines.Fruits of transgenic lines 2 and 8 were further

analyzed to investigate the consequences of DNA demethylation Fig. 4. Metabolic profiling of carotenoids and primary metabolites in
on the ripening process. Indeed, in fruits of both transgenic lines, transgenic DML RNAi fruits. (A) Chlorophylls (Top), total carotenoids ( Mid-
the onset of fruit ripening was delayed from 10 to 20 d compared dle), and lycopene ( Bottom ) content. Asterisks indicate significant difference
with WT or Azygous revertant fruits, and ripening of transgenic [Student’st test (n = 3)] between DML2A and -28, DML8A and -8B, and WT1

fruits was never completed even after 45 d or longer maturation 279 W12 respectively, at the same age: * P < 0.05; ** P< 0.01; ™" P< 0.001.
Error bars indicate means + SD. B) PCA using primary metabolites in WT2

times (_Fig' 2B and C and SI Appendix Fig' S:B)' The ripening ( )and DMLB8A () fruits at seven developmental stages. Color indicates the
defect is further demonstrated by the late and extremely reduced fruit developmental stages: white is 20 dpa and from light gray to black are

total carotenoids and lycopene accumulation and the delayed 3s, 39 (Br), 55, 70, 85, and 110 dpa.
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second PC (PC2) explains 21% of the total variability. However,

selected among others because they are necessary for the overall

at 55-dpa and later ripening stages, PC1, which accounts forripening process CNR, RIN, NOR), or specifically govern carot-

33.67% of the global variability, separates WT fruits from all

enoid accumulation PSY3J, an important quality trait of mature

other samples. Hence, WT fruit samples harvested at 55-dpa andtomato fruit. Moreover, the promoter regions of these genes
older stages are clearly distinct from transgenic fruit samples of showed reduced methylation levels during fruit ripening in WT

the same age. Metabolic differences between ripening WT and
transgenic fruits are mainly attributable to overaccumulation of
malate and reduction or delayed accumulation of compounds
typical of ripening fruits, including glucose, fructose, glutamate,
rhamnose, and galactoseS| Appendix Fig. S5B-D). Climacteric
rise of ethylene production was also dramatically reduced in
fruits of both DML RNAI lines, although low ethylene accu-
mulation occurred to a degree ad timing consistent with the
late and limited ripening process of RNAI fruits (SI Appendix,

Fig. S6.

Fruit-Ripening Defects Are Correlated with the Repression and
Hypermethylation of Genes Necessary for This Developmental Process.
To demonstrate a causal relationship between fruit ripening defects
of transgenic lines and the impairment of active DNA demethyla-
tion, the expression ofCNR (21), RIPENING INHIBITOR (RIN )
(24), NOR (25), and PHYTOENE SYNTHASE 1(PSY1) (26, 27)

tomato (20, 21). It is noteworthy that CNR gene induction was
delayed 15 d in transgenic fruits, and all three other genes showed a
dramatic reduction in expression level consistent with the ripening
defect of the transgenic lines (Fig. B and SI Appendix Fig. S. To
assess whether repression @NR, RIN, NOR, and PSYlgene ex-
pression in ripening fruits results from the maintenance of a high
cytosine methylation status of thie promoter upon down-regulation

of SIDML2, methylsensitive-PCR (McrBC-PCR) analysis of the
corresponding promoters was performed. This approach revealed a
ripening-associateddemethylation of the RIN, NOR, and PSY1
promoters in WT and Azygous revertant fruits but not inSIDML
RNAI fruits (Fig. 5B). No detectable variations of methylation in
the CNR promoter during ripening of WT fruits were revealed with
this method. The putative differentally methylated regions (DMRS)

in the NOR and PSY 1promoter regions were subsequently analyzed
by gene specific bisulfite pyrosequreing (28). Methylation analysis
of the CNR promoter was targeted to a region known to be

genes was assessed in RNAI transgenic plants. These genes weligiethylated at all stages (CNR1) $| Appendix, Fig. SO used here
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Fig. 5. Expression and demethylation at key genes controlling ripening are
inhibited in DML RNAi plants. ( A) Expression of the RIN, NOR, CNR, andPSY1
genes in transgenic DML8A and WT fruits normalized to EF1 and to WT
fruits at 20 dpa. Asterisks indicate significant difference [Student  ’'st test (n =
3)] between WT and DML8A samples at a given stage: * P < 0.05; ** P< 0.01;
*** P < 0.001. Error bars indicate means + SD. B) McrBC-PCR analysis of se-
lected promoter fragments in fruits of WT, azygous (Azy), and DML8A
plants; 1 g of genomic DNA was digested with McrBC (NEB) during 5h (
(-) indicates negative control for the digestion reaction that was performed
without GTP. In the WT and azygous plants, the part of NOR RIN, and PSY1
promoter regions analyzed are methylated at 35 dpa (no amplification) but

are demethylated at 55 dpa (amplification). In DML8A plants, the three
promoter regions behave similarly to WT at 35 dpa but remained methyl-
ated at 55 dpa (no amplification in both cases). The pectin-methyl esterase
(PME) promoter is used as an unmethylated control, and the ~ CNRpromoter
fragment used here was found to be sufficiently methylated at all stages for
complete digestion by McrBC.

+);
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as a control for methylation and to a previously identified DMR
(CNR2) (SI Appendix, Fig. S8) (20, 21). For all three promoters,
cytosines that became demethylated in ripening WT fruits but not in
transgenic fruits of the same age were identified (Fig.A6and SI
Appendix Fig. S9. Two distinct situations were observed:i) se-
quences corresponding to putative RIN binding sites (RIN BS) in
the CNR and NOR promoters (20), where methylation is high at 20
and 35 dpa in all plants analyzed and drops to very low levels during
ripening of WT fruits but is maintained to high levels in RNAi fruits
of the same age; andi() sequences that are hypermethylated in
transgenic fruits at all stages analyzed compared with WT fruits.
These latter sequences include a newly identified DMR in thBSY1
promoter and cytosines upstream and downstream to the RIN BS in
the NOR and CNR promoters. These data demonstrate the ab-
solute requirement of promoter demethylation in critical genes
for ripening to occur. The data also suggest multiple patterns of
cytosine demethylation occurring either specifically during rip-
ening or at earlier stages.

Discussion

Previously reported analysis of DNA cytosine methylation and
RIN binding during fruit development in WT and in the rin and
Cnr tomato-ripening mutants suggested a significant role for
DNA methylation during ripening and a feedback loop between
methylation and ripening transcription factors (20, 21, 29). Here,
we demonstrate for the first time to our knowledge that active
DNA demethylation is an absolute requirement for fruit ripening
to occur and show a direct cause and effect relationship between
hypermethylation at specific promoters and repression of gene
expression. In this context,SIDML2 appears to be the main
regulator of the ripening associated DNA demethylation pro-
cess. () SIDML2 is the only SIDML gene induced concomitantly
to the demethylation and induction of genes that control fruit
ripening; (ii) the specific knockdown of SIDML2 in VIGS-
treated fruits leads to inhibition of fruit ripening similar to DML-
RNAI fruits; and (iii) the hypermethylated phenotype described
in the Cnr and rin mutants (20) is associated with the specific
repression ofSIDML2, with none of the other SIDML genes being
down-regulated (Fig. 8 and Dataset SJ.

Indeed, we cannot formally rule out thatSIDML1, which is
repressed in the transgenic RNAI lines, also participates in the
genomic DNA demethylation in fruits. However, SIDML1 is
mainly expressed at early stages of fruit development and only at
very low levels during fruit ripening. Hence, this protein may also
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Fig. 6. Bisulfite-sequencing analysis at the NOR, CNR and PSY1promoter fragments in WT and transgenic DML RNAi plants. (  A) Heat-map representation of
DNA methylation at selected NOR, CNR and PSY1promoter regions ( S| Appendix, Fig. S8 in fruits of control (WT1 and WT2) and transgenic (DML2A, -2B, -8A,
and -8B) plants at five (WT and line 8) or four (line 2) developmental stages. For each promoter, two fragments have been analyzed (fragment 1, gray box;
fragment 2, black box), the positions of which are shown in S| Appendix, Fig. S8 and Fig. S9 The position of the Cs within each promoter fragment is also
shown (number in the columns on the right side), as defined in S| Appendix, Fig. S8 For each promoter, Cs have been clustered considering the two PCR
fragments analyzed together. ( B) Changes in expression of SIDML genes in fruits of Ailsa Craig (WT) and near-isogenic mutant lines rin, Cnr, and nor, as
determined by microarrays analysis. For fruit development, days postanthesis are shown. Mature green is 40 dpa in Ailsa Craig and then Br is 49 dpa. For
nonripening mutants, Br onward are 49 dpa  + 1-7 d. Asterisks indicate significant difference (variance ratio, F tests) between WT and mutant lines for the
SIDML2 gene only to avoid overloading the figure: * P < 0.05; ** P< 0.01; *** P < 0.001). Details of expression results and statistical analyses for all four genes
are provided in Dataset S1. Error bars indicate means + SD. (C) Proposed function of DNA demethylation in the control of fruit ripening; SIDML2 is necessary for

the active demethylation of the  NOR, CNR RIN, and PSY1promoter region, thereby allowing these gene expressions.  SIDML2 gene expression is reduced in the
rin, nor, and Cnr background, suggesting a regulatory loop. There is at this time no evidence of direct regulation of the SIDML2 gene by the RIN, NOR, or CNR
protein. SIDML2 may control the expression of additional ripening induced gene, as shown in this study for the PSY1gene and suggested by the demethylation of
several promoters during fruit ripening (20). Arrows indicate activation. Lines indicate repression: black, direct effects; gray, direct or indir ect effects.

be involved in demethylation events but mainly those occurring clearly down-regulated in fruits of therin, nor, and Cnr mutants,
at the early stages of fruit development. contrary to the other SIDML genes that are normally expressed
In addition to genes encoding major fruit ripening regulators, (Fig. 6 B and C and Dataset S). It is plausible that timing and
those encoding enzymes involved in various aspects of fruit rip- extent of demethylation may represent an important source of
ening are also likely to be demethylated, as suggested by the ob-~ariation in the diversity of kinetics and intensity of ripening
servation thatPSYlgene expression also requires demethylation. found among tomato varieties, thus presenting a frontier for
Combined transcriptomic, methylomic, and metabolomic analysis further investigation. Controlling the timing and kinetics of ac-
of the transgenic lines described here will now be required to tive DNA demethylation in fruits may therefore provide new
determine the network of genes and metabolic processes primarily strategies to enhance fruit shelf life. In addition, engineering
targeted by demethylation in tomato fruit. DNA demethylation in tomato fruits would be an innovative and
SIDML?2 is the likely focal point of a feedback regulation novel strategy for the improvement of traits of agronomical
on ripening-associated DNA demethylation, because this gene is relevance in a species with little genetic diversity (30). Finally,
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the recent demonstration that hypermethylation of avlyb pro-
moter blocks anthocyanin accumulation during pear and apple
ripening (31, 32) supports the notion of a more general role for
demethylation in fruits. However, whether this mechanism oc-
curs similarly during the ripening of all fleshy fruit species now
requires further investigation.

Materials Methods

Plant Material and Experimental Plan. All experiments were performed using a
cherry tomato variety ( Solanum lycopsersicum, cv WVA106) that was grown
in greenhouse conditions, except for VIGS experiments, which were per-
formed on Solanum lycopsersicum, cv Ailsa Craig grown in growth chambers
as described (21). For the array experiments, fruit pericarp of  Ailsa Craig and
near-isogenic mutants rin, nor, and Cnr were collected at 13 stages of fruit
development and ripening with three independent biological replicates per
line and immediately frozen in liquid nitrogen for RNA extraction and array
analysis. Details of tomato transformation, selection of line 2 and 8 used in
this study, and of VIGS experiments are provided in S| Appendix, Materials
and Methods .

For all analysis, two independent transgenic T2 plants (DML2A and -B and
DMLB8A and -B for lines 2 and 8, respectively) and an azygous plant obtained
from line 8 were used. Additional T2 plants were eventually used as controls
for the phenotypes of these four plants. T2 plants from line 2 presented
dramatic alterations of flower development, not visible in previous gener-
ations, and were backcrossed to allow fruit development. This resulted in a
limited number of fruits (see below). For this reason, not all developmental
stages could be analyzed for this line.

The experimental plan was designed to span tomato fruit development
and ripening in cv West Virginia 106 (WVA106) and transgenic DML RNAi
plants over a period of 85 d from fruit set to account for the strongly delayed
ripening phenotype of the transgenic fruits. At stages following mature
green, the DML RNAI fruits diverge from the WT, because they are signifi-
cantly delayed in ripening induction and almost completely ripening
inhibited. Because it was not possible to select stages equivalent to the Br (39
dpa) or red ripe stages in the transgenic lines, we have chosen to analyze
fruits identically staged, which allows comparing changes in the context of a
developmental parameter (days postanthesis) that can be precisely mea-
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sured. Two independent cultures were performed. (i) Plants from line 2 and
the relevant WT control (WT1), fruits were harvested at 20, 35, 55 (Br  + 16),
70 (Br + 31), and 85 (Br + 46) dpa. Because the fruit yield was reduced in line
2, a sufficient number of fruits at the Br stage could not be harvested and
older fruits were preferentially selected to allow the analysis of late effects
of demethylation inhibition. (i) Line 8 was grown together with its own
WT control (WT2) and an azygous plant. Because there were more fruits
available for this line, the Br stage (39 dpa) was harvested in addition of the
stages used for line 2.

For all fruit samples, two individual T2 plants were used, and for each
sample, a minimum of six fruits separated in three biological replicates were
processed and stored at 80 °C until used.

Molecular and Metabolite Analysis. Details of molecular (gene expression,
microarrays, McrBC-PCR analysis of gene DNA methylation, and gene-targeted
bisulfite sequencing) and metabolite (Carotenoid, ethylene, and 1H-NMR)
analysis are provided in Sl Appendix, Materials and Methods .
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S| Appendix

S| Materials and methods
Tomato transformation

Tomato transformation

For tomato transformation, a 223bp fragmdfig( S2A) corresponding to part of the
highly conserved HhHGPD domain of DNA glycosylase Lyase was amplified from the
SIDML1 cDNA and cloned in sense and antisense orientation in pK7GWIWG2 (1)
plasmid to form a hairpin structureecessary foto RNA silencing. The recombinant
plasmid named pK7GWSIDML was introduced in theumefacienstrain GV3101.
Subsequently, tomato cotyledon transformation was done as described in Gehzalez
al. (S1). Twenty five regenerated shoots were selected from independent calli and
cultured as described in How Kat al. (S2). Twenty five kanamycin resistant TO plants
were transferred to the greenhouse and grown to obtain T1 seeds

Among the 25ndependent TO transgenic plamtistained,8 including plants 2 and 8,
presened delayed and limited ripening phenotyp&dants2 and 8 were selected for
further studies and seffollinatedand backcrossed, respectively generate lines 2 and

8. Backcrossing of the TO plant 8 was necessary due to flower abnorrmaléxpty five

T1 plants were grown in each case and were classified based on the |&V@Mif
expression as deteimed by semi quantitative RPPCR on 20 dpa fruits and used for
preliminary phenotype characterizatiddo flower abnormality was observed on T1
plants that were therefore s@ibllinated. Complete phenotypic and molecular analyses
were performed on T2 plapopulation obtained after selfing of a single homozygote
(line 2) or hemizygote (line 8) T1 plant.

VIGS experiments

JRU 9,*6 H[SHULPHQWYV D ES 3&5 DPSOLILHG IUDJPHQW
sequence oBIDML2was inserted into the PVX vect(i#1). This part of the gene has no
significant homology with any of the other tom&tWML genesVIGS and analysis of
VIGS experiments were as describ@d), using 80 independent fruits injected at 12
days post anthesis.

Molecular Analysis
Gene expressioanalysis

Absolute quantification of transcript was performed as descii8d For each gene,

PCR fragments were cloned and controlled by sequencing and a calibration curve was
done. For comparative RQPCR, experiments were performed as descri{&2).
Normalization of data was done according to Pfafflal. (S4) using EF1 alpha as a
reference gene and a reference sample, ANOVA two ways was performed and
differencein gene expression levels between Wild Typel transgenic plants were



assessed using student t test (n53: p<0.05; **: p<0.01; ***p<0.001) All primers
used for RT PCR analysis are listedliable S2.

For microarrays analysis, total RNA was isolated fram nor Cnr and wild type Ailsa

Craig pericarp samples according to methods asrited in (21). The concentration of

RNA was determined using an Agilent Bioanalyser 2100 (Agilent Technologies). Total

RNA was treated with DNAIUHH $PELRQ DV SHU WKH PDQXIDFWXUH
was then hybridized to the Syngenta Tomato AffymetiHQH& KLS E 7KH PLFURDL
were normalized using the Robust Multichip Average (RMA) method with the
Bioconductor Affymetrix packageSE€), which both accounts for the background

correction using the perfect match (PM) features for quantile normalizaitiat the

arrays §6) and for condensing probes into probe regions (hereafter referred to as genes)

(S7). The expression values are arbitrary units of fluorescence intensity.

A linear mixed model was fitted to the logarithm of the DML data with genotype,
developmental stage and gene considered as fixed effects and plant andtHnot

plant as random terms in the model. The significance of the fixed effects and their
interactions were tested using the Variance ratidebts output by the mixed model
fitting routines within the Genstat 17 statistical package

McrBC-PCR Analysis

For methylation analysis, genomic DNA were purified from fruit pericarp using the
illustra DNA extraction kit Phytopure (GE Healthcare, UK), quantified at 260nm and
quality contrd was performed after electrophoresis on a 1% agarose gel. For McrBC
PCR methylation analysis, 1ug of genomic DNA was digested with McrBC (Ni&B)

5h according to manufacturer instructions with or without GTP as a negative control.
PCR amplification was grformed with 50 ng of genomic DNA witthe relevant
primers shown imableS2.

Bisulfite sequencing

Gene specific BS sequencing was performed essentially as described in (28). Briefly,

PCR primers for bisulfite treated DNA amplification were designeth WArimer3
(http://bicinfo.ut.ee/primer®.4.0) using the unconverted genomic DNA sequence as

input sequence. As every C nucleotide can be potentially methylated in plants and in
RUGHU WR DYRLG DQ\ VHTXHQFH VHOHFWLRQ ELDV GXUI
QXFOHRWLGHV ZHUH UH Suoépkdessin Eorwaikd” a2l QeBerd® priQers
respectively. All primers are listed irableS2.

One microgram of genomic DNA was used for bisulfite treatment conversion using the
(SL7THFW %LVXOILWH .LW 4LDJHQ &RXUWDERHXI )UDQ



instructions. The absence of unconverted genomic DNA was assgssm$sing a
whole-genone amplified sample (Whole Genome Amplification (WGA) kit, Sigma
Aldrich) simultaneously with theisulfite conversion of all samples, which presented a
DNA methylation value of 0% for every C position of each amplicon after
pyrosequencing. PCR amplificatiari the selected promoter fragmentsurification of

PCR products and pyrosequencing experiments were performed as degS8bBiNA
methylation patterns were analyzetth the PyroMArk CpG software (Qiagen) and by

an in-housedeveloped Microsoft Excel i8ual Basic Application foCytosines outside

CpG sites. For each samplegverage DNA methylation value of each cytosine or
cytosine group (CC, CCC) obtained by pyrosequencing of the three regions of interest
(CNR, NOR and PSY1) were pooled to generatea#risa Heatmap representation of

the data washen SHUIRUPHG XVLQJ 3KHDWPDS "~ IXQFWLRQ RI 3J¢
software. Hierarchical unsupervised clustering between columns and rows were
computed using Euclidean distance and complete linkagihad & agglomerative
method.

Metabolite analysis
Ethylene production analysis

Ethylene production was assayed on individual faftiér 2 h by withdrawing iml gas
samples from sealed jars. Gas samples were analyzed via gas chromatography (7820A
GC system Agilent Technologies, Santa Clara, CA, USA, http://

www.chem.agilent.com/eblS/productsservices/InstrumeniSystems/Gas |
Chromatography/7820&C/Pages/default.aspx Ethylene was identified via eo

migration with an ethylene standard and quantified witkbresfce to a standard curve
for ethylene concentration.

Carotenoid analysis

Carotenoidanalysis was done as describ&l3). Samples from transgenic plants

DML2A, B and DML8A, B were compared to those of WT1 and WT2 respectively.
Differences between samplavere evaluated usirem $129% DQG 7 XNHE¥3YV WHVW
*: p<0.05; **: p<0.01; ***p<0.001)

'H-NMR Metabolite analysis

For 'H-NMR analysis, polar metabolites were extracted from gro@utanum
lycopersicunti., cv WVA106 pericarp fruitBriefly, the frozen powdered samples were
lyophilised and polar metabolites were extracted from 15 to 30 mg of lyophilised



powder samplewith an ethanokvater series at 80°The supernatants were combined,
dried under vacuum and lyophilized. Each Iytiphd extractwassolubilized in500 pL

of 300 mM potassium phosphate buffer pH 6.0, iBODEthylene diamine tetraacetic
acid disodium salt (EDTA) was added at a final concentration of 3 Bddh extract
was titrated with KOD solution to pH 6 and lyophéd againThe lyophilized titrated
extracts were stored idarknessunder vacuum at room temperature, beftieNMR
analysis was completed within one week

'H-NMR analysis was performed using 500 pL of(Dwith sodium trimethylsilyl
[2,2,3,3%H.] propionate (TSPQ.01% final concentration for chemical shift calibrajion
added to théyophilized titrated extractsThe mixture was centrifuged at 17,796r 5

min at room temperature. The supernatant was then transferred into a 5 mm NMR tube
for aquisition. QuantitativéH-NMR spectra were recorded%20.162 MHz and 300 K

on a Bruker Avance Il spectrometeWWissembourg, FRusing a 5mm broadband
inverse probe, &0° pulse angleand an electronic reference for quantificatibhe
assignments of mabolites in the NMR spectra were made by comparing the proton
chemical shifts with literature or database val(f89, by comparison with spectra of
authentic compounds and by spiking the samples. For assignment purpbses,
COSY, spectra were acquired for selected samples.absolute quantification three
calibration curves (glucose and fructose: 2.5 to 100 mM, glutamate and glutamine: O to
30 mM) were prepared and analysed under the same conditions. The glucose calibratio
was used for the quantification of all amiacids, as a function of the number of
protons of selected resonances except fructose, glutamate and glutamine that were
quantified using their own calibration curv@he metabolite concentrations were
calculaed using AMIX (version 3.9.10, Bruker) and Excel (Microsoft, Redmond, WA,
USA) softwares.

To explore the metabolite multidimensional data set, one unsupervised multivariate
statistical method was used on meamtered data scaled to unit variance: Prircipa
Component Analysis (PCA). PCA was used to visualize the grouping of the different
samples without any knowledge of their group. PCA was performed of absolute
concentration of 31 metabolites issued frdf-NMR analysis of transgenic and
corresponding WT antrols tomato pericarp fruit harvested at 20, 35, 40, 55, 70, 85 and
110 days post pollination (dpa), using SAS software version 8.01 (SAS Institute 1990).

For individual metabolites, meansstandard deviations@) were calculated from three
biological replicates. For all biochemical analyses two extractions were completed to
measure the concentration of each biological replicate, then the mean of three biological
replicates was calculated. Mean comparisons were conducted asingNOVA
followed by Tukey v test
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Figure S2:

(A) RNAI strategy: the sequence encoding part of the Helix-hairpin-helix -Gly/Pro rich domain (HhH-
GPD) of SIDML1 (+3897; +4123) was used to generate an RNAI construct in the vector pK7GWIWG2
(1. Alignment with corresponding sequences of SIDML2 (+4252; +4378), SIDML3 (+4191; +4470) and
SIDML4 (+3328; +3551) are shown. Sequence homology of SIDML1 with the corresponding domain of
SIDML2, SIDML3, and SIDML4 is 90%, 83% and 75% respectively. Nucleotides shown in black
correspond to differences between SIDML 2, 3, and 4 and SIDML1. Alignment was performed using
the multalin software (http:/{inultalin.toulouse.inra.fr/multalin/multalin.html).

(B) Residual SIDML gene expression : SIDML gene expression was measured by Real time RT-PCR
analysis in WT1 and DML2A (line 2) fruits at 20, 35, 55 (Br+16), 70 (Br+31) and 85 (Br+46) dpa. An
ANOVA was performed and differences with WT1 fruits of the same age were analyzed using a
student t test (n=3). Stars indicate difference between WT and transgenic fruits of the same age (*:
p<0.05; **: p<0.01; **p<0.001). The Br stage (39 dpa) was not analyzed due to a limited humber of
fruits produced by the transgenic plants of line 2 as explained in the methods.
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Figure S3: Fruit, flower and leaf phenotypes of transgenic RNAI plants . (A) Phenotype of fruits formed on T2 plants (line 8) obtained after self-pollination of
a single T1 parent. Fruits were harvested at 85 dpa. Number refers to individual plants from which fruits were harvested. Fruits representative of each plant are
shown although on a single plant, fruit phenotype intensity may vary depending on plant age and position of the fruit. 1 indicates azygous plants that have lost
the transgene after segregation. In this situation fruit ripening reversed to WT. A design plants DMLA and DMLB that were selected for metabolic, gene
expression and methylation analysis. x indicate additional plants used as control for carotenoid measurement and or gene expression analysis and or
methylation analysis. White bar: 1 cm. Similar ripening phenotypes were obtained in T2 plants of line 2. (B) Typical fruits of plants DML8B, and DML2B are
shown along with WT fruits of the same age. Developmental stages are indicated. Plants of line 8 were self-pollinated whereas flowers of plant 2B required to be
back crossed with WT pollen to allow fruit development. Fruits of plant DML2B are characterized, in addition to the delayed ripening phenotype by an increased
number of locules. (C) Leaf (upper panel) and flowers (lower panel) of WT (left) and transgenic plants of line 2 (right). Leaf lacks indentation and flowers are
fasciated. Such flowers need to be hand pollinated and will give fruits with multiple carpels (up to 18 in a few cases). (D) Representative leaf (upper panel) of
WT (left) and transgenic T2 plants of line 1 (right). Representative flower (left) and fruit (right) of transgenic T3 plants of line 1 (lower panel).
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Figure S4: VIGS analysis of SIDML2 function in tomato fruit ripening . (A) Construction of PVX/SIDML2. The specific 5 fcoding region (1- 480) of
SIDML2 mRNA was PCR amplified and cloned into the PVX vector to generate PVX/SIDML2. (B) Fruits from Ailsa Craig plants were injected with
PVX/SIDML2 (1, 2) or PVX (3, 4) at 14 dpa. Fruits were photographed 2 days after the breaker stage (Br + 2, 43dpa); (2, 4) Inside of fruits 1-3, respectively.
Ripening-inhibited sectors in fruits injected with PVX/SIDML2 remain green.(C) SIDML gene expression analysis in ripening (R) and non ripening (NR)
sectors of fruits treated with PVX/SIDML2. Values are normalized to EF1 Dand to the expression of the corresponding gene in the ripening sectors which
represent the 100% of expression level. *** indicate significant difference (p<0.005) between R and NR sectors as determined with a student t test (n=3).



Fig. S5
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Figure S5: characterization of the metabolites content of the transgenic RNAI fruits. (A) PCA was performed with MatLab

Software (version 7.4.0) to evaluate the grouping of samples without any knowledge of their group, using the absolute
concentration of 31 metabolites determined from *H-NMR analysis of WT2 (B and DML8B (0) [upper panel] and WT1 (B and
'0/ $ R DQG '0/ % ‘ >ORZHU SDQHO@ WRPDWR SHULFDUS IUXLW KDUYHVWHGthe W
global variability) separates WT fruits at 55, 70, 85 [upper and lower panels] and 110 dpa, [upper panel] from all other samples.
PC2 (19.15% of the total variability) separates fruit samples of WT1, WT2 and transgenic (DML8B and DML2A, 2B) at 20 dpa from
35dpa and 39dpa, irrespective to their genotype. (B) Sugar (sucrose, glucose, fructose, galactose and rhamnose), (C) organic
acids (malic and citric acids) and (D) amino acids (aspartate, asparagine, glutamate, glutamine and GABA) content was determined
by quantitative 'H NMR spectroscopy as previously described (Sup ref S11) using for each stage and plant a minimum of 6 fruits in

3 biological replicates. An ANOVA one way was performed and difference between samples were evaluated using a t student test
(n=3). Stars indicate difference between WT and transgenic fruits of the same age (*: p<0.05; **: p<0.01; ***: p<0.001).
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Figure S6: Ethylene production in WT and transgenic fruits

Fruits were harvested from 2 (line 2) or 4 (line 8) independent T2 plants at the developmental stages indicated and analyzed individually for
ethylene production. Values represent the average of a minimum of 4 to 10 independent fruits for each line and time point. An Anova was
performed and differences between samples were evaluated using a W X U Nié¢$h {Stars indicate difference between WT and transgenic
fruits of the same age (*: p<0.05; **: p<0.01; ***: p<0.001). The Breaker stage (Br) for WT fruits corresponds to 39 +/-1 dpa.
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Figure S7: Candidate gene expression during the ripening of RNAI transgenic fruits of line 2 plants

RIN, NOR, CNR and PSY1 gene expression was analyzed in the transgenic plant DML2A during fruit ripening using real time RT-PCR.
Primers are listed in Table S2. Values are normalized to EF1 . and to the WT fruits at 20dpa. Stars (*: p<0.05; **: p<0.01; ***; :p<0.001)
indicate significant difference between WT and DML2A plants at a given stage using a student t test (n=3).



Figure S8

RIN (Solyc059012020) .

-2132
ATCTGGTACATAAACTATTGTGCTTATGTAGAATTTGGGGAAGAAACGTCAAGGAATATA
ATGTAAAGTATAGTAGACAATTTATTTTATCGTATACATATTAATAATTATTTTCACGATTC
GAATATATATAACCGATAGATCACACAATAATAAATATTAGTGTTGCTCATCGAAAACTCC
GATGCACTAATGTTTGCCACTAATTCTTAAGATAGATAACAAACACATCTAAACATTATTA
ATTAAGTGTATATATACAACATATTTTAAACTTATTCTATAACTGGATTTCAATTTAAAAAA
AATAATGATGTGTCATGTCCCAAAGTTAGTTGCACTCTAAAAAAAGTTAAAAGGTTTTTAA
CCAAAAATAACTTCTTGACTATAACAAATTAGAGTTGGAATTAATAATCAAAACATATAAA
AATTGATATTTTTAAACAAGTTTTACACCATAATGTAGCAATCCATCCTGTTAGTGATATT
GTCTGCTTTAAATCTAGGAATGTACGTCTTTAAAATGCGTCATTAGTGGGTAAGACATGC
TTACTTAAAACACGTCATTAATGAATAAGATTTGTTTACTTATATACTCAACATCTCTCATA
TATTTTACTGATGTGAAATTAGTTATCTTAAACCGGAATGTCAGTACACTTCATTTGTATC
TTTTTTTATATGAGCCATTATCATTTACATGTAAAAGTGCACCTTAAAGCTGGTTAAGCTT
ATAAACTATAAATTGTTCATTTTTTCTCGTTTAATAATCAATATCTACTTAACAAGGCCTGT
TTAATAGATGATAATAGTTTAAGTAGAAAAATGAAATTGTAACTTTTTTACGACTTTTAACA
TTTCAACTATCAGTTAGTAATATGCTCATCCATTACATATTTTAAAGAGAACAAAGAACCA
TTAAAAGGTTAAAAACTTATTATAAAGTTAAATATTTTTTCAGTATATATGAAAGGACCTTA
CAAGTTACAACTAAATCTTTTGAAAGAAAAGTATCGGTCACTACTAAGTTTTCCAAGAAAA
ACAACAACAAAGGAACAATCTTTTTCTACCACAAGGGGATGTGACTATTGATAGAATCCA
TTCATTTTAATGGGAGGGCAATTTTTTTTTAAGCGGATTCAAAATATAAAAAAGTAAATAT
ACGGACAAAAAAAAATAAGAAAATTTATCAACGTATACATAAGAAAAGTTGCATACTTCCA
AATAGACATGATACATAAACATGATCTTTAACTTGACGTCAGTTGGCAACTATATGTGCA
CAAGTAGGCACTTAAACTTGTATAAGATTGAACAATTGACACATTCATCCTACAGGCACC
CTACATGAAAATTTTGTGTCCTGCGTGGCGTCCTACGTGTATCATGTCATGCATGACATG
TGTGGCTACTTGTTCAATTTTATACAAGAGTAAGTGCCTACTTGTGCGCATCCAAAGTTG
AGGGTCATAGTTACCGACTGACGTCAAGTTAAGAGTCATGTTTATGTATTATGCCCTCCA
GGTAACATAGATTTGAAGAAGCATGGAATGCATGTAGATCTTACTTCTCGTGAAAATGGT
TTTCAAATACGAATAGATTAGTCTCGGCTCAAGTAAAACATTTTAAAAGTAAGTACTTAAG
ACAAAATAATACAATAATAAAAAAGTTATGATAATATTAAATAATAAAAACTATAGCAAAAT
ATAATATATTATCGAAGCAAACATAAATGTCTAATTCAAGCCTCGATAAATGAAAAAAATA
ATCTAATTTGAACACCGCAACTTTCTTTTAAATGGGCCCTCCACGACACTAATCTAGATT
AATCGAAATAATAAATTCTGAAATACCTCATGATATATAGTAAAACAAAAAAGTCTTTATT
CTCTTTTCTTCTTGACTAGGGAACCATTAGATTTTAAAGACATTAAATCTATTACCCTTAC
CCTAAGAATAAGAAGATGTAAAGTAGAAGAGAAAACAACCAAAACCATATATATACATAT
ATATAATTACATTATATTGTCTTATAACATATAGTCTTTTAAGGAAAAACAAATTTAGAAAA
AAATAATATTATTTTACATTTTTTTTCTTCATACAATINEY

NOR (Solyc10g006880).

-2568
TAATTCAAAAGCAAATGAAGGACCATTCAAAAATTGTCCAAGTTAGGGCTACTAATTTTG
AAATAGATTCCACTTGCTTTTTTCTTTAATTAGGTAAGTGCAACATCCATAAATATTTTTCA
AGATATTTTTCCGTAATTCATTCACAATTTTTTTTAAAAGAATTATTTAGTGTTTACCTGTT
TACATTTATATTGAAATTAATTAAATTTAAAATCATAATTAAGAGTGGAGAAATTTCATTTA
TCAATAACCTAAATACTTAATTCTCCAATGAAACTAACTATAAGATTTTTCTCCCTAATAAT
AGGTTCATTTATTTTAGATTGGTCATGTGAAGGATATGTGT TGAAACIAAATCCC?*TAAAT
TTCTTATTC* TTGTTAAGTTTAAAAATAAAAATGC TAAAAAAATTTTTTACPAATGAAAGAA
TATTATAAAAC TAATTAAATCCEGTCC’AAATTATATC ATACHGTATC®GC®*GAGGATTC!
AATCBATAAATTGACYTACY TAGTC®GTCGTATTTGTTGTCTCTATCCGA GTTCAAGATCA
ACGATACTATATATAAATACATCGATAGAGACAAGTTGTTGTAAA AAAATTCCAAGTGT
GAC?*AC3TAGGCC*AAATTTGTCC’AAAGAGTAGCC TAGAAATGCTTTC TTATC TTATTAT
CTGTCTGTCGHAGTC P ATGTCBAAACTTCH*TGTTGTAAAATTTAATC ACTCC TAATT
CGYATATTTC B AAAATCGYYAGTTTTGC AAATTAAGAAAATTTCHATTGTAGGACG**AGT




TTCCTC*®TTTAATTAAATGATTC**ATATGAGCG*CC**ACG*' AATTC®AACP®TGAATATC®
AAATAAAATACY TGAATGATTGATATAGATCTC*®*TTTATATATCETTGTGCAGGATAAAGT
AGTTCTGCGTATATGCCCCTTTTACTCGATTGTCCACGTGTTGGTACCAACTTGCATGCG
TATCGATTAATTATATTGCCTAATTTTCAGTTATCAAGCTCTAATTACATCATTGTCATGTA
TTAATCTAATCACCTCTTCAATTTATGCTAATGACGACCTCCACTTCTAATTTAATATTAAC
ATATACACTATTTATTTTTCCACTAACGACTAATTTTTTTAATTTTTTTTTGACAATATTTAT
ATAGTAATTTCTGCTAAGGTTAATTCTTAGTTTTTATCAACTCATTTTTACTATATATAATTA
ATGTCCTTCTCAAAGCCTAATAACGCCCATTTTACGTTAAGTTAAACTGTTAGAATTGAC
GAAATTAGGATTAAATTTTAAAAAGAATCTTGAAATATGATTTAAATATATTCACAAAATTA
TATCAGAAAAATAAATAAAAAATTTAAAATAAAATTGTGTAAGAAAAAAAGAATTGTTATC
GATTTTAAATAAAAAAGAAAAAATAACATATATAAAACGAAAAAAAATATATTTTTCTTAGT
GAGTAGATTTATCCACACTAGTAATTGTGTGATTATTGTAACATATTATTCATTAGTCTAG
GTACGAATTAATTGACTCGAATATTATCGTCCTAATAAAAAAAATATTCTTAATTTTGTTCT
ATTTTTTAATTAGCTTATTCCAAAGTAAAAAAAATCAAAGACATGTTCTTATATTTATGAAC
TTCTTAATTAAACATTTATAATTACCACAAGAATCTCAAGACATGTTTATAATTAATAAATT
TAGATGTCTGTTTTTCTTTCTAATTAAATTAATATAATTTTACCTTTGATAGCATATATTTAT
AATTACCATAGAATTCAAAGCATGTTTACTGTTAGATAAATTTAAATATCTTCTATATTTTC
TAAAACCTTTGGCGTCCAATTCGATCAAAGTATGTCCACACAATTCAATACTACAAAAAC
TTTCTATATAAAGAGAGATAATAGTCAAAATACATCTGAAATGTTACGTTTTTTGTAAAATT
TCTATTTAAATTATCACGTGCTCAATTTTTTTTACCTAAATCATTATCAACTATTTAACAAT
ACACATCTCAATTATCAGTTATTTTCTTTTTCTACTTGAATACAGTAATATTTCAGATAAAA
AAAGAAAAAGAGAAACAATTGATAATTATATTAACGCGTGATTTGATAAATAATTAATGAG
TTTATGTATAAAAAATGAACACCTCATGGTTCAAAAAAAAATCTTGCAAAAATATAATACT
CTAGATACTATTTTTTACCATTAAAGTATATATTTCAATATATATATATATATATATATATAT
ATATAAACAAAAATATATGTAATGGCATTACTGTAAATTCAGTGTTGCCTTATACCATATA
TAAGTAAGTGTGGGGGCTAAATTAACCAACTAAATTCCTTCTTGTTTATCATTTTCTCTCT
TCCCAAAAAAAAATCCCAAAATTTAATCATAATACAATTCGAATTTATCAACCTCGTACTA
CGTACATATTTTTGTTGGTACGTAAAATACTGAATTCAGGTCAACTCAAACATCGTAAATT
GTGATTTCTTTINKE

PSY1 (Solyc03g031860).

-2345
GTTCACAATGTCAAAATCTAAACAACTAAAAACGACGAGGAGTAAGGTTTGCAAC
GACGATAACAAGGATTAGGCAACAATTAGAGTTGTGAATTGTGAGTATTAACTAT
ACTTTTACTATATTAGGCAGAATTTTTGCACTCAATGAGTAACTTGATTTATTTATT
TTTTATTTCGCCCTAAATTATTGGACAAGTCATATATTTGTTTTGAAAACATTCTTT
TATTGGCTAAATCGAAAATTGAATCGTTAAAGATCAAAAATCAATAACAAATATCT
TATTGGTTTAACATATTTAAAAATAAAAAACCAATAAATCTAACTAATAATATTTAA
TACGAAAACGAAATGGACTGACACACATTCCTAAATTTTTGGTCAAAATTTTTTCA
TAATTTCCCTAAAATCTAAAATATTAAATATTTGACGGAAACAAAAAATTCACTTTT
AATAAATTATTTGAAGGACTAAAACAGTGGAAGAATATATTTAAGAAGCTAATTTG
AACCTAGTGCCAAATATAAAGGGACCATTTTTGTCATTTTTCAACTTGAAAATCTA
CGTGTCTTAATATAACACCAAAGAATTAATATTTACTGAAAAAATGTAAAAATGAG
GATATGGATTCTGAATCACTCAATTCCAATCAGCAAAAATAAAATAAAATAAAATA
AAATAAAATTTAAAAAATAATAATAAATGCTATAAAATGACCAAAATGTGTGGAGC
AAAAAGTGCAGAAAAAACCAACAAATTGCATTCTCCATTCTTGGAAGTGGCCATT
CTTGATTTCTTGAAACAAAGGTTTGTTTCCCTTCACTTCTTGATATGTAAAGTTGC
AATCTTTATAACTTTCTATTGCTTTGCTAGTGTTTTTGTTATATACAGGGGGTGGA
GTTAGAGGGTAAGTTACGCATTTAGTCGTAACTTAGTCAAACTTCGTAATAATTT
AGTAAGTTAAAATATATTAGAAATTTTCAGAATTCATAAACTTTAAATTTTAAATTTTG
ACTTCGCTTTGTGTGACTATACAATTACAGAAATTCAGAGTGGCCATTGTTGAAA GAGA
GGGTGGAATTTGTGTAAGTTTTGTTTCCTTTC'AGTTC*TTGATATATAAAGTTGC?AATC!T
TTAACATTC TTTGTTCAC ' TTTC TATAGGTTTGC TAGGTTC Y GGTTAAATTC AGTAGC!




STTTAGTTTAAACCCRETATGCGGAATAGAGAATGTGTAAACETTTAAACTTCAAATTTT
GGCTCCYGC®ATACG Y ACPTAGC*GAC**TATATAATAATAGGAATTGAGCACTTGGCTT
TTGTATATAGCTTCTATGTGTACCAAAATTAGAAAATCAGGCGATTATTATAATCTTGTTG
ACTAAATATAGAATGCATCCATTACCCCCAAAAAGTGTGATTCCACTGTCATAGGAGGTT
TTTTTTATTTCATTTTATTTGTGCTTTCAATAATGTAGAGTAGTTTTACAAAGATCCTTTCT
TTGTGACACATGGTAGGTAATATTGCTGATTTTGTTGTAGTTTTGGGGTTATAAAGTTTCA
AATTATTTATACTGGAGGGTAGGGGTGGGGGTTGTCTATAATGCAGGTTATGG TTTTAC!
GTGAACTC’AATAATTATTGTAGATAC TAAGAAATCC*ACTC’AGTGTTC TTGC'GGTGTC?
TTGC TTTTGATTTCYAGCHATCPACETTGTAGTTGATTGTGTTTAGATTATCHACATTAT
TCTGTGGCY TGTAAC®TGTATCC U TTGTTAGTTGCYTTTGTTTC#TAC?AC®TGTTGTTT
TCCCTC**TTTTATACCTATTTTGATATGTTGTACTCGAACGAGG GTCATCGGGGAACA
ACCTCTTTACCTCCGTGAGGTAGAGCTATGGTCTGTGTCCACTCTACCCTCCCCAGATC
CCTCTTGTAGGATTTCACTATATTGTAATATTAACTTGAGGTCACTATAGGAGCTCAAA
AACTTCTAATTTTGAATCAATGTCTGGTTATACTTTTTTTGTCATAACTGTATCTCA
AATGTGGTGTTTGGTTTATCTCATTTTGCAGAAGTCAAGAAACAGGTTACTCCTG
TTTGAGTGAGGAAAAGTTGGTTTGCCTGTCTGTGGTCTTTTTATAATCTTTTTCTA
CAGAAGAGAAAGTGGGTAATTTTGTTTGAGAGTGGAAATATTCTCTAGTGGGAAT
CTACTAGGAGTAATTTATTTTCTATAAACTAAGTAAAGTTTGGAAGGTGACAAAAA
GAAAGACAAAAATCTTGGAATTGTTTTAGACAACCAAGGTTTTCTTGCTCAGAIN]

CNR (Solyc02g077920).

-3526
TCACAATCACAAGCAGGCAGTGAAACAATTACATCAAGCTCGTTTCATAGATTCTTCATT
TTGGAATAATAGCTTGTCACAGAGTCTGTTCCTTGTTTCAAATTAGCAATTTCTGCGCAC
AAATAATAAATCCTCGTCAAATTCGATCTATCAAAACGCTCCTTGTATTCATCCCATACCT
TCTTCGCAATTGAAGCATAAACTATGCTTGGCATCAAATCAGCTGTAACAGTACTTCCTA
TCCATGATAACACAATTGCATTAAATTTTTCCCATTACGCTTCTAGGTCTCCTTTAAACTT
ACTCTTTGTGCAGTTTCCATCCACAAATCCAAGTTTTACTTTGCCTCGCAGTGCTAGTTT
CATCGATTTGCTCCATAGAGAGTAGTTCTCTGGTCCTGTGAGTTTGATCGGAGTTATTAC
TAAGTCTGGAGAATCAGAAGCTTAAAGATAGAGAGGATGATGATGATTAA TTTTTGTTG
ClAGC*TGGAACTTCC3ATC*TGTAGC ACPATTGTTCTCC/ TGTCATTTCC TAAAC TAATT
GATTGCHGATTAACTC”AAATTCC TAAGC'C*AGC TGAAGGTGAGATC *Geet'GeTc?
STGATACCYATGTTAATTTGTAGTTATGTATGTAGAATTTATGGTGAATAAGTTC?ACC? A
TTGATGAATTTTC®?TAAGCTGCTACAGAGATATTGGAAGA GAAAAAGAGGATCACTATT
TCATTGAATCTAAATTGAATTATCTTTTTTTAATCATAATTGATGGCTAGTACTGTTATAGG
TCCAGCTAACCTACTTCTAGAAAGTTCCATTTTAACTGACCTCATAACAAATTGTAACTAA
TTTTGTTAGCTACATCACAAATGACACTTACAAGAATAACAGTAATAAGAAACAAGTTATT
TCAACAGCTATCATTTATTATGTTACCTCATCTTGTATCGTGTTAATCCGTACAGACATAA
TTAAAATACAAAATAAGAAAATTAGAACTAGAGGCTCTAAACAGGAAATTTCAGGAAGTT
CCACCTCTGCCTAGCTATATTACATGATTTAAAAGGTATAATACAAGATGAACTCCTTAAA
ATTATCAGAATACTTTTGTTTAAAAACTCGAATTACCCGTTGTTTCAATTGATGAAGTGTT
TTAATCTGACACTTCCGGTTCGTTGTTATTCCTATACTAGATTGTTAAGTTAACCACATAT
TTTTTTAATCACACATTTACCTCAATAAGATATAAAACTTTAAATATTTTCTTCTTGAGGTT
GATACATATTATTATGAGATGACATATTTATGTGGTTAACTTAATTATGCGATAGACAAAT
AAAAACACGTGCAAAAGTTCATTCAAAATTTAAAATTTAACGTGACTACTTGGAACATTTT
ATTAGAAATTTAGGTGTTCAGTTAAAATAAGACTTATTGAAGTATCTAACCAGAATATCCT
GACAAATTAAGGGACTTATCATGTATTATGCCCTTCAAAAAGATTACTTCTTTATTAATGA
TGATTAGTTATACTCATAAGTAATAACCTCACTTCTTTTTCAGCCCATGTCCTAACCTTGT
TTTGTTTTCTTCCAATCATGGAGTCCCTTTGTCATTTGTCTATCAGTTTGTTAGCCTCCCT
TCACTAATAATTATCCATAACCGGCTAATAAAGTACATTCCATTTAAGTGTAAAAGAAAAA
TTGAAGAGTTTGCCTATTCTTTCTCACCACGTCCTCCCTAGAAAGTTCTCGTCACGCTTC
ATTGTCAATTGTCATTCCTTCGACAACAAGGGAATATATAGTTGGAATACTTCTGTCCCA
TCCATCCTGCCTACACACAAGTTATTCATTCTAACCTGTCTTTGCCTACTAAGATACGTCT




AGTTCTTCCTCTACTTGCCTATCTCGATAGAAAAATTTTTGATAGGAAAGAAAAAAACTGA
TCGAAGCGAGAGAGGGAGCAGTAATGAGGAATATACAAATAAGGTCATTTTGGGGAACC
ATTAAGCTATAAAACAATAATACACACTTATGAATTACCGATATATAATTTAATTTGGAATT
TCATTCATATGGTTAATAGCAACAGAGTTGTCTTTGTATTAGTGCACTATCAATTTAATAC
CTAGCTGTGACACTAAAAAGCTAGGTGCCCACAATTATTAAAACAAAAGTGTATCCACCT
CAAGAAGAAGAAAAAAGGCAAATATGATATAAAACCATTTAACAAAGTCCATATCACAAA

AATTAGACGGCAAAATCATACACGACTAATTTATAGATTCACTGAACCATGCAATTCTATA
CCGTTCACTTCCAATAAATAAAACATAATACACTATGTTTAGAGTACAAGACTCTCCTTGC
TTGAAAAGGACTACCAAGTAGGGGTTACTGCAGTGACTACCAAGTAGGGGTTACTGCAG
TCATTTGTTAATTCATTTTGAGTAATGTAACTGTGCAAGATAATGATGTTTTTTTTCCTTTT

TGGTTAACTAAGATAATGATGGATTTAGGTAGATGAATTAG AC'ATC*TAGTGATAATGG

AGAGCC?AGTGC*AACAATTGAGCPACTC' TAC* TGGACC ’GAC ° ATGGACHAACTGAGA
GACCRBAACHTTGCPAGTATTATAATAGTGC  AAATTATAGTTTAGTC GACTCCCTITC G
GAATCY TAC*TAC*ATAAAGAACH?TACC> ATAAACHTATGTTAGATGGC®TATTAC*®GGA
GTTTAAATTAAACTC?  GAAAATATC*®AGAAAAAGAAGTAACTTC AACC AATTACYAATG
C¥ATACCC3TTATC*AC®AAGTGAAAAAGAGTAAAC *GTGCCY AAACTC*#¥TTTTGATCCC
TCCP¥AAAGCTAGAGGAAAAGAGTGAGCAA TTCACTACAAACCACTGGCTTTGGTCTAT

GGTTGACACAACTCCTCGGCTAATTGGTCAAAATATCTTGTGACCACCAACCAGCAAGC

ACTAAATTGGATGTTCTATCAGCTTCTTTACATCATAAAACAGTGAATACTGAACGCTGA

GAGGCTAACTGACTGCCCAAAAAAACCTTGACAAAAAGTTAGTGGAGTAACTACCTAGG

AGTAAATTCAATAGTAGACCTTGAAAAGAACTTTAGCAAAGTCATCATAAATGCTCTTCAC
GTCTCATGTACTATGTTAAGGAATGGTCACATTTCTCTCTGCATTAAAGCTAGTTCATGTT
AAAAGTTGAGGCCGGTAGTAGTTTCAACTTTCAATTTAATTCCACCTTTCCTGGCCCACT
TCTGTACGGAACACCAATCAGAATCTTTAGTTCATCTTAACACCAAAGCATCTCCACTTA

GACACTTACTAGACTTCACATAGGAGGAAAAATATGGAACTGGTGGTCCTCACACGTAC

TTACCTTTCTTTTTTTACCTTTGTTCAAGTTTCATACTCTTTTATCTGGCTTCCTCACTCTA
TTTTGGCCCAATAGGTTCTCCTCACAGGGINKE

Figure S8: Promoter sequences analyzed using MCR -BC PCR and bisulfite Pyrosequencing

Promoter sequences of RIN, NOR, PSY1 and CNR genes. Bases are numbered from the ATG.

Fragment analyzed using McrBC-PCR (Fig. 5) are shown in italic. For the NOR, CNR and PSY1

promoter fragments, sequences analyzed by Bisulfite-pyro-sequencing are underlined and limited

either by red primers (PCR fragment 1) or by blue primers (PCR fragment 2). For each fragment

analyzed by BS pyro-sequencing cytosines or group of cytosines for which the methylation level has

been determined KDYH EHHQ QXPEHUHG VWDUWLQJ IURP WKH ¢ SDUW RI W
shown.
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Figure S9 Gene targeted Bisulfite Pyrosequencing AnalysisMethylation levels of thd?SY1(A), NOR (B), and CNR (C) promoters at the two PCR fragments showrFiig. S8.
Methylation level at 20, 35, 39 (Br), 55 and 85 dpa is shown in WT fruits (upperspandlin the transgenic RNAi line DML8A (lower pagjeht the same stageFruit phenotypes are
indicated on the right. DNA sequence is depicted as a black line on which are shown the differentially methylated reibmas @trmined using McrBRCR fed lines, this study),
DMRs identified in(20) (blacklines) and the poson of the RIN BS identified by RINChIP sequencin{?0). Notethe higher methylation level oPSY 1fragment 1(A; CC8 to C22)at all
stages observed plant DML8A as compared to Was well ashe reduction in methylation at ti¢OR (B) and CNR (C) fragment 2 during WT fruit ripening but not in fruits of the
DMLBSBA plant.
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Supplementary Table S1:

Database and Accession Name Domain A Glycosylase domain Domain B Total size
numbers Position size(aa) | Position size(aa) | Position size(aa) | (aa)
[Solyc099009080.2]1 | SIDML1 691-811 121 | 11511366 216 | 14981702 205 1702
SGN | [Solyc10g083630.1]1 | SIDML2 846966 121 | 12671482 216 | 16151824 210 1824
[Solyc11g007580.1]1 | SIDML3 836955 120 | 12791494 216 | 16451869 225 1869
[Solyc03g1234402]1 | SIDML4 786-900 115 | 9921206 215 | 13461538 193 1538
NP_196076.2 AtDME 678796 119 | 11901405 216 | 15301729 200 1729
NcBi | NP_181190.3 AtROS1 508626 119 | 8571072 216 | 11911393 203 1393
NP_187612.5 ADML2 477-595 119 | 7891004 216 | 11291332 204 1332
NP_195132.3 AtDML3 331-445 115 | 500712 213 | 841-1044 204 1044

Supplementary Table 1 : Tomato and Arabidopsis DML genes Accession number of the
tomato and Arabidopsis Demeter like cDNA is indicated together with the size of the
corresponding proteins, and the position of the three conserved domains characteristic of the
DNA Glysosylase-Lyase®.

Supplementary Table S2: list of primers

Supplementary Tabl@

Primers for qRIPCR

NCBI Accession

AK326269.1 EFlalpha F GCTGTCGGTGTTGTCAAGAAT
EF1 alpha R CATCACACTGCACAGTTCACT
XP_006341256.1 SIDML1 F GGGCTGAACAAGCTAACAACA
SIDML1 R TGACCACCCTAAGTATCAGCTACA
XP_004249459.1 SIDML2 F AGTACTCATGCCAAAGCCAAA
SIDML2 R CCTATCTTCTTTTTACCGACTGGA
XP_004250000.1 SIDML3 F GCAGAATTGAAGTCACCCTTG
SIDML3 R GATGGCTCAGTTTGTGAGCA
XP_004236376.1 SIDML4 F GAGCGAGTGTGGGAACAAC
SIDML4 R ATGCGGGCAATGAATGAGTC
NM_001247741.1 Rin F AACATCATGGCATTGTGGTG
Rin R GTGTTGATGGTGCTGCATTT
Psyl F ATCTTTGGTCTTGTACCGCAAA
KC767847.1 Psyl R GGCAGTTTTTGTAGGAGGCACA
NM_001247249.1 NOR F AGAGAACGATGCATGGAGGTTTGT
NOR R ACTGGCTCAGGAAATTGGCAATGG
XM _004232854.1 CNRF GCCAAATCAAGCAATGATGA
CNR R TCGCAACCATACAGACCATT
Primers for RNAIi construction
DMLENTRS | CACCGTATAGCTGTTAGAC
DMLENTRAS | GAACATGCGTTGCAGTTG

Primers for McrBC analysis of promoter fragments




Solgene accession

Solyc02g077920 CNR F TGAGCATCAACCACTCCTAATA
CNR R CAGACTTAGTAATAACTCCGAT
Solyc039123630.2.1 PMF AAACTAGACCATGAGTGTTGAGA
PM R TTTTAGAGTGAATTACAGAGAAGC
Solyc03g031860 PSY1F TTGTTATATACAGGGGGTGGAGTT
PSY1R TAGAGTGGACACAGACCATAGCTC
Solyc10g006880 NOR F CAAAAATTGTCCAAGTTAGGGCTAC
NOR R GTGGAGGTCGTCATTAGCATAAAT
Solyc05¢g012020 RIN F GTAGAATTTGGGGAAGAAACGTC
RIN R TATCAATAGTCACATCCCCTTGTG

Primers for bisulfite sequencing analysis

PCR primers

SI_NOR_F1

GATTGGTYATGTGAAGGATATGTG

SI_NOR_R1

Biotin CTCRRATARARACAACAAATACRAC

SI_NOR_F2

ATYGATAGAGAYAAGTTGTTGTAAA

SI_NOR_R2

BiotitACRCARAACTACTTTATCCTRCACA

SI_PSY1 F1

ATTGTTGAAAGAGAGGGTGGAA

SI_PSY1 R1

Biotin CAAAARCCAARTRCTCAATTCCTA

SI_PSY1 F2

GGGTTGTYTATAATGYAGGTTATGG

S| PSY1 R2

Biotin CCTCRTTCRARTACAACATATCAAA

S| CNR_F1

AAGATAGAGAGGATGATGATGATTAA

S| CNR_R1

Biotin TCTTCCAATATCTCTRTARCARCTT

S| CNR_F2

TGATGGATTTAGGTAGATGAATTAG

S| CNR_R2

Biotin TTRCTCACTCTTTTCCTCTARCTT

SI_NOR_pyrolF1

TGAAGGATATGTGTTGAAA

Pyrosequencing
primers

SI_NOR_pyrolF3

YAATGAAAGAATATTATAAA

SI_NOR_pyro2F1

GAGAYAAGTTGTTGTAAAAA

SI_NOR_pyro2F2

TYAAAYTTYTGTTGTAAAAT

S| NOR_pyro2F3

GTTTYYTYTTTAATTAAATG

SI_PSY1 pyrolF

AATTTGTGTAAGTTTTGTTT

S| _PSY1 pyrolF}

GCGGAATAGAGAATGTG

SI_PSY1 pyro2F

AATGYAGGTTATGGTTTT

S|I_PSY1 pyro2F}

GTTGATTGTGTTTAGATTAT

SI_CNR_pyrolFl

GATGATTAATTTTTGTTG

SI_CNR_pyrolF2

AGYTGAAGGTGAGAT

SI_CNR_pyro2F1

ATTTAGGTAGATGAATTAGA

SI_CNR_pyro2F3

AGTGYAAATTATAGTTTAGT

SI_CNR_pyro2F4

ATYAYAAGTGAAAAAGAGTA
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Part Il. Activity test for tomato SIDMLs protein

As reviewed in chapter,in plants, active DNA demethylation is catalyzed by bifunctional
enzymes, the DNA Glysosylasdyases, which possess both DNA glycosylase and
apurinic/apyrimidinic (AP) lyase activés. DNA glycosylase cleaves the phosphodiester backbone
at the 5meC removal site by /-elimination, AP lyase subsequently nicks the DNA, and an AP
endonuclease generates-ay8iroxyl to which a DNA repair polymerase adds an unmethylated
cytosine. DNA ligase completes the repair process by sealing th¢Reakermaret al., 2007).
Finally this biochemical process rétsun a net loss of cytosine methylation (Chapter 1,18y

In Arabidopsis, four DEMETERke DNA demethylases were indied, including
Repressor Of Silencing (ROS1), DEMETER, DEMETFEKE 2 (AtDML2) and DEMETER
LIKE 3 (AtDML3) (Choiet al.,2002Gonget al.,2002Pentermaret al.,2007,OrtegaGalisteoet
al., 2008. All these four Arabidopsis DEMETERe DNA demethylases protein are DNA
Glycosylasdyases, characterized by a highly conserved Glycosylase domain present in both
prokaryotic and eukaryotic DNA glycosylases, an isoiffur cluster motif, which isugygested
critical for DNA glycosylasdyases activity is located in this domain. Another two additional
conserved domains A and B flaninthe central glycosylase domain, these three conserved domain
are necessary and sufficient for DNA demethylationvagti(Agius et al., 2006Mok et al.,
201QLaet al.,2011).

The tomato genome contains fODEMETERIike (DML) genes with three characteits
domains of DNA demethylases, suggesting that these proteins are functional DNA Glyeosylase
lyases. They code for putative proteins of 1702aa, 1824aa, 1869aa and 1538aa (aa = amino acids).
SIDML1 (Solyc09g009080) and SIDML2 (Solyc10g083630) are orthmisgo AtROS1, SIDML3
(Solyc11g007580) to AtDME, whereas SIDML4 (Solyc039g123440) is distinct from the three other
proteins (FigR2.1, p58 as have been reported bef@rau et al.,2015.

Fig 2. 1 Structures of SIDML protein and Phlogenetic analysis withArabidopsis homologous
proteins. (A) Schematic diagram of domain structures of SIDML in tomato and its four AtDML
paralogs in arabidopsis. (B) Phylogenetic analysis of SIDML and AtDML ét.al, 2015).

To assess the biochemical activity of SIDML protegingin vitro assaysthree full length
cDNA, includingSIDML1, SIDML2andSIDML3were selected to develop a protein activity test.

60



Chapter 2

To address whether the three conserved domains are also necessary and sufficient for SIDML2
DNA demethylases activity, three different truncat®NA forms SIDML2962, SIDML2845,
SIDML2-694) were designed in addition to the reference full length of SIDML2 protein2(E)g

We hypothesized that SIDME@94 and SIDML2845 will be active proteins because they still
contain the complete three congsat domains. In contrast SIDMEZB2 has a truncated domain A,
which may result in a loss of activity.

Together, all of the six cDNAs were cloned into the cloning vector (pENTR) and subsequently
subcloned into the expression vector (pET300DHEST) and intoduced irE.coli cells (Rosetta2
strain DEJ) with modified codon usage (F&)3).

Fig 2. 2 Structures of SIDML2 proteins along with their truncated versions used in this study

Fig 2. 3 Cloning vector and expression vector used in this study

To purify recombinant proteins, proteins expression and solubility were first tested.
Unfortunately, full length SIDML1 and SIDML2ould not be successfullyproduced andthe
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truncated forms SIDML:B62 and SIDML2694 were not continued after the construction of the
recombinant vectors. Only SIDML3 and the truncated SIDMUB were successfully expressed
although the productioremainedvery low irrespective tohe onditions usedSeveral different
conditions were tested, including different incubation tempem{u6L, 23T, 26€C) as well as
different sonication buffers but the production of SIDM&25, SIDML2962remairedvery low.

$ %
vy "0/ 3XULIWRBH'
DML3 - DML2 ‘DVK (OX
<« ¥
-
V 0/ IXo®QJwWK 1R H[: Vv o/ IRZ H[SUHYV
V 0/ 1XO0 OMRIIW[ISUH 0/ /IRZ H[SUH

Fig 2. 4 SIDML2- full leng, SIDML3-full length and SIDML2-845 expression and purify test
Crude protein of full length SIDML2 an8IDML3 (A), DML2-845 and DML2962 (B), purified
protein DML2845(C). :DVK SXUHMHHGQG SXRWQJ SURWHLR SXWLIQEXWWRR Q

Finally, only SIDML2845, DML2-962 could be purified, and therementration is still low
(Fig 2.4). Protein purification was performed using the following metkddch referenced as
PonferradeMan |et d., 2009.

(1) DNA substrates Oligonucleotides used as DNA substrates were synthesizedesagurified

by PAGE from companyDoublestranded DNA substrates were prepared by mixing a 5 mM
solution of a 50fluoresceinlabelled oligonucleotide (uppstrand) with a 10 mM dation of an
unlabelled oligorar (lowerstrand), heating to 95 for 5 min and slowly cooling to room
temperaturg(2) Expression and purification ofDML2 and DML3 : The fulklength cDNA was
inserted into the pE3DO/NT-DEST expression vector to add a polyhistidine (His6) Tag at the N
terminus ofDML2 and DML3protein. Expression of recombinaggnesvas carried out in E. coli
(Rosetta2 strainDE3J) (Stratagene). A fresh transformant colony wassferedd into 10 mL of
LB medium containing kanamycis@ mg/ml) and chloramphenicol (34 mg/mifen tke culture
was incubatedbr overnight with shakingA 2.5 ml aliquot of the overnight culture waddednto

1L of fresh LB medium with kanamycin $0 mg/ml) and chloramphenicgB4 mg/mh, and
incubated at 37 , 250 rpm, until theA600 was 0.1. The culture was theansferedat 23- , ard
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incubation continued at 25@m for ?h. Cells werecollected by centrifugation at 13 000 g for 30
min and the pelletvasfrozen at80- . (3) Recombinant protein purification. The stored pellet

was thawed and resuspended in 10 ml of Sonication Buffer (SB: 20 mM Tri#iCl pH 8.0,

500 mM NaCl, 20% glycerol, 15 mMimercaptoethanol, 1% Tweé®) supplemented with 5 mM
imidazole. Cells were disrugd by sonication and the lysate was clarified by centrifugation. The
supernatant was loaded onto a NgEpharose column preequilibrated with SB buffer
supplemented with 5 mM imidazole. The column was washed with 10 ml of SB supplemented with
5 mM imidazde, followed by 10 ml of SB supplemented with 100 mM imidazole. Proteins were
eluted with a 30 ml gradient of imidazole (100 mM to 1 M) in SB and collect2drihsolution

The protein was disalteahd disolved in the followinguffer (DB: 50 mM TristHCI pH 8.0, 500

mM NaCl, 1 mM DTT, 50% glycerol). The protein preparation was divided into aliquots, and
stored at80- . All steps were carried out abld room(4 - ). Protein concentrations were
detemined by the Bradford assayenatured proteins were analysed by SPYSGE (10%) using
broadrange molecular weight standards (#ad).(4) Enzyme activity assaysDoublestranded
oligodeoxynucleotides (20 nM, unless otherwise stated) were incubated at 308C for the indicated
times n a reaction mixture containing 50 mM T#$Cl| pH 8.0, 1 mM EDTA, 1 mM DTT, 0.1
mg/ml BSA, and the corresponding amourpwfified protein in a total volume of 50 ml. Reactions
were stopped by adding 20 mM EDTA, 0.6% sodium dodecyl sulphate, and 0.5 pnofeniase

K, and the mixtures were incubated at 37 for 30 min. DNA was extracted with
phenol:chloroform:isoamyl alcohol (25:24:1) and ethanol precipitate®Cat in the presence of

0.3 mM NacCl and 16 mg/ml glycogen. Samples were resuspended in 1@mib8A@amide and
heated at 95 for 5 min. Reaction products were separated in a 12% denaturing polyacrylamide
gel containing 7 M urea. Fluorescdabelled DNA was visualized using the blue fluorescence
mode of the FLA5100 imager.

The activity of purifie proteins was tested in a DNA incisisaysSIDML2-845 contains the
3 complete domains, which are necessary for activity, so it is expected to be active. SIBML2
with truncated domain A is supposed to havactovity; therefore, it was used as a negative control.
The DNA incision assay mechanism as below (R&A). Fluoresceidabeled duplex
oligonucleotides containing-Bethylcytosine in different sequence contexts were chosen as the
substrates of SIDMLZB45 proteinlncubation of SIDML2845 with an oligonucleotide containing
the unmethylated CpXpG site will result in the generation of a cleavage product after incubation
with MsP1, which can be visualized in a Fluoresdabreled DNA imagerThe testook Mspl as
postive control, which will show incisioactivity on CCGG sites if cytosines are not methylated,
but will be inhibited if the second C is methylated. Hence incubating DML with methylated DNA
containing a methylated CCGG site will provide a cleavage prodiectMSP1 incubation, only
if the DML are active. If the enzyme is not actise cleavage product will be obtained. A positive
control is done by incubating the same unmethylated DNA with MSP1, which allow visualizing
the cleavage product.
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A B

Cleavage
product

Fig 2. 5 Mechanism of DNA demethylase incision assayfigure comes fromGehring et al
(2005) and the acitivity testof SIDML2-845, SIDML2-962 and Mspl.No signal was dected on
DML2-845 orDML2-962, but signal was found on MS).

As a conclusionwe coud not detect arsignificant activity using eitheSIDM2-845, or
SIDML2-962, although Msptould cleavehe substrateery efficiently (Fig 2.5B). The reasons
are unclear and could be due to a tdsictivity duringthe protein purificationprocessassociated
to the lowproteinyield.

Part Il Analysis of the inheritance ofphenotypes generated in DML

RNAI plants after transgeneout-segregation

The Cnr mutant was the first epimutant identified in tomato. In this epimutant, fruit ripening
was inhibited due to an increased methylatbthe CNRpromoter region, and this phenotype is
stably heritable (Manningt al, 2006). We have now shown that repressio8IDIML2 expression
results in hypermethylation at specific Idbat blocks fruit ripeninglt is unclear whether these
hypermethylatedoci are stable through generatiand will maintain the phenotypes observed in
the transgenic lines

Preliminary observation hawdready shown that segregation of the transgene after selfing
plants of line &heterozygous for the transgamsulted in eversionof ripening phenotyptwo aWT
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phenotypgFig 2.6A). This suggests that hypermethylatimihgenes controlling fruit ripeningg
not transmitted to the next generation in theseire of the transgene. Howeverit ripening
phenotypes are latievelopmentakvents Hypermethylation at theggeninggenes occur at the
onset of fruit ripeningn the pericarp of fruindthereforecannot be transmitted to the gamete
The demethyl@on at these pormotergquires to be newly madeeach plant during fruit ripening
and is therefore unlikely to be stably transmitted to the next generation.

We have also noticed that other lines present additional phenotypes affecting leaves and
flowers. Such phenotypes are likely to be due to early developmental events that may take place in
meristems and therefore could be transmitted to the next geneshptants.In order to test the
possible transmission dfiesephenotypes, we have investigateditheritability in Line 2 and
Line 1that pesent modifiedloral shape and development that result in fruits with multplpe)
andalteration ofleaf shapé The experimental plansed for this studwas applied to lines 2 and
1 ((Fig 2.6B). Hemizygotesof T3 plants from these two lines were generated by crossing
homozygotes T2 parents with WT plants. T3 hemizygous plants were selected and selfed. T4 plants
were screened for the presence of the transgen@ @jig

/E loss of the ripening defect ! -

/JLQH $IVIRXYV
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Fig 2. 6 Fruit phenotype of azygous and other defects on line 1 and line 2 as well as process

of VFUHHQLQJ 7 BRHOQHQBWLRG)OXKOQWYV SKHQRW\SH RPAD]J\JIRXV
2WHU GHYHORSPHQWDO GHIKRPRWYHRIQQRQH HHYXBH QHQYHR@MG OLC
ZLWK FOOWHOV DQG DEQRUPDO IORZHUV

Table 1. T4 Plants culture in greenhouse

Plants Azygous plants % azygous plants | Germinated seeds
Line2-AC11 1 8% 13
Line2-T6 2 6% 36
Linel-B7 10 22% 45
Line 1-D8 3 7% 46
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A B

Fig 2. 7 All phenotypes of RNAI DML transgenic plants reversed to WT after transgenic
segregation.Leaf, flower andruit (Br+7/46dpa)f WT (A) and transgenic plantf Line 1after
lose transgene on T4 generat{&).

The phenotype of all T4 plants was analyzed irrespettitee preence of the transgene.
Finally we found that for both line 2, and line 1 plants that had lost thegesme by segregation
(table 1)have reversed to Wphenotype (Fid.7), suggesting an absence of heritability of the
modifications induced b§DML2 knock down However, we cannot rule out that some abnormal
methylation pattern, not linked to these apparent phenotypes are inHaraddition, it is unclear
whether the plants obtained present an homozygous epigenetic AldiBonal generations
obtained after selfing these plants should be analyzed.
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Conclusion

In this chapter, we demonstrated that among the four SIDML g&ted)L2 knockdown
results in fruit ripening inhibition via hypermethylation and repression otheession of ripening
related genes. Four essential genes that related to fruit ripening were identified as the potential
primary targets oSIDML2 including three fruit ripening transcription facto”RIN, NOR CNR
and a key enzyme of carotenoid biosw#isPSY1 Our data demonstrate first time that active
DNA demethylation is critically important for tomato fruit ripening to occur.

To characterize the SIDML protein activity, SIDML1, 2, 3 full length and three truncated
SIDML2 (SIDML2-694, SIDML2845, SIDML2962) were successfulbtonedinto an expression
vector and destination vector. The recombinant constructions were expressed (i.coli),
unfortunately, the full length SIDML1, SIDML2 could not be successfully expressédcoli.
Only a full length SIDML3 and a truncated versions of SIDML2, SIDMi45 containing the three
complete domains) and SIDME262 containing a truncatl domain A) could be synthesized at
low levels in E coli. Unfortunate]y6 O'0/ I XOO OHQJWK ZDVQIW VXRRBBHVVIXOO
and SIDML2962 were obtained, that were subsequently used for an activity test. We could not
demonstrate any activity for these two proteins which may be caused by the low production of
recombinat protein purification.

To study thepotentialstability of the phenotypes affecting plant development after transgene
segregationT4 plants of line 1 and line 2 with abnormal flower and pericarp phenotype were
analyzed. As a result, T4 plants show hest the phenotypes reversed to WT phenotype once the
transgene was out segregated, suggesting an absence of heritability of the modifications induced
by SIDML2 knock down. However, we cannot rule out that some abnormal methylation patterns
linked or not b these apparephenotypes have been inheritedieed due to flower abnormalities,
hemizygous T2 plants have been back crossed to WT plants genaraditegozygous epigenetic
state. Indeed these plants have been selfed for one generation befaneatlysis as a first step to
generate homozygous epigenetic states. In addition, it is not known how many loci are involved in
generating the flower and leaf abnormalities. Heitde possible that lack of phenotypes is not
due to the notheritability ofthe improper methylation state at specific loci. It may reflect that the
correct combination of homozygous methylation state at all required loci was not obtained. Further
generation and screening of more important plant population will be necessamyéo s point.

In this chapter, we have shown that the inhibition of fruit ripening in RNAi SIDML lines is
correlated with the hypermethylation of ripening related genes. Four geineSNOR CNRand
PSY) were identified to have a direct causal anteaf relationship between active DNA
demethylation and gene expression. However, in addition to these four genes, hogemasy
expressed during tomato fruit development and ripening have been impacted in plants knocked
downfor SIDML2? What is the globampact of impaired active DNA demethylation on tomato
fruit ripening? To answer these questions, our next objective is to establish a global regulatory
network associated with active DNA demethylation during fruit ripening. For this purpose,
metabolome ah transcriptome analyses were combined with the analysis of the genome wide
distribution of DNA methylation.
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| ntegrated network analysisreveals
that active DNA demethylation has
global effects on tomato fruit
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Introduction

DNA methylation is a reversible epigenetic modification that plays important roles in transposon
silencing, genomic imprinting and regulation of gene expres@@nder 200 Unlike in
mammals which genomic DNA methylation mainly occurs in the CG context; in plants,
methylation of cytosine occurs in three sequence contexts: the symmetricalsdd@xind CHG

and in the norsymmetrical context CHH (H=A, C, T). A majority of DNA methylation in plants
occurs at transposable elements and repetitive sequence that are clustered in heterochromatin
(Zhanget al, 200§. In Arabidopsis, DNA methylation can also occurs in promotersiratige

bodies of expressed gendn this later cas®NA methylationishighly correlated with gene
transcriptionindeed 61.5% of Arabidopsiexpressed genes of Arabidoparsentirely devoid of
methylationwhere5.2% are methylated within their promoters and 33.3%& methylated within

their transcribed regions also called gene b@ahanget al, 2006Lister et al, 2009. Although

DNA methylationis essential foArabidopsisjts impact on plant devabonent may vary between

plant species.For example, DNA methyltransferases MET1) mutant in Arabidopsis, late
flowering plants were frequently observed among plants heterozygous, and this phenotype is more
sever inmetlhomozygotes. This is caused by the hypomethylation oF¥N@& gene, which is
specifically controlling Arabidopsis flowering tim@&oppeet al.,200Q0Kankel et al.,2003Saze

and Kakutani 2011 In rice, knocking out the major CG methyltransferase, OSMET1, impaired
seed development and vegetative growth and all seedlings underwent swift necrofiduleath

al., 2019.

In plants, DNA methylation of cytosinean be removed by DNA demethylase (DMLs). DNA
demethylases are bifunctionalntethylcytosine DNA glycosylase/lyase, which are critical for
preventing DNA hypermethylation at hundreds of genomic regions in Arabiddfsie recently,

rosl mutant was discoveredo2 hypermethylated differentially methylated regions with whole genome bisulfate
sequencind Pentermaret al.,2007 Tanget al, 2016. Four genes encoding DNA demethylase have
been identified in this species, DEMETER, DEMETEKE 2 (AtDML2), DEMETER-LIKE 3
(AtDML3), and REPRESSOR OF SILENCING1 (AtROSDao and Jacobsen 2QChoi et al.,
2002Gong et al., 2002Pentermaret al., 2007 0OrtegaGalisteoet al., 2008. The function of
Arabidopsis DNA demethylase family members have been well studied in reeesit iy addition,

all of these four DNA demethylases can target both symmetrical cytosine CG, CHG and
asymmetrical cytosine CHH. It is worth pointing out that, DME and ROS1 can also remove methyl
from thymine, but not uracil, and show a preference forcG@&ext(MoralesRuiz et al, 2009.

DEMETER is known to be critical for active DNA demethylation in the central cell and thereby

for gene imprinting and endosperm development. Heterozygol&/@ive 1 mutant produced 1:1

seeds with normal embryos and enlarged endosperm with aborted ef@irgost al.,2002 Xiao

et al.,2003. AtROS1is required for release of transcriptional silencing of an hypermethylated
transgene, and was shown protect the genome against unwanted meth{(@atngnet al.,
2002Agiuset al.,2006. Yamamuro et al (2014) found thatROSIcan influence the initiation of
stomatal lineage cell by regulating EPF2 expi@gYamamuroet al, 2014. AtROS1may also
associate with RdDM pathway to participate to pathogen defense through regulating some defense
genes linked to TEs/repeddu et al, 2013.XXXX here you have a put a sentence on thos article

in nature plant cocnering ros1lAtDML2 and AtDML3 function as genome wide DNA
GHPHWK\ODVHV WKDW UHPRYH P& PDUNV DW VLWHV 9 DQG
obvious phenotype in the corresponding mutants and gene expression was not significantly affected.
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In addition, ros1, dml2 or dml3 double or triple Arabidopsis mutants showed little or no
developmental alterations, suggesting that DNA demethylases do not have essential functions for
development in this speciéBentermaret al, 2007Yu et al, 2013.

Tomato is an important model to study fleshy fruit development and ripening. Some obvious
characters associated with fruit deohent and ripening have been well characterized such as
pigment synthesis and degradation, cell wall biosynthesis and disassembling, sugar and organic
acids metabolism, hormone biosynthesis and regulation, more specifically ethylene accumulation.
Recent wdies have shown that the development and ripening of tomato fruit relies on the
establishment and maintenance of differential transcription pafiiveset al.,20050sorioet al.,

2017 and complex regulatory pathways that involve both genetic and hormonal controls are
operating at these developmental phg§esorioet al.,2013. Several mutants affecting tomato
fruit ripening process or specific fruit characteristic of ripening fruits such as their color have now
been characterized. These include the ripemhditor (RIN), nonripenng (NOR), colorless non
ripening CNR but also neveripe (Nr), high pigmentlHpl), high pirment2kip2), fruitfull (FUL1

and FUL2, agamousdikel (AGL1 or the phytoene synthase BRSY) (Lanahanet al., 1994
Vrebalovet al.,2002 Manninget al.,2006 Giovannoni 2007Vrebalovet al.,2009 Bemeret al.,

2012. Other mutants include cell wall mutants, such eapansion(Expl), pg2, Pectin
PHWK\OHVWHUDVH 30( FH@aacostede (TR@LHnd TRGERPUDNWIER

2000, Sugar and organic acids mutants, such-asa@lutarate dehydrogenase complex (OGDH)

as wellas fumarase and malate dehydrogenase (MDH) mutants were also gef(eeatedoet

al., 2011 Arago et al.,2012. Another tomato mutant, GOLDENZKE (GLK) shows gradient
expression of GLK can influence the uneven coloration of green and ripe in fruititiomdad LK
expression may under regulation of histone modification, suggesting potential function of
epigenetic on the fruit ripening proc@¥sgueiraet al.,2013.

In recent years, the coordinated changes during tomato development and ripening was analyzed
using combined tracriptome, metabolism and proteome characteriz@sorio et al., 2012).
However, it appears that a full understanding of tomato fruit development and ripening will not be
achieved based only on genetic models. In addition epigenetic regulation, mainly genomic DNA
methylation may play a key role in this proc€bsyssieret al.,2008 Zhonget al.,2013. However,

the study of how fruit development and ripening process is controlled at the epigeneticdeNel is

at its early beginning. Indeed several evidence point out the importance of DNA methylation and
chromatin regulation on fleshy fruit development and ripening ripening (revie@eadusciet al.,

2016. For example, the fruit ripening defect ©hr mutant is caused by hypermethylation of an
upstream region of tl@NRpromoter{Manninget al, 2009. Zhong et al (2013) also detected that,

the promoter region of several genes are demethylated during tomato fruit ripening, suggesting
that DNA demethylion may play critical roleduring this phase of developmd@@honget al, |

2013.

Indeed we have now shown that active DNA demethylation is critically important foremnimg

to occur. Phylogenic analysis of DNA demethylasesrabidopsisand tomato has pointed out that
among the four tomatOML genesSIDML1andSIDML2are orthologous t&tROS1SIDML3to
AtDME (DEMETER, while SIDML4 has no closely related Arabidopsirthologue (Liuet al,
2015. Tomato DML RNAI plants present fruit ripening defect, likely mediated by inhibition of
the expression of key ripening regulator gefRdbsl, NOR CNR and carotenoid biosynthesis
enzymePSY1(Liu et al, 2015. Based on thisiriding, SIDML2 is considered to be a master
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epigenetic regulator that governs tomato fruit ripening by controlling the DNA methylation level
at least at these four genes.

However, the pathways under the regulation 8M\HL2 have not been comprehensively identified.
With the aim to obtain a more comprehensive view of the roles of active DNA demethylation on
tomato fruit development and ripening, we have performed a comparative analysis of the
transcriptome and metabolome ofTwand DML RNAI fruits at eight fruit development and
ripening stagesTheseanaly®s was integrated with tomato epigenodetermined inVT Ailsa

craig plantg Zhonget al2013). These analyses reveal that in addition to the four geliésNOR,

CNR, PSY)previously characterized a large number of metabolites and genes present differential
accumulation and expression patterns respectiveDMib. RNAI transgenic fruits. For example,
carotenoid, ethylene biosynthesis and signaling, cell wall synthesigsseandbling, transcription
factors,and manu y otherare extremely affected in transgenic fruits. These results suggest that
several genes, including those playing essential roles for fruit development and ripening might
require demethylation for their esgssion. Here, we present evidence for the first time that active
DNA demethylation has very global effects on fruit development and ripening.

[-Fruit Physiology and four DMLs Repression levels in transgenic fruits

To analyze at the molecular and biochemhilevel the fruits formed by RNADML transgenic
plants,two independent cultures were performed. For line 8, we used the culture already analyzed
in Liu et al (2015). For line 2, a new culture was performed in order to increase the number
developmentaktages harvested. Interestingly, Line 2 plants from T2 generation showed two
distinct phenotypes. Sixteen plants out of the 23 used in this experiment showed fruits with an
LQFUHDVHG FDUSHO QXPEHU WKDW ZLOO EH VXENWHIXGQWO
whereas 7 plants showed no change in fruit shape or developed fruits smaller than WT (Small fruit).
To distinguish between these two fruit phenotypes observed in line 2, fruits with multiple carpels,
named line 2Y, were sampled separately fronals fruits that were named line 2 X. The same
relevant WT control (WT1) was used for both line2Y and line2X. Fruits were harvested at 7
different derelopmental stages: 20, 30, 339 (equivalent to the WT1 Breaker stage), 46
(equivalent to the WT Red Ripe stage), 55, 70, 85dpa. The samples for line 8 and the relevant WT
control (WT2) are described in Liet al (2015), including an azygous sample at 20 dpa. In this
case, fruits werbarvested at 5 developmental stages: 20, 35, 39 (equivalent to the WT1 Breaker
stage), 55, 70, 85dpa. In total, two independent T2 lines, lines 2 and 8, were used in this study, and
for line 2 plants two sublines that differed on fruit size and shape seenpled separately. For

each line and subline three individual plants were used as biological replicates for the production
of RNA-seq libraries and for GBS and NMR analysis.

Fruits from both Line 2Y and Line 2X showed a strong inhibition of the ripgmiogess (Fi.1

A) similar to those previously described for Line 8 and Line 2 @tial, 2015. Indeed, some
variations were consistently observed between plants of the same line and subline, as previously
documented (Liwet al, 2015

RNA seq data lotained from WT1, WT2, line 2X and Y and line 8 were used to determine the
expression level of the 4 toma&DMLsgene (Fig3.1B, p7/3). Expression patterns in WT were
essentially as described in Liu et al (2015). In partic@ddML2was the more highlgxpressed

SIDML gene in fruits and is characterized by a sharp increase at the breaker (Br) stage in WT,
before decreasing to half of its maximum expression level at 46 dpa, and to almost undetectable
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levels in fruits at 70 and 85 dpa. In contrast, inggamic fruits of lines 2 and 8|DML2is knocked

down to 50% of WT level during early fruit development and severally repressed at the Br stage.
However,SIDML2 mRNA levels increase in overripe fruits to levels higher than WT fruits of the
same ageSIDMLL1 is also repressed by 50% of WT level at 20 and 30 dpa but increased at later
stages to levels higher than WT fruits. No major effects were observBtbii3 and SIDML4

genes. Similar results are observed in both transgenic lines, consistent with pmnolusion
obtained by Q RAPCR using these transgenic lines. Hence, ripening defects are correlated with
the strong repression 8IDML2during fruit ripening(Liu et al.,2015.
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)L 3KHQRW\SHV RI WRPDWR '0/ 51$L |UXSVW VDKREUG/L WN\S U H \
IURP 7 SODQWV OHIW WR ULJKW :7 SODQWV OLQH SODQW:
PXOWLSOH FDUSHOV WKRVH IRU /LQH ; DUH PO SOHNE GRKD Y
OHYHO RI IRXU '0/ JHQHV LQ :ZQH7 ;: DQIGQELQBY GHOWHUPLQHC
$VWHULVNYV LQGLFDWHV VLJQLILFDQW GLIIHUHQFH EHWZHHQ

S S S (UURU EDUV ISHOWAIMVRIEFYRIORILFDO U
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Il - Metabolic composition of WT and transgenic fruit

Previous results have shown that metabolic composition of DML RNAI fruits is clearly modified
as compared to WT (Liet al, 2015, Chapter 2). In order to determine possible correlation between
the RNA patterns described later (seagtir 3, part Ill) and metabolite accumulation both in WT
and DML RNAI plants, we further investigated the metabolic composition of WT and transgenic
fruits. To achieve this goal, metabolite composition was determined in exactly the same biological
samplesas those used for transcriptomic analyses (see Chapter 3, part 3) as follows: (1) primary
metabolites, including a few secondary metabolites were measured by broad targeted method GC
MS (quantification of 58 identified metabolites in Line 2Y/2X, 64 meliéd®in line 8) as the
method in(Carrariet al.,2006and NMR (34 metabolites in line2Y/2X) as described in étial

(2015); (2) in Line 2X and 2Y isoprenoids including chlorophylls, carotenoids were analyzed by
HPLC (Téef et d., 2006 and starch using an enzymatic approgténdrikset al.,2003.

7XNH\Y{V SDLUV WHVW ZDV SHUIRUPHG RQ DOO LGHQWLILH
metabolites are presented in E@and FigS.1 (p7, pl31, Line 2) and FigS2 (p126, Line 8). For

GC-MS data on line 2, 47 compounds showed significant changes in Line 2Y, 49 in Line 2X and

17 in line 8 as compared to their respective WT controls. For NMR data, 26 in Line 2Y and Line

2X, showed significant diffences withWT controls
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2.1PCA analysis of metabolic compositions allows the separation of WT and transgenic fruits
during ripening

To visualize the modifications of WT arfdML RNAi fruits metabolic composition through
development and ripening, PCA were performed on line 2 and line 8 separately and their respective
WT controls. For Line 2, all data including primary metabolites determined byi&@nd NMR,

as well as chloropfils, carotenoids, lycopene and starch were integrated together. When similar
compounds have been analyzed by-KB8 and NMR, only GE@VIS result were considered.
Altogether, 58 metabolites from G@S, 15 from NMR, and chlorophylls, total isoprenoids
(including betacarotene and lycopene) and starch, in total 74 metabolites were considered for line
2 and WTL. For line 8 and WT2 the 64 metabolites obtained by GCMS were used for the PCA
analysis.

ForWT1 and Line 2, PCand PC2 represent 37.1%§%, respectivelyof the total differences in
metabolite compositiorSimilarly for Line 8 and WT2, PC1 represents 30.7% and PC2 19% of the
total differences (Fig.3, figS33, p77, p133). In both cases, a clear separation is observed between
early and late developmentahges for both WT and transgenic fruits, which are mainly separated
along PC1. WT1 andlVT2 from 20dpa tathe Br stage were clustered together with transgenic
fruits of line 2 and 8 respectively, from 20dpa to 46 dpa (corresponding to Br+7 in WT), irglicatin
that at these ages the changes of metabolitédruits is very similaiin both type of genotypes

At later developmental stagesdrting afted6dpafor DML lines, and at Br stage in WWand older
stages up to 85dpa, WT1 and WT2 fruits were all ehest and clearly separated from fruits of line

2 or line 8 respectivelgf the same aginat also clustered together.

When analyzing the compounds responsible for the separation between samples, major differences
between Line 2 and WT1 ardue to dehydroascorbate, galactose, glucose, GIn, fumarate.
Adenosinelike, galactinol, glycerate, carotenoids, xylose as well astmaimilar results are

found for line 8, with the exception of isoprenoids and starches that were not considered for this
line. In addition, galactose, raffinose were quite difféfarine 8 as compared to line 2
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$ %

Fig 3.1 Principal component analysis of metabolic profiles of WT1 and line 2 fruits during development and ripeningA) PCA using primary
metabolites determined by HNIMT, chlorophylls, carotenoids and starch of WT1 (red square), line 2 X (green circle) a?d [iokeie triangle) at
8developmental stages. Note the clear separation of WT and transgenic fruits from Br (39 dpa) to 85 dpa. (B) Varidbiestagdbolites for the
first two principal components (PC1 and PC)ntounds that give large contributiather to PC1, PC2 or both are labeled with red color.
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2.2 Sugars, organic acidsamino acids, pigments show different accumulation pattern in WT
and transgenic fruits

To determine thdifferencesn accumulation pattegbetween WT and transgenic fruits;rifeans
clustering was performed using metaboligg®wingsignificant differences between WT1 and

Line 2Y. A total of 64 compounds were used here (see method). Six clusters were obtained for WT
and transgenic fruits thabuld be ranged in four major accumulation patterns. (i) the abundance
of most metabolites in WT1, increased at Br, but almost all these metabolites showed a delayed
increase (cluster 5 at 46 dpa) or a delayed and reduced accumpddteyn(cluster 6 870dpa) in
transgenic line; (ii) the abundance of metabolites in clusters 1 and 2 decreased from Br onward in
WT. A similar pattern is also found in the transgenic lines but at later stages at 55dpa or later at
70dpa in transgenic fruits (RBdt, pM); (iii) metabolites in Cluster 3 dramatically increased at very

late stages (70 and 85 dpa)WT fruits but the increase does not occur in transgenic fruits; (iv)
cluster 4 showed stage specific accumulation pattern, while in transgenic plants almostkeep sta
level. Compound in each groupislicated intable (Fig3.4B, p®). The pathway map that shows
significantly changed metabolites between WT and transgenic fruits indicates that major
differences are observed at ages corresponding to WT fruit rip@figgy5, pB80), consistent with

the results of the PCA and cluster analyses éttial, 2015. As a conclusion, the general trend is

that soluble sugars, amino acids, organic acids and also secondary metabolites, accumulation or
degradation is delayed afar some of them remains limited at low levels in transgenic fruits as
compared to WT fruit of the same age during the ripening phasg&4Fig3.5).
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Fig 3. 5 Metabolite changes in WT1 and line2 tomatéruits . The color legend indicates normalized fold changes relative to the mean
of WT and line2. 3PGA, -phosphoglyceric acid; PEP, phosphoenolpyruvate. Amino acids, sugars;ytf@Aintermediates, pigments
and metabolitesvithout measured with G&S or NMRare dsplayed in blue, green, purple, red, and grey colored font, respectively.
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2.2.1 Accumulation of sugars

Accumulation kinetics of major soluble sugarsre measured usingll NMR in WT1 and WT2
WVAL106 fruits during fruit development and ripening were quite similar to those previously
described irAilsa craig(Carrariet al, 200§and in WVA106 (Fig3.2, p75and Liu et al, 2015%.

Glucose and fructose accumulated imaar manner from 20 to 39 dpa and peaked at the red ripe
stage 46dpa, before a slight decline in overripe fruitsd{&b onward)Cell wall related sugars,

such as galactose, guanosine show an accumulation pattern similar to glucose and fructose, in
contast to raffinose, another cell wall related sugar, which showed an opposite trend.

In contrast to what observed in WT1 and WT2 fruits, glucose, fructose and galactose accumulation
remains very limited at all stages in DML RNA.: fruits of lines 2 (Big, Fig S3.1 p/, pl131).
Consequently, whereas sucrose, declined in WT 1 (cluster 1), it remained abundant even at late
stages indicating that this sugar was not efficiently metabolized in transgenic fruits, but this is not
the case for sucrose in WT2 andeli@. The accumulation profile of glucose and fructose in DML
fruits is similar to the one observed in fruits of tive, nor and Nr mutants. However, sucrose
behaved in the different way as compared to these three mutants that are all characterized by a
significant decrease in sucrose cont@dsorioet al.,2017).

2.2.2 Accumulation of amino acids

When considering the amiraxids, 21 and 14 were analyzed with-GIS and NMR respectively,

a subset of which presented clearly distemxtumulation patterns in transgenic fruits of both lines

as compared to fruits of WT1 and WT2 controls. In WTs, the changes in amino acid content
followed essentially two major patterns (1)Glu, Asp,Trp, Ala, Tyr, Gly amount increased during
fruit ripening, which located in clustering patterns (i) and (iii).(2) the abundance of GABA, Ser,
7KU 9DO 3K& LepQlecreaseftom 46 dpa to85, although not exactly with the same
profile consistent with clustering pattern (ii). In transgenic fruits, thesamulation profiles were
changedwith the major differences being observed at fruit ages corresponding to ripe and over
ripe WT.

Among the main effects observed, the content in a few amino acids displayed a delayed and limited
reduction in transgenicsacompared to ripening WT fruits. Thus, Asn, pyroglutamate and Gin
remained at high levels in transgenic plants from 55dpa onward, although their content decreased
at late developmental stages (70 and 85 dpa). A similar trend was observed for GABA and Val
although in these cases, the differences were transient and occurred between 39 and 55 dpa (Fig
35).

In contrast, other amino acid showed a reduced accumulation level in transgenasfconspared

to WT fruits of the same ag&hiswasobserved foteu, lle and Ala from 39dpa to 85 dpa (Leu)

or later from 46 dpa onward (Ala and lle). Asp and Glu as two major amino acids, which were also
clustered in cluster 5 showed delayed and even higher accumulation in transgenic fruits.

2.2.3 Accumulation of oganic acids
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When considering Organic acidbeyshowspecificbehaviors duringVT fruit development and
ripening Hencemalate, a major TCA intermediates, accumulates to reach the highest level in
immature fruits, andtartsdecreasing at 46 dpa and later stages. Citrate followed an U shaped
accumulation kineticeshereasfumarate remains at rather low level all through fruit development
Succinate accumulated at very low levels and followed a wave like accumulation kinedity,F
2-oxglutarate peaked at Br+7 in WT. In transgenic fruits, all of these intermetiebtesed
differently as compared to WTFor example, malate amounts are similar to WT up to the breaker
stage, although slightly more abundanaifewplants In contrastto WT fruits characterized bg

sharp decre@sn malate content afte46 dpa (6 fold decrease), malate content remains high at 46
dpa before a very progressive decrease from 55 dpa onlivegaiched a level similar to Wuits

only after85 dp. Considering fumarate, in contrast to WT fruits this compound accumulate in
transgenic fruits with the highest content observed at 39 and 46 dpa, before a slight decrease at
later developmental stages. Citrate, although the kinetic of accumulatioredategstg GEMS

and NMR were different, behaved with both methods similarly in transgenic and in WT fruits as
previously described (Liat al, 2015 Sup data Fig S5, p48). Fumarate was slightly more abundant
at certain stages in the transgenic lines.

Additionalcompounds also sha@alsignificant differences between line 2 and WT1 at specific fruit
developmental stages. For example, organic acids that do not belong to the TCAckalag
phosphorate, threonate, ethanolamine, nicotinate, galactinol, but also sugar alcohol and sugar
phosphate, and octadecanoate, iy@ RVLWR O GLGQ 1 W tiae loksstdiit ripediid> U SHD N
although some of them increasegradually (ethanomamine, aacturonate, threonate,
adenosine_like, threitol, guanosine)imrerselydecreased (glycerol, myiasositol).

2.2.4 Accumulation of pigments

Pigments, including chlorophylls, lycopene and total carotenoids were dramatically affected in
transgenic frug. In WT fruits, Chlorophylls showed gradual degradation during development, to
reach undetectable levels in red ripe fruit. In transgenic faditsoth line 2 (Fig3.5 and 8 (fig

S3.9), chlorophyll degradation is delayed astdorophylls were stildetected even at 55 dpa. This
pattern is similar to the one observed for starch and malate (cluster 1).

Lycopene and total carotenoidse known to accumulation at very high ledeking tomato fruit
rienng (iu et al., 201%. In WT fruits lycopene was #t detected at the breaker stage and reach a
maximum level accumulation level Bt+7 (46dpa) and remained highly abundant at later stages
in WT fruits. In transgenic fruits, the lycopene accumulation is delayed and dramatically.limited
It could hardly beletected a89dpa in line 2 plants ar@Bin line 8and its accumulation remainded
very limited in both caseq. A similaehaviowas observed fanajor sugars (fructose and glucose),
and alsdor galactose which all clustered together (cluster 6).

2.3 Network analysis indicates that RNAi DML transgenic fruits display higher network
density than WT

To compare the metabolites network in WT and RNAI DML transgenic fruits, we evaluated
pairwise correlations of metabolites in each genotype, separately. The same metabolites as those
used for clustering analyses in line 2 were also used for pairwiseatmmeanalysis, but only
usingfive developmental stages (35, Br, 55, 70, 85dpajrder to focus ormn fruit ripening
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Similarly 50 compounds obtained by &@S for WT2 and line 8 were analyzed the same
developmental stages.

Results indicate that 25466, 185 pairwise correlations between metabolites could be identified
thatwereunique in WTor in transgenic fruits, and commaa both type of fruits respectively.
Similar results were obtained with line 8 (130, 222, 87, pair wise correlation with WTi2e 8,

and both, respectively) (tableS1, prded as additional excel file online).

We subsequently extracted these two types of correlation to determine the corresponding
metabolite connections (B, B4; figS3.4, P34, table S1). Obvious examplase pigments and
starch that showed more correlated pairs than in WT1. Sugars related to cell wall metabolism,
including rhamnose and xylose also had more correlated pairs than in WT (similar to line8/ WT2
analysis). Another cell wall compounds, galactbstaved in a distinct way. Only 2 common pairs

of significant correlation were found in WT and line 2Y (GIn and glucose), but 15 unique pairs
were found in WT. This is consistent with the specific accumulation pattern of galactose that do
not change alonthe fruit ripening process in transgenic fruits (BdS p131). Another striking
example is malate, a major intermediate of the TCA cycle. Malate show 9 pairs of significant
correlation with other compounds, including positive correlation with citiagepglutamate,
galactose in WT1 consistent with the observation that these compounds accumulate in a
coordinated way. In contrast, these correlations are not maintained in RNAiI DML transgenic fruits,
but 28 more pairs were found, for example positive tatice with rhamnose, sucrose. This
indicateghatprimary metabolism as well as carotenoid pathway was affected during fruit ripening
in transgenic fruits and suggests that the repression of demethylation affects differentially the
accumulation of the diérent metabolites detected in this study.
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$ 17 % /LQH

Fig3.6 0HWDEROLWH QHWZRUN RI FRUUHODWIZREVH QHWEIZRUNY OIS UGN HQWLWQLTXH
LQ :7 IUXLW $ DQG XQLTXH PHWDEROLWH FRUUHODWLRQV LQ '0/ IWXRWV%5HTKE
HGJHV UHSUHVHQW VLJQLILFDQW QHJDWRW H) RBUYHOWKL B QN FRIPRWW HGISUHVHQ
ZLWK JUHHQ FRORU 7&$ F\FOH +H[DJRQ ZLWK JUHHX IFRIDRVUW RDBEDGY F TRNGE U
RWKHUV 9 ZLWK \HOORZ VXJDUV DQG VXJDU UHODWHG
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lIl. RNA seq analysis WT and RNAI Transgenic Lines

Previous results have shown that three key fruit ripening reguld&txs NOR CNR
and lycopene biosynthesis geR&Ylwere extremely represse®IN, NOR PSY) or
delayed CNR in transgenic fruits (Liwet al, 2015b, Chapter 2). Moreover, the promoter
regions of these genes were hypermethylated in RNAI transgenic fruits as compared to WT
fruits. In addition, metabolicrealyses showed significant differences during fruit ripening
between WT and DML RNAI transgenic plants. In order to complete the networks of genes
that were differentially expressed in WT and DML transgenic lines and to label out the
potential DMLs primarytargets, we have characterized transcriptomes using the same
tissues as those used for metabolic analysis.

3.1. Summary of RNA seq data

RNA seq analysis was performed as described in Zhong et al, (2013). A total of 72
(line 2) and 36 (line 8) samples rgeanalyzed by RNA seq which generated between 3.27
to 14.12 million reads per samglampling method see materials and methd@s)en the
high number of samples, and the quality of the tomato genome assembly, the targeted
number of counts was 10 milliofor all samples. This was shown to be sufficient to
determine the main differences between samples but will not allow identifying differences
in weakly expressed genes. After filtering 2.57 to 12.25 million reads were obtained
between 77.63% and 93.36 %hich could be mapped to the tomato reference genome
(Table S2). These analyses were performed in the laboratory of J Giovannoni, using the
protocols and bioinformatics pipelines described in Zhong et al (2013).

3.2. Differential Gene Expression between Wand transgenic fruits

To identify the differentially expressed genes between WT and transgenic fruits, all
DEGs were analyzed by DESeq®.total of 15,556 genes in WT1 and Line 2Y, 15,556
genes in WT1 and line2X, 14,274 genes in WT2 and line 8, apprtetin.8%, 44.8%
and 41.1% respectively of the annotated genes in the tomato genome (Tomato Genome
Consortium, 2012), were expressed in at least one sample, The size of the different libraries
is shown in Fig85 (pl35. There was little variation in théotal number of genes
represented at each stage, similar to other fruit transcriptomic s(Bditisoret al., 2015.

Normalized read counts from independent biological replicates within one line was
highly correlated at each stage (R28) (line2Y compared with line2X), whereas the
correlation between line2Y and line8 was lower (for example, R2=0.892 at 55dpa). This
suggests variations between lines at the stages analyzed. A higher correlation between
adjacent stages was also detectedtransgenic lines than in WT meaning that the
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expression pattern of adjacent stages is more similar in transgenic plants as compared to
WT fruits (fig3.7A, figS3.6, P87 and [1.36).
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Fig 3. 7 Relationship of tomato fruit pericarp related transcript expression profiles

and differentially expressed genesA. Correlation analysis of RNA seq data between line
2Xand Y at 39 dpa., line 8 and line 2Y at 39dpa, line 2Y at 35 and 39 dpa, and WT1 at 35
and Br stage (39dpa) B. Number of G&at each stage between Line 2Y and Line 8 and

their respective controls, WT1 and WT2.
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Differentially expressed genes (DEGs, Fig figS3.6, .87 and pB6) were identified
by pairwise sample comparisons, andsthalifferentially expressed in at least one stage
were recorded as DEGs (Method is described as materials and methods). In total, 9,975;
10,095 and 8,390 genes were identified as DEGs in Lines 2Y and 2X versus WT1 and line
8 versus WT2, respectively.

The numbers of upand dowrregulated genes according to fruit stages are shown in
Fig.7B and FigS6B (p83, p130). When comparing the distribution of DEGs at each stage
between the different lines, a similar pattern was observed in line 2X, 2Y and line 8,
although line 2Y is closer to line 2X as expected. At early stages, from 20 days post
anthesis (dpa) until before Breaker (Br) stage, the number of DEGs remained low ranging
from 301 to 617 in line2Y, 238 to 486 in line 2X and 38 to 201 in line 8. Thisates that
there is little difference between WT and DML RNAi fruits during tomato fruit
development. Obviously, there is a sharp increase in DEG number from Br stage and during
ripening and later. DEG numbers varies from 3404 to 6759 in line 2Y, 32@BH5oi line
2X and 4327 to 5047 in line 8. This clearly indicates that the effect of DML knock down
mainly affect the fruit ripening process and has very little impact on early stages of fruit
development. Increase in DEG number observed at Br of frahing could be linked to
the induction of genes observed in WT fruits at the Br stage3(BAy p90). This massive
gene induction is not observed in transgenic plants of line 2 and 8. Additionally, many
genes are also down regulated in WT fruit at thegyst a phenomenon also not observed
with the same intensity in transgenic fruits (see below). It should be noted the number of
DEGs s higher when comparing line 8 to WT2 than lines 2 (X and Y) to WT1 at the Br
stage. However, as explained above, bothucedt were performed independently at two
different seasons (line 2 is mainly in spring, while line 8 is in winter). Hence, WT fruits of
the same age were more advanced in thedinelture than in the lin®. For line 8, WT
fruits were at the late Br stagut Line 2 is at early the breaker staGemparatively, fewer
genes are likely induced at the early breaker stage in WT1 fruits as compared to WT2 fruits
at the late breaker stage, the number of DEGs at this stage might be reduce8 vergus
WT2, as compared to lin2versus WT.

For further analysis, DEGs that are common between all lines at selected time points
(20, 35, 3946, 55, 70 and 85dpa) in all lines (Line 2Y/2X and line 8) were selected. In
total, 6212 DEssatisfied this condition. Adtlonal DEGs that were found in only one ljne
the list of which is shown in table S3, will not be included in the analysis presented below
(Fig3.8B, P0).

To determine the reliability of RNA seq data, five of the DEG#N( NOR, PSY1,
ACS4, ZISQin Line 2Y; eight DEGs RIN, NOR, CNR, PSY1, ACS2, ACS4, PG2a, YISO
in line 8 were analyzed at the 8 and 6 stages respectively were checked usiiRCQRT
As shown in Supplemental Figure3.8C, S3.6D (pl36). The RNA seq data were
confirmed for the downregulategenes in line 2Y, in line 8. RNA seq data is consistent
with gRT-PCR (R2>0.8 in each gen@). In a conclusion, all of these checked DEGs
show consistent changes, which confirming the reliability of RNA seq data.

88



Chapter3

%

Fig 3. 8 'LIITHUHQFH RI '(*V QXPEHUV DW CHOIGNBIUMIPV WD JHV
FRPPR@V DPRQJ /LQH < /LQH : PQGI/HQHQWO\ H[SUHVVHG
'(*VY EHWZHHQ OLQH < DQG :7 DW DQG GSD OLQH

%U VWDJH S5WIBQGRWY BHSIUHHQ WKH WZR VDPSOHV DQDO\
JHQHV QRW GLIIHUHQWLDOO\ H[S UMHR/F/SIGUIEKERWB-HHW KW KH W
IRJ )& DUM HBSQMNRLBQWHHGS FRORU LQ WKLV FDVH % 9HQ
XQLTXH DQG VKOWME EHW/IZGIHO DQG OLQH
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3.3. Comparative analysis of transgenic and Wiruits

To assess the dynamics of transcriptional patterns among samples, principal
component analysis (PCA) and hierarchical clustering were performed on all the DEGs
selectedabove (Fig3.9, Hg S3.7, P2 and pl3). Both analyses confirmed that most
differences in gene expression profiles occurred during the fruit ripening process. The first
two principle components explain approximately 68% of the variation at the global
trangriptomic level for WT1 and line 2Y/2X (70% for WT2 and line 8, including an
azygote line at 20dpa). Before fruit ripening from 20dpa to the Br stage, WT and transgenic
fruits were plotted together. The first principal component, which explains 49.3%atespa
WT at 46dpa and later ripening stages (55dpa~85dpa) from all other samples; whereas the
second principal component (17.7%) (19.8% for WT2 and Line 8) separate WT and
transgenic fruits from 20 to 8@a; fom the transgenic fruits at dpa and more.
Obviously, most of the transcriptomic variance is detected during fruit ripening, as
previously described (Liet al, 201%).

To discriminate between DEGs, all DEGs were first separated based on the log2FC
ratio (Line2Y versus WT1) at each stage (To barleere the separation of all DEGs is
based on common DEGs were defined above). Once those showed Leh2F@ry stage
(among 8 stages that were detected), were considered as downregulated DEGs genes. Those
with a Log2FC ration above 1 were consideradupregulated genes in transgenic as
compared to WT. This implies that DEGs belonging to the upregulated class are never
repressed in transgenic fruit compared with WT. Thus downregulated and upregulated
genes were clustered separately.

All DEGs fall into 9 clusters that can be organized in three distinct groups: (i) group 1
corresponding to Clusters 1, 2, 3, represents a total of 3499 genes which show absence or
delayed down regulation in transgenic fruits as compared to their repression during WT
fruit ripening (ii) group 2 corresponding to clusters 4, 5, represents 1345 genes that show
no or delayed induction in contrast to their strong induction observed during WT fruit
ripening (iii) group 3 corresponding to clusters 6, 7, 8, 9 represents 1368 ganskaiv
stage specific down regulation during fruit development and ripening in transgenic fruits as
compared to WT fruits of the same age @&l®, @3). Number of DEGs in each cluster
was listed in tablel.

In order to analyze how the global difference REGs in three groups, we used
Log2FC (2Y/WT1) of all DEGs to plot in PCA again, as in clusters, we found that most
genes were overlapped in their own groupicating the fold changeof these genes
between WTtransgenic fruits occurs on tlsemilar stages. Genes in group 1 and group 2
were separated by those of group 3, which is widely overlapped with group 1 and group2,
since the expression of genes in group 3 is either similar to group 1 or group 2, except
39dpa to 55dpa were different with group 1 coup 3, this is the reason why group 3 is
overlapped with group 1 and group 2his result is consistent with the grouping of clusters
that show distinct transcript accumulation patterns among the three groups. However as
genes in group3 present stagecspe repression they might appear similar with those of
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group2 or group3 at other stages, thus explaining the partial overlap between group 3 and
groups 1 and 2 (Fig.12A, pl02).

td i

Fig3.93ULQFLSDO FRPSRQHQW DQDO\VLV RI 51$ VHT GDWD DQ
OLQH IUXLWV GXULQJ GHYHORSPHQW 'ULMBHUHREXQWLBQE R
JHQRW\SHY DQG GHYHORSPHQW VWDJHV &RORU LQGLFDWH
EOXHQWAH DOLQH < DQG JUHHQ FLUFOH OLQH : )RU (DFK

WULSGLFBWPDS RI DOO FRPPRQ '(*V. EHWZHHQ :7 DQG /I
&OXVWHUV DUH VKRZQ RQ WKH OHIW DQG ZHUH REWDLQHG |
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Cluster 5_441 genes

Fig 3.10Nine FOXVWHUVZRUH *NO EWW.IHH® :7 DQALMMAOXVWHUYV
KDYH EHHQ REWDLQHG XDQ®J JBBERHOSH® @ DPHVGKRG WKHLU HJ
DV VKRBZIWWRXS FRUUHVSRQG WR FOXVWHUV ZLWK JHQHV Et
WUDQVJHQLF DW DOO VWDJHV R RIUXRNE G HFRHUUQRIS/SRQ\VE V DB
LQGXFHG DW WKH QG VMWBUHMVMHG GXULQJ IUXLW ULSHQLCQC
ZKHUHDV WKH\ DUH QRW H[SUHVVHG RU ODWHO\ E[SUHVVHC
JURXS FRUUHVSRQG WR FOXVWHUV ZLWK VWDJH VSHFLILF
lUXLW W OZXMMWKHFRWUHVSRQGLQJ WR JHQHV LQGXFHG DW %U
ULSHQLQJ EXW QRW DW ODWH VDJHV LQ :7 DQG LQGXFHG D

WR JHQHV LQGXFHG DW ODWH VWDJHV DIWH@G 3GGD LQ
WUDQVJHQLF IUXLWV *UHHQ :7 EODFN DQG EOXH OLQHV I
WKH QRUPDOL]HG FRXQWYV
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3.4. DEGs distribution within in each cluster

To investigate the distribution of DEGs in biological process, we performed gene
enrichment analysis for each group and each cluster, using mefisto software that has ranked
genes in35 MapMan functional categories termed BINs (TableS4, provied as additional
excel file online), as indicated in the material and methaisadelet al.,2005.

DEGs belonging to group 1 (clusters 1, 2, 3 including 920, 2441, 138 DEGs
respectively), are in general repressed in WT fruits either during all the ripening process
(clusters 1 and 2) or more specifigaat the Br stage (cluster 3). However, in transgenic
fruits, group 1 DEGs showed distinct expression profiles as compared to WT. DEGs from
cluster 1, are induced instead of repressed during fruit ripening. For cluster 2 and 3, DEGs
are also down regulateduring the ripening of DML RNAI fruit, but their repression level
remains limited as compared to WT. Transgenic fruits in cluster 2 showed a slight decrease
all along fruit development and ripening, unlike cluster 3, WT presented specific drop at Br
stage, causing the separation of cluster 2 and cluster 3.(f0i§, 3.

Gene enrichment shows that Groupl enepresented genes belong to 15 categories
(Fig3.11, @5, see table S4). Indeed many genes are unknown, and misc belong to misc.
However, the mairiunctional categories correspond to RNA (including RNA processing,
transcription and transcription factor), signaling (including sugar and nutrient physiology,
receptor kinases) and many cell wall genes.

More interesting, when ovaeepresentation were perined on each cluster separately,
genes involved in photosystem and cell wall were only enriched in cluster 2. In hormone
category, 8 genes responsible for brassinosteroid synthesis and degradation were also found
in this cluster. Only histone genes (DNAnttional category) were oveepresented in
cluster3 (Table S4, provided as additional excel file online).
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Fig 3.11 (QULFKPHQW RI
RYHUUHSUHYV HQRXS

'(*V LQ HDFK JURXS
FO X% WHIRKGXVYWH &

*HQH QXPEHUV 1
*URXS FOXVWFE

Tablel '(*V GLVWUREXDQG '05V W\SH LQ HDFKOBVUXKIWHIJ DQG
EHHQ FODVVLILHG LQ IRXU JURXSVY EDVHG RQ WKH PHWK\O
PHWK\ODWLROQ®®&5 ®FHWK\ODWLRQ DW GSD PHWK\ODWLR

DMR distribu tion
Group [Clusters DEGs b C RIN target
Groupl C1 920 373 50 46 33 26
C2 2441 895 132 112 119 23
C3 138 47 8 8 4 1
Group2 C4 904 265 26 25 32 20
C5 441 139 26 17 25 9
Group3 C6 238 252 19 30 30 67
C7 582 198 24 25 19
C8 523 83 19 13
C9 25 7 3 0
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Group 2 includes 904, 441 genes in cluster 4 @ncespectively. In WT fruits the
expression of cluster 4 and 5 genes peaked at the Br stage (39dpa), or even later at 46 or
55dpa. In contrast, in transgenic fruits, DEGs from cluster 4 are characterized by a delayed
increase in expression that occur§@dpa or later, whereas most DEGs in cluster 5 are not
induced and remain at the same level throughout fruit development and ripening. In
addition, most group2 DEGs are expressed at very low levels in transgenic fruits of both
lines 2 and 8. Only 6 funcal categories were ovegpresented in this group (F3JL0B,
p93). The most abundant subcategory (394 genes) corresponds to genes with unknown
function. In addition, 140 genes are related to protein degradation, 48 genes to heat stress,
255 genes to RNAnetabolism, including a number of transcription factors, among which
the key ripening associated gaREN (cluster 4) and 7 genes encode receptor kinases. This
is consistent with the fruit ripening defect phenotype (see3Hif), p%, and liuet al,

201%), as genes like RIN are major regulators of fruit ripening. Therefore, huge amount of
genes in category of protein degradation, especial ubiquitin was also overrepresented in this
group, indicating the normally degradation of proteins during fruit ripgniwhile the
degradation is delayed in transgenic fruits, this is consistent to fruit ripening inHiited
phenotype.

When considering clusters enrichment in group 2 separately, we found that all the
categories in group 2 (R3dL1, p%b) except signahg were found in cluster 4 and cluster 5,
although stress category was not significantly enriched in cluster 5, indicating at least 4
major functional categories in this group, including protein degradation, DNA, RNA and
unknown were mainly affected in DIMRNAI transgenic fruits (TableS4, provided as
additional excel file online).

Group3 which correspond to clusters 6 to 9 is characterized by genes overexpressed in
transgenic fruits as compared to WT at specific stages of fruits ripening. In clustet 6 mos
genes peaked at ripening induction (Br, 39dpa) or at the fully ripe stage(46dpa) of WT
fruits, dropped at later stages when fruits were -ojper, but in transgenic plants, almost all
the induction is very limited. Therefore, in transgenic fruits, meseg in this cluster were
extremely repressed at 39 to 55dpa, but not e@5dpa. This cluster also include some
genes were slightly repressed at early stages. DEGs belonging to cluster 7 lately induced in
the transgenic fruits (after 70dpa), whereas é¢hgenes are highly expressed in WT
between 39 (Br) and 55 dpa and drop at later stages when fruits wemgpevdiherefore,
most genes in this cluster appear extremely repressed between 39 to 55dpa, but are more
expressed in transgenic than in WT friats7G85dpa. In clusters 8 and 9, gene expression
in WT peaked at Br or Br+7dpa and Br+7 or 55dpa respectively. Then their expression
level dropped down, however, in transgenic fruits, the induction were delayed even until
55-85dpa.

Most WT genes in clust 8 were dropped at Br or B7, but induced at later stages,
from 55-85dpa. However, in transgenic fruits, these genes kept slightly declined trend from
early stages.
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Seven categories were ovepresented in this group, including genes related to
specificpathway, hormone metabolism, amino acid, lipid metabolism and cell wall.

In cluster 6, genes were ovepresented with eight categories. Six DEGs that are
considered as hallmarks of the ripening process are found in this cluster. They correspond
to theNOR a NAC transcription factor necessary for ripening induct®iovannoni 200%
the PSY1 gene that governs carotenoid accumulgdBamtley et al., 1992, the
polygalacturonas gene PG2a involved in cell wall softening(Zhatal., 2013), the ACC
oxidase gend&CO3(ES8) involved in ethylene synthesis during fruit ripeniineiss| and
Deikman 1995 E4 (Lincoln et al, 1987), and the Zetearotene desaturaséDS gene
encoding another critical enzymes of the carotenoid patlifxaytini et al.,2013. Genes
involved in ethylene biosynthesis and signaling are particularly enriched in cluster 6,
including ACS2 ACS4(ACC synthasgand various ETR (ethylene receptors) genes. As
well as genes encoding proteins involved in jasnmosghthesis and degradation. This is
consistent with the idea that many genes of cluster 6 are tightly related to the fruit ripening
process.

Only 3 functional categories are overrepresented in Cluster 7 genes with 95 genes
related to RNA metabolisms, including 11 homeobox (HB) transcription factors, 31 to cell
whereas 111 DEGS were not assigned. Four functional categories werepresenteh
Cluster 8 , in addition to 45 not assigned genes, 10 genes in amino acid metabolism (3
genes involved in glutamate family), 7 genes in ethylene synthesis and degradation
(TableS4, provided as additional file on line). Among the 25 DEGs of cluster BG8 Bre
related with ethylene synthesis, degradationEhRgenes were found in this cluster.
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IV Analysis of differentially methylated region, in relation to DEGs
patterns.

4.1. DEGs associated with DMR are distributecamong all clusters and
groups

Among the DEGs we have identified, it is very likely that only part of them will be
directly regulated by their DNA methylation level. In order to determine these direct targets,
Whole Genome Bisulfite Sequencing has beeriateid in collaboration with Pr J

*LRYDQQRQLYY ODERUDWRU\ +RZHYHU GXH WR WHFKQLFD

available. For this reason, we have decided to use previous results obtained in Pr J
*LRYDQQRQLYTYVY ODERUDWRU\ WdaésVdrekdenvathylets&dRdiihg Whg D W
ripening of tomato fruits (Zhongt al, 2013). To determine what genes, among the DEGs
contain differentially methylated regions (DMRs), DEGs were compared to a list of genes
that were shown to contain DMRs within thesti2kb of their promoter region (personal
communication from Dr Fei, Boyce Thompson Institute, Cornel NY). These DMRs lists
were determined by calculating the average methylation levels on a sliding window of
100bp with 50 bp iteration as described in @het al (2013). It should be noted that this

list of genes was obtained by analyzing the developmeAtisd Craigtomato fruits, and

we cannot formally rule out that some differences may exist with the WVA106 variety used
in our study andAilsa Craig However, genes that were shown to contain DMRs in this
previous studyRIN, NOR, CNR, PSY Wwere also identified has differentially methylated

in WVA106 (Liu et al.,201%), consistent with the idea that DMRs are conserved between
both varieties. To identyf the DEGscontaining DMRs in their promoter regions, the list of
common DEGs identified in line 2Y, line 2X, and line 8 and its corresponding WT was
crossed with the list of DMRs containing genes (Zhengal, 2013, Dr Fei, personal
communication).

A total of 3,113 DEGs containing one or more DMRs in their promoter region were
identified (see Table S9, provided as additional excel file online). DMRs were classified
based on two ratios calculated using the DNA methylation percentage. R1 is the ratio
betwea the methylation at 17dpa and breaker stage (42dpa) and R2 at 17 dpa versus
breaker+10 (52 dpa). Four main types of situations were found (table 1)-aftypEeGs
with a unique or more DMRs that have both R1 and R2 above 1, this indicates that DNA
demethyation occurs at all DMRs during fruit ripening. 2,259 DEGs correspond to this
situation; (typeb) DEGs with a unique or more DMRs that have R1 and R2 ratios below 1,
consistent with an increase in methylation during fruit ripening at all DMRs. 294 DEGs
bdong to this class; (type) 285 DEGs with more than one DMR but have opposite
behaviors, in addition at least one has a tygp®ehavior and another one wahtypeb;
(type-d) 294 DEGs with DMR that have the opposite ratios between R1 and R2 at lease in
one DMR(See FigS11)
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Surprisingly, DEGs that contain DMRs are found in all three expression groups and
almost all clusters. In addition each type of DMR was distributed among the different DEG
expression groups (table 1, p91).

In this study,SIDML1and 3DML2 were suppressed in RNAi DML transgenic plants,
especially onlySIDML2 was extremely suppressed at breaker stage. Normally, only this
gene has the dominant expression during fruit ripening in WT. However, as only DMRs
corresponding to a decrease inthyation level during fruit ripening are potential targets
for SIDML2 and might therefore be the most relevant in this study (Fig10B, 10C, p89,
tablel, p%®), therefore, further work was focused on genes containing-ayp&IRs
corresponding to their clugte Thus, to have the global overview on DEGs with {gpe
DMRs, gene enrichment were analyzed with enegresentation (table 2,101). DEGs
with typea DMR in group 1 are abundant, involving 12 functional categories:
photosynthesis (34 genes), cell wa&lR(genes), lipid metabolism (44 genes), amino acid
metabolism (11 genes), brassinosteroid (7 genesmé&abolism (7 genes), misc (140
genes), RNA (100 genes), kinase (32 genes), signaling (119 genes), transport (97 genes)
and 266 no assigned genes.

Tho= belonging to the expression group 2 range in 4 main functional categories:
glycolysis (3 genes), abiotic stresses (22 genes), more specifically heat stress including
heatshock transcription factors, protein degradation (43 genes) and a number of unknown
genes (107genes). Concerning group 3, DEGs with-aypdMRs correspond to cell wall
degradation (11 genes), lipid metabolism (22 genes), ethylene (14 genes) and UDP glucosyl
and glucuronyl transferases (17 genes in misc group) and 112 genes correspond to
unknown proteins.

To visualize the distribution of DEGs with DMR among the different DEGs, similar
PCA were performed on all DEGs as fig 11A, but this time all DEGs with DMR were
labeled with red color (FR)12B, pl02). Six genes with DMR that were seledt(these six
genes were far from other genes with DMR, indicating specific difference compare with
other DEGs as we can see from table 33RigB, @02 table3, 402. All these six genes
contain typea DMR, exceploxC with typec DMR. Three of these six genes are already
known: LOXC, encodes a chloroplasirgeted lipoxygenase isoform responsible for the
generation of volatile C6 flavor compoun@iShenet al., 2004. LOXC mRNA amount
increases sharply at Br stage in WT. However, tiniseiase is delayed in trsgenic fruits.

The second gene LTGP1lencodinga nonspecific lipid transfer protein, a tomato allergen

(Le et al.,2006. This gene is highly expressed in WT fruits at early stages until the Br
stage, and extremely repressed dufmg ripening. In transgenic fruits, the expression of

this gene was extremely repressed at all stages, suggesting that DNA demethylation is
necessary for the early expressiorL®dfGP1 AL encodes an acid betaictofuranosidase,

which is involved in carbhydrate metabolismAL is highly expressed in style but weakly

at stem end of tomato fruiffruit close the sepal parguring ripening(Nguyenet al.,
2014Zouariet al.,2014).

In this study, this gene is repressed all through the development and ripening process of
DML RNAI fruits, while it is strongly induced in WT fruits at the Br stages and further
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increases at Br+7. This indicates tl#dt may need DNA demethylation for its expression
during fruit ripening, as already demonstrated for Mi@@R or the PSY1gene (Liuet al,
201%).

The three other outliners correspond to the uncharacterized genes Solyc01g081250,
Solyc06g060410, Solyc09g066150, encoding Glutath®transferase, MORN
(Membrane Occupation and Recognition Nexus Domain) repeat protein, Cytochrome P450,
respectively. Thexpression of these three genes peaked at Br+7 or 55dpa in WT, but they
are almost totally not expressed at all fruit development and ripening stages in transgenic
fruits. This suggests that the expression of these three genes also requires active DNA
denethylation during fruit development and ripening.

As a conclusion, all of these six analyzed genes, exue@tcontaining typec DMRS,
and belong to group 3 or 2, indicating they are potential primarily target of SIDML2.

In the following parts | will detail different metabolic pathway and physiological
processes that are critical for fruit ripening and analyze what DEGs between WT and
transgenic present potential DMRs.

99



Chapter3

7DEOH (QULFKPHQW RI 0DSODQ IXQFWLRQDO FDWHJ
WA\SH'05 LQ JURXS &RODWGQJHQF\ JLYHV WKH QXPEHUYV
LQSXW OLVW LL WKH EDFNJURXQG LYL Q@RRWLRQQWKKH]

9DOXHV DGMXVWHG ZLWK %YRQIHUURQL

Adj.Pvalue
Groups | Bin BinName Contingency (Bonf.)
Group 1 |1 PS 34-3931281:33470 2.1279E02
tgf\)/leRa 10 cell wall 52-524-126333339 2.7449E06
11 lipid metabolism 44-5391271-33324 5.7757E03
13.1.6 amino acid metabolism.synthesis.aromatic a{ 11- 63- 1304 33800 4.2247E02
hormonemetabolism.brassinosteroid.synthes
17.3.1 degradation 7- 22- 1308 33841 3.4894E02
hormone metabolism.brassinosteroid.synthe
17.3.1.2 degradation.sterols 6- 11- 1309 33852 1.0745E02
25 Cl-metabolism 7- 18- 1308 33845 1.2250E02
26 Misc 1401679117532184 | 2.8508E13
27 RNA 1003857+121530006 | 4.6237E03
29.4.1 protein.postranslational modification.kinase | 32-299128333564 5.0178E04
protein.postranslational modification.kinase.
29.4.1.57 | receptor like cytoplasmatic kinase VII 31-2881284 33575 6.5818E04
30 signalling 1191473119632390 | 3.9406E10
30.2 signalling.receptor kinases 54-641-1261-33222 2.2302E04
34 transport 97-1320-121832543 5.1262E06
34.13 transport.peptides and oligopeptides 15103-130033760 1.6205E02
35 not assigned 266-14000104919863 | 1.0432E54
35.2 not assigned.unknown 266-13974104919889 | 2.5097E54
Group 2 glycolysis.plastid branch.phosphofructokinas
typea | 4.2.4 (PFK) 3- 5- 401- 34769 1.7828E02
DMR | 20.2 stress.abiotic 22-486-382-34288 3.0717E05
20.2.1 stress.abiotic.heat 20-213384-34561 9.3418E10
RNA.regulation of transcription.HSF,Heat
27.3.23 shock transcription factor family 5- 26- 399 34748 5.7225E03
29.5 protein.degradation 43-1670361-33104 4.1704E04
29.5.11 protein.degradation.ubiquitin 36-1053368 33721 3.9588E06
29.5.11.20 | protein.degradation.ubiquitin.proteasom 9-62- 395-34712 2.7924E05
29.5.11.4 | protein.degradation.ubiquitin.E3 2579437933980 2.5000E03
29.5.11.4.2| protein.degradation.ubiquitin.E3.RING 17-440-387-34334 5.8184E03
35 not assigned 107-14159297-20615 | 7.9778EQ7
35.2 not assigned.unknown 107-14133297-20641 | 8.1797EQ07
Group 3 | 10.6 cell wall.degradation 11-171-529-34467 3.7484E02
typea |91 lipid metabolism 22-561-51834077 3.5199E02
DMR 17.5 hormone metabolism.ethylene 14-263-526-34375 3.2716E02
hormone metabolism.ethylene.synthesis
17.5.1 degradation 13-157-527-34481 7.4364E04
26 Misc 62-1757-478-32881 1.6543E06
26.2 misc.UDPglucosyl and glucoronyl transferasg 17-321-52334317 6.6401E03
35 not assigned 1121415442820484 | 2.7481E20
35.2 not assigned.unknown 112-1412842820510 | 2.9124E20
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3&% RI

'LWUWERQ RI
DVVRFLDWHG ZLWK '05V LQ WKUNHRXSJRXEYXH LQMHNQ HWHQIKV J
JHQHV ZLWK '05 & 6XPPL

JURXS

*UH\

DOO '( JHQHV 5HG

DOO '( JHQHV LQ WKUHH JURXSV RQWR WKH
DOO FREPROUHHYUBRIXBVZHUH FODYV Wl LHG'RY

$

7TDEOKMKDUDFWHUL]IOYWLROWRI W5[ZKLFK ZHUH VHOHFWHG LQ |

DMR 39 _Log2|46_Log2F
Groups | Clusters| type Solyc Name FC C Pathway Reference
c jasmonate.synthesis
degradation
3 7 Solyc01g00654( loxC -6,12 1,69 lipoxygenase Chenet al, 2004
a
3 6 Solyc10g07510(¢ Itpgl -7,56 -2,29 lipid transfer proteins Le et al, 2006
a major CHO Nguyenet al.,2014
2 5 Solyc03g08391( Al -6,47 -8,23 metabolism.vacuolan Zouariet al.,2014
a misc.glutathione
2 5 Solyc019g08125( Unknownl -3,95 -8,92 transferases
a signalling.
2 5 Solyc06g06041( Unknown2 -4,23 -6,06 phosphinositides
a
2 4 Solyc099g06615( P450 -4,98 -7,9 misc.P450
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4.2 Expression pattern of genes of the carotenoid biosynthesis pathway and
association with differentially methylated regions.

The biosynthesis of the linear C40 lycopene from Geranyl GeRyrgphosphate (GGPP)
is one of the most extensively studied metabolic pathways in tdiipaitoet al.,200QLiu et al.,
20153. Accumulation of ycopene typically occurs during fruit ripening concomitantly to
chlorophyll breakdown which result in the typical green to red color change of tomato fruits. All
the carotenoid biosynthetic enzymes are located in the plastid, even though the geneslade enco
by the nuclear genome. The bottlenecks in carotenoid biosynthesis have been explored by
analyzing the transcript level in carotenoid biosynthetic genes and their potential correlation with
changes in carotersbicontent (for a review see esdnce (Liu et al., 20153). It is well known
that a subset of these genes are induced or upregulated at the onset of fruit ripening in WT fruits.
They include he genes encoding the-deoxyD-xylulose 5phosphate synthaseDXS),
geranylgeranyl pyrophosphate synthas@eGPPS, phytoene synthaseP$Y), phytoene
desaturasePD9, 15cis-zetacarotene isomeras€IS0O), £-carotene desaturaséllS, carotene
isomerasgCrtISO). On the contrary, the expression of genes encoding the lycopeyatase
(LCY-E) gene and lycopen@cyclase is dramatically repressed at the Br stage of fruit ripening
(Lois et al.,200QLiu et al.,20153. All these genes (Fi§.13, Fig3.8, p1®, p138) behaved in
WVA106 WT1 and WT2 fruits as described in these studies and similarly to previous results
obtained on the same variefiygef et al, 2006).

An important aspect of the transgenic fruit phenotype is either the absence or the reduced
and delayed accumulation of carotenoid during fruit ripening in RNAi DML transgenic fruits
(Fig3.2, pr5; Fig24A in chapter2 p37),Liu et al, 2015hH. We therefore examined the
expression profiles of all known geneftbe carotenoid pathway as well as those of the genes
involved in the  2C-methyterythritol4-phosphate/tleoxyD-xylulose  5phosphate
(MEP/DOXP pathway) that leads to the synthesis of Isopentenyl pyrophosphate, the precursor of
all isoprenoidsPlastdic carotenoid synthesis during fruit ripening was shown to initiate from
this pathway( 5 RA@XH-Concepcitd and Gruissem 1999

Eight genes of the MEP/DOXP pathways are differentially regulated between WT and
transgenic RNAiI DML lines, and one of the®@GPS3contain putative type DMRSs in its
promoter region (Fig13A, 3.13C, Fig3.8, p105 pl38. Indeed GGPS3 (cluster 7) is not
induced in transgenic fruits (log2FC (Line2Y/WT 4}1.06; log2FC (Line 8 / WT 2=-1.60 at
39 dpa) consistent with the idea that demethylation is necessary for the induction of this gene.
However, as it pronter region contains two DMRs with opposite behaviors their potential role
in the regulation of this genes is unclear. IP12 is clustered in cluster 2, indicating that this gene is
more expressed in transgenic fruits as compared to WT fruits during ripéiomgever P12
contains a typ@ DMR in its promoter, also questioning the function of DNA demethylation in
this case.

The expression o0bXS1and GGPS2also increases during WT fruit ripening, but not in
DML RNAI transgenic fruits of the same age. As the promoter region of these genes do not
contain any DMRs it seems unlikely that they depend on the activity of the DML2 protein for
their expression. Thus there is no evidence that genes of the MEP/DOX pathwaneethg d
regulated by methylation.
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Thirteen of the 29 known genes of the carotenoid biosynthesis pathway are differentially
expressed in DML RNAI fruits compared to WT fruits of the same age. Among theseR§EYigs
CrtISO, ZISOandzZDS are clustered in gup2. They are induced at the Br (39dpa) and remain
expressed at the Br+7 (46dpa) stages in WT, but are not expressed or lately and weakly in all
transgenic lines (F8)13B, 3.13C, Fig3.8A, 3.8C, [dl05 p138. We have already shown that the
PSY1 promoter gion contain a Typ@ DMR and undergo DNA demethylation during WT fruit
ripening but not in transgenic fruits, which correlates with the absence of gene indquttiet
al., 2015h. Three additional genes, nameGitISO, ZISO,andZDSalso contain a typa DMR
in their promoter, indicating that their expression correlates datimethylation in WT fruits.

Thus it is very likely that the DMRs present in @glSO, ZISO,andZDS promoter region will
not be demethylated in the DML RNAI lines thereby impairing their expression.

As previously observed fdP12, CCD4BandNCED althoud clustered in group 1 (delayed
degradation in transgenic lines) contain a tgpPMR. Two other genes of this pathway do not
contain any DMR in their promoter although their regulation is affected in transgenic lines, yet
not in a consistent wayCHY1is repressed at 46dpa in line 2 (log2F2487), but not in line 8,
wherea<CHY2is repressed at 39dpa in line 8 (log2FLC#9) but not in line 2.
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Fig3.13 ([SUHVVLRQ RI JHQHV RI WKH &DURWHQRLG SDWKZD\ LQ $1$*VOR MW \DJ
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