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Abstract

Abstract

Variation of transcription factor (TF) binding sites (BSsa imajor source of variation within
and between specieln plants, evolution of TF BSemains to be poorly studied. Here, we
performed the first comparative Ch#eq study in combination with gene expression analysis
in knockout mutants in two related plant species. We tiseBLOWERING LOCUS CFLC)

TF in annualA. thaliana andthe perennial sister speci@salpina as a model systenn A.
thaliana FLC represse flowering before vernalizationThe A. alpina FLC ortholog
PERPETUAL FLOWERING 1 (PEP1) not only represses floral induction prior to vernalization
but also repressekwering in newly formed side shoots after vernalization to ensure that the
flowering phase is followed by vegetative growth which is ielfor the perennidife-history

of A. alpina

We found that FLC and PEP1 BSsrevéighly divergenbut both TFsbound identical CArG
boxsequencenotifsin the promoters aheirtarget geneConserved BSs werssociated with
conserved CAr@oxes thabftenwereextended bythé TT T 6 t rei Spaciedpecifict i d
BSs were correlated with the absence @ArG-box in the other species. Althoughetse
correlations were highly significantie found evidence thatteractions with other THaight
affect binding as wellGO-term enrichment analysis of target genegealed thatanserved
targes were mainly associatesith the control of flowering time and flower development.
Speciesspecific target genesf both speciesvere a&sociated witlthe responseto hormones

and environmental stimuli, suggesting that convergent evolution resulted in similar roles of
PEP1 and FC. Both TFs bouna high number ofold-regulated (COR) genes and repressed
their induction by intermittent cold, suggesting that PEP1 and &itGn cold tonegatively
regulate thecold responsdntermittent cold causes growth retardation, tthis roleof FLC

and PEPImight affect thetradeoff between growth and the cold stress responsnsore

growthundercold but norfreezing temperatures prior to vernalization.

In addition, PEP1 and FLGound different sets of genes involved in GA metabolism and
signaling. The A. alpina pept1l mutant showed several phenotypes of-tegated plants
including elongated internodes. During vernalizatadnA. alping GA was involved in the
promotion of floral induction and genasvolved in GA metabolism andignaling were
induced, which was counteracted by PBPiexpectedlyGA levels weenot induced buivere
reduced during vernalization indepemdy of PEP1In peptl, GA levels were elevateid

young apices. laddition, we found locally enriched GA siging inpeptl. Taken together,
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these findings suggest that PEP1 negatively regulates GA levels causing reduced elongation of
vegetative branchepossibly to increase plant stabilifyurthermorePEP1 might act during
vernalization to repis GA signaling tosuppress floral induction during vernalizatidrhis
interaction oftwo flowering pathways that respond to GA and vernalization represents a
speciesspecific interaction of conserved pathways and might act to prevent flowering after
shot periods of vernalization before the end of the alpine wiAt¢halianaFLC alsoregulatel

gene expression within the GA network but no-@fated phenotypes could be identified.
Expression of5A-related genewasfurthermoreinduced by intermittent coldn A. thaliang

FLC did not affect this cold response.Analping intermittent cold caused induction génes
encoding GA metabolic enzymesid GA signalingcomponerd and PEP1 had a buffering
effect on this, possibly to amtain plant growth under cold but réneezing temperatures.

In conclusionwe used comparative Chbeq to identifya conserved core function of PEP1

and FLCin the regulation oflowering as well as speciespecific functiondbased omovel
interactiors between conserved developmental and environmental response pathways. Thus,
the evolutiorof new TF BSs provides a mechanism to connect gene netpaskily toallow

plantsto adapt their developmental cycle to spea@fiwironment.



Zusammenfassung

Zusammenfassung

Variation von Transkriptionsfaktorbindungsstellen ist eine Hauptursatgie Artenvielfalt. Die
Evolution von Transkriptionsfaktorbindungsstellen in Pflanzen bleibt weitgehend unerforscht. Hier
fuhrten wir die erste vergleichende Cld&q Studie in Kombin&in mit Genexpressionsanalysen in
GenKnockoutMutanten in zwei verwandten Pflanzenarten durch. Wir nutzen den FLOWERING
LOCUS C (FLC) Transkriptionsfaktor in der einjahrigen PflaAzeéhalianaund ihrer mehrjéhrigen
SchwesterariA. alpina als Modelsystemin A. thalianareprimiert FLC die Bluhinduktion vor der
VernalisierungDas FLC Ortholog PERPETUAL FLOWERING 1 (PEP1)Analpinareprimiert die
BlUhinduktion nicht nur vor der Vernalisierung, sondern auch in Seitensprossen nach der
Vernalisierung, sods die Bluihphase von einer vegetativen Wachstumsphase unterbrochen wird, was

wesentlich fir die mehrjahrige Lebensweise Romlpinaist.

Wir stellten fest, dass sich FECund PEPiBindungsstellen stark unterscheiden aber beide
Transkriptionsfaktoren idéische Car@ox Sequenzmotive in den Promotoren ihrer Zielgene binden.
Konservierte Bindungsstellen hingen mit konservierten CBo®en zusammen, welche oft um das

a T T-Tridukleotid erweitert warenArtenspezifische Bindungsstellen hingen mit ddawesenheit

einer CArGBox in der anderen Art zusammeédbwohl diese Zusammenhange hochsignifikant waren,
fanden wir Hinweise, dass auch andere TranskriptionsfakidesnBinden von DNA beeinflussen.
Funktionale Analyse der Zielgene zeigte, dass konséaZézlgene hauptséchlich in die Blihinduktion
und Blitenentwicklung involviert waren. Artenspezifische Zielgene von beiden Transkriptionsfaktoren
waren in Hormonund Umweltantworten involviert, was darauf hindeutet, dass FLC und PEP1 durch

konvergente Eslution ahnliche Riden evolviert haben.

Beide Transkriptionsfaktoren banden zahlreiche Kitpilierte Gene und reprimierten ihre Induktion
durch vorribergehende Kalte. Dies deutet darauf hin, dass PEP1 und FLC in Kalte agieren und die
Kalteantwort untadriicken. Zeitweilige Kélte flhrt zu einer Wachstumsretardierung. Somit kbnnte diese
Rolle von FLC und PEP&inen Kompromissepresentiererderdas Wachstum bei vorriibergehender

Kalte vor der Vernalisierung aufrecht erhalt.

Desweiteren banden PEP1 und Rh€ide unterschiedliche Gene mit Funktionen im GA Metabolismus
undin der GA SignaltransduktiomDie A. alpina pepil Mutante zeigte verschiede®danotypen GA
behandelter Pflanzen, wie zum Beispiel verlangerte Internodien. GA forderte die Bluhinduktion
wélrend der Vernalisierung iA. alpinaund Gene mit Funktionen im GA Metabolismus und in der GA
Signaltransduktion wurden induziert und PEP1 wirkte entgegen diese Induktion. Die GA Konzentration
war wahrend der Vernalisierung jedoch verringert und nichthennid PEP1 beeinflusste dies nidht.

peptl war die GA Konzentration lediglich in jungen Sprossspitzen leicht erhéht. Zudem zejfte

1 eine verstarkte GA Signaltransduktion. Zusammengefasst suggerieren diese Ergebnisse, dass PEP1

ein negativer Regular der GA Konzentration ist, was zu verminderter Elongation von vegetativen
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Sprossen fuhrt und womdoglich zu einer erhéhten Pflanzenstabilitat bedxidgm konnte PEP1
wahrend der Vernalisierung die GA Signaltransduktion inhibieren um die Bluhindultion
unterdriicken. Diese Interaktion zweier Signalwege der Blidhinduktion welche auf GA und
Vernalisierung antworten representiert eine artenspezifische Interaktion von zwei konservierten
Signalwegen und kénnte bewirken, dass die Bluhinduktion nach kurzealis&rungszeit, bevor der
alpine Winter vorruber ist, verhindert wirduch FLC inA. thalinanaregulierte die Expression von
Genen im GA Netzwerk, allerdings konnten keine -B##énotypen identifiziert werden. Auch
vorribergehende Kalte fuhrte zu einer Induktion der Expression veG&ren. IPA. thalianawar dies

nicht von FLC beeinflusst. IA. alpna fuhrte vorribergehende Kalte zur Induktion von Genen mit
Funktionen im GA Metabolismus und in der GA Signaltransduktion und PEP1 wirkte als Puffer auf
diesen Effekt, moglicherweise um das Wachstum bei vorriibergehend kalten Temperaturen tber dem

Gefriempunkt aufrecht zu erhalten.

In dieser Studie nutzten wir vergleichende Gbh#g Experimente um eine konservierte Funktion von
PEP1 und FLC in der Bliuhzeitpunktkontrolle sowie artenspezifische Funktionen, basierend auf neuen
Interaktionen zwischen konseevien Entwicklungsund Umweltantwortsignalwegen, zu identifizieren.
Somit stellt die Evolution neuer Transkriptionfaktorbindungsstellen einen Mechanismus zur Interaktion
von bestehenden Gennetzwerken dar, welche Pflanzen eine Anpassung des Entwickiisngazyk

spezielle Umweltbedingungen erlaubt.
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1 Introduction

1 Introduction

1.1 Phenotypic variation and the role of transcriptional regulation

Natural phenotypic variatiowithin individuals of one species the basis for local adaptation

to different habitats. Separation of subpopulations of one species due to local adaptation to
different habitatss thought toresult in the evolution of new speciédready in 1975, iwas
proposed that differential gene regulation, rather than differences in gene cordkes a
major contribution to phenotypic variation between spe(iesg & Wilson, 1975) More
recentgenomewide studies in primates and other model organisms confirmed that gene
regulation is a major aspect defining phenotypic varia(@omeroet al, 2012) In plants
transcriptional networks that control plant development are well desdi@dmannet al,
2010a) and examplesdlemonstratethe important role of differentiajene expression in
interspecificvariation of floral organ identit{kKannoet al 2003; Di Stilioet al, 2005; Sther

et al, 2010) Gene expression is regulated by transmipfactors (TFs) that bind tONA and
positively or negatively regulate recruitmeatgenef RNA Polymerase Jiwhich catalyzes
transcription. Differential gene regulation can be either due to changed TF adtianty (
effects) orto changes in the DNA sequence that affects TF bindiisge{fects).Studies using
interspecies hybrids of yeasts, plants &nd flies suggestd that differential gene regulation
between species was mainly duects-effects whichlikely caused variation in TF binding,
while trans-effects played a minor rol@He et al, 2012; Tiroshet al, 2009; Wittkoppet al,

2008)

1.2 Variation of transcription factor binding sites

Modern sequencingased technologies allow the identificatioh genomewide binding
profiles for TFs. Numerous studies focused on conservation ofbirieling sites BSg in
different vertebrate specie@Villar et al, 2014) but BS conservation of plant TFs remains
largely uninvestigatedMuifio et al, 2016) Among vertebrates, conservation of BSs for
developmental TFs is rather low and generalig rate of conservatiatecreases exponentially
with increasing evolutionary distan€¥®illar et al, 2014) For example, conservation of the

C E B P Ua TIFfnyolved in lier cell specification, decreasegponentially with evolutionary
distance in seven vertebrate species and six rodent sffecesidtet al, 2010; Stefbvaet al,

2013; Ballesteet al, 2014) Conservation of CEBPU BSs bet we
have an evolutionary distance of aboutidbion yearsis less than 3% (Ballesteret al, 2014)

Also the analysis of binding profiles of various TFs in different tissues of human and mouse

showed varying but low degrees of conservation (Denas et al,.2@M)conservation of TF
1
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binding profiles was also observed in ye&gir instance, a Chiehip study comparing BSs for
the MADSbox TF MCM1, a TF controlling mating and celcle regulation, revealed low
conservation in three yeast spedi€achet al, 2008) Also BS conservation of pseudohyphal
regulators Stel2 and Tecl in three yeast species was lifBmtemanet al, 2007)
Conservation of TF BSin Drosophila species, however, is rather highdathe rate of
conservationdecreaes linearly, not exponentiallyith evolutionary distance (Villar et al,
2014). BS of the embryo development TF Twigtere highly conserved six Drosophila
species anthore than 60 %f Twist BSs wereonservedetweertwo Drosophilaspecies with

an evolutionary distance of 30 million years (He et al, 2011)il&imesults were obtained for
six TFs that regulate segmentation in timosophilaspecies (Bradley et al, 2010he higher
level of BS conservation iDrosophla speciesompared twertebrates might bexplained by
thar smaller genome siz@/illar et al, 2014) Comparedor exampleto the human genome,
the genomeof Drosophilaspecies arenuch smaller and include less intergenic space. This,
together with the larger population size, leads to a decreased tolerance of random mutations
(GonZlez & Petrov, 2012which might haveresuledin the evolution of new TF BSs.

Despite high variation of BSsetween speciedFs generally bind identical DNA sequence
motifs in different species and the majority of spesiescific TF BSs could be aatated with
the presence of a DNAinding motif in that species thatas absent in the other species
Various sudies in vertebrates, yeast ddbsphilafound he same DNA motif enriched BSs

of orthologous TFs idifferent specieand for speciespedfic BSs, this DNA motifwas absent
in the other specigBornemaret al, 2007; Odonetal, 2007; Tuchet al, 2008; Wilsoret al,
2008; Bradleyet al 2010; Schmidet al 2010; Heet al 2012; Ballesteet al 2014) A
suggested mechanism for evolution of short DBIAding motifs on a short time scasocal
basepair substitutiongStone & Wray, 2001)indeed humerous studies showed tlsgecies
specificDNA motifs mainly evolved by small sequence chan@ hmidtet al, 2010; Bradley
et al, 2000; Heet al, 2011) Furthermore, in some casegeciesspecific DNA motis were
found to be associated withe insertion of transposable elemgfites) (Kunarsoet al, 2010;
Schmidtet al, 2012) Evolution of speciespecific binding can also be more complBenas

et al, described repurposing of TF BSs in mouse and human, where biaddingNA motif
occurs at different times, in different tissues or by different (Clenas et al, 2015)n other
studiesfor example irthecase of the yeast TF Stel2, most BSs do not have a consensus DNA
motif (Borneman et al, 2007A recent review on comparisohstween human individuats
TF BSs even describes a paradigm shift, claiming that si@nges inTF binding are not

associated witlthanges in the short DNmotif they recogniz€Deplancke et al, 2016Dne
2
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possible explanation could be thdt bindingis influenced by interacting TFs that bind DNA
motifs in the proximityas described in several publicati¢Bsadley et al, 2010; He et al, 2011,
Heinz et al, 2013, Stefflova et al, 201 Bpllesteret al. foundfor instancehatin vertebrates,
BSs that are clustered with BSs of othi€is are generally more conserved and more strongly
bound and absence of one TF affects binding of the aiBaliester et al, 2014Also in plants,
TFs were found to adct bindingof their interacting TEsFor example, binding of the plant
MADS-box TF FLOWERING LOCUS C (FLCran depend on the presenceSHORT
VEGETATIVE PHASE SVP) andvice versgMateos et al, 2015Moreover,binding of SVP

is affected by the presence of its interactor FLOWERING LOCUS M (RIE'd3é€ et al, 2013a)
TFs can alsde recruited tdDNA indirectly by binding to a DNAbound interactor. The
important role of indirect bindingf plant TFswas emphasized by the finding that indirect and
direct TFDNA interactions equally affect ge expressionHeyndrickx et al, 2014)In
addition, other factorthatcould influence the conservation of bindiagregions flanking the
core motif that might affect the DNA structuf®luiiio et al, 2014)chromatin accessibility
(Degner et al, 2012; Shibata et al, 2062PNA methylation(Domcke et al, 2015)

Even though conservatiaf BSs is generally rather Igwhe core function of developmental
transcription factors is often quite conserved. This functional conservation was explained by
higher conservation of binding to genes related to the core function of {ffeidltet al, 2008;
Odom et al, 2007; Schmidt et al, 2010; Muifio et al, 2016; Ballester et al, 2014; He et al, 2011)
In many other cases,dtcore function of a TF was maintaineddompensatory binding to a
differentsiteassociated witlthe same genia the other specig®©dom et al, 2007; Kunarso et

al, 2010; Schmidt et al, 2010; Denas et al, 2015; Heinz et al,. B883ssociated witBpecies
specific target geneson the otherhand were suggested to be an adaptation to diffiere
environmental conditions yeast{Borneman et al, 2007; Tuch et al, 2008hereas in animals,
speciesspecific BSs are often considered to be-fuctional(MacArthur et al, 2009; Schmidt

et al, 2010; He et al, 20)L.1

To date, only one comparative CkBq study has been performed in plants. BSs of the MADS
box TF SEPALATA 3 (SEP3), which is a key factor in flower development, were compared
betweerA. thalianaandArabidopsis lyrataand around 21 % ¢dheBSs were conservtfuiio

et al, 2016) A. thalianaandA. lyratahave an evolutionary distance of about 10 million years
(Clauss & Koch, 2006)suggesting that divergence of SEP3 BSs rather resembles the
exponential decrease with evolutionary distance observed in vertebrates than the higher
conservation that was found DrosophilaspeciesSpeciesspecificBSs were associated with

3
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thespedesspecificpresence ofis-elements that evolved by small scale sequence changes and
by TE insertion inthe case ofA. lyrata Common target genes weassociated wittilower
development, the core function of SER3nce nosep3mutant was available foh. lyrata,
binding events could not be correlaigith gene expression in this studyo obtaina broader
picture ofthe evolution of TF BSs in plants and their influence on plant developinerit,be
crucial to exend the comparative analysis gint TF BSs to additional Fs and additional
speciesand to include the analysis of kneclkit mutantsin addition such aalyses will reveal

how the huge variation in genome size and TE content of closely relatedp#amrgMichael,

2014)affectsthe evolution 8TF BSsand thereby phenotypic variation in plants.

1.3Variation in flowering time in A. thalianaand A. alpina

Flowering time is a highly adaptive trait and tight regulation of the timing of flowering ensures
that reproduction occurs under optimal caiotis to maximizeseed production and thereby
reproductive success$n the annualmodel specied\. thaliang flowering is controlled by
environmental and internal signals and the different flowering pathways are interconnected,

resulting in a compleregulatory network.

A. thalianais a facultative long daglant. Under long photoperiodas they occur in spring,
flowering is promoted by the photoperiod pathway via transcriptional activation of the florigen
encoding genELOWERING LOCUS T (FT)rurck et al, 2008) Under short photoperiogas

they occur in autumn and winter, the photoperiod pathway isweaatd flowering is delayed

In winter annual accessionsAf thaliang flowering isactivelyrepressdbefore winter by the
floral repressor FLOWERING LOCUS C (FLCProlonged exposure to cold winter
temperatures (vernalization) accel@s flowering by silencingLC expressionKim et al,
2009) In rapid cyclingsummer annual accessions, which complete their life cycle within one
growing season, the vernalization pathuwggot active. Mutations in the vernalizatipathway
account for a majoproportion of the flowering time variation . thaliana(Johansoret al,
2000; Michaelset al, 2003) In addition,flowering time ofA. thalianais affected by ambient
temperatures. \Wm ambient temperatures promote flowering via the thermosensory pathway
(Capovillaet al, 2015) while intermittent cold (short periods of cold temperature) that might
occur in autumpdelays flowering by increasing expression levels of floral reprédgo(Kim

et al 2004; Seet al, 2009; Jungpt al, 2012, 2013)Moreover, flowering time of. thalianais
controlled by several endogenopathways Plant age regulates flowering throutjte two
microRNAs miR156 andmiR172 that havecomplementary expression patteiiituijser &

Schmid, 2011) The miR156 declinesin abundancewith plant age andn younger plants

4
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represses flowering by repressimgcumulation anttandation of mMRNAs encoding members

of the family of SQUAMOSA PROMOTER BINDINGLIKE (SPL) TFs. SPLTFs induce
transcription of floral promotinyllR172 and other targef@Vu et al, 2009; Hyuret al, 2016)

The Gibberellin (GA) pathway promotes flowering in response to the plant hormone GA
(MutasaGottgens & Hedden, 200@nd finally, the autonomous pathway promotes flowering
under norinductive condition®y reducing thé&LC transcript level§Simpson, 2004)Signals

of the diffeent flowering pathways are integrated by floral integrator genes, including
SUPPRESSOR OBVEREXPRESSION OF CONSTANS®C) at theshoot apicameristem
(SAM) (Samachet al, 2000; Moonet al, 2003; Hepwortret al, 2002; Helliwellet al, 2006;
Searleet al, 2006; Wanget al, 2009a)and transcriptional reprogramming is initiateslising
themeristem identityo changento a floral meristengSckmid et al, 2003) Analysis of natural
variation in flowering time in 1135A. thaliana accessiongroposedcomponents of the
vernalization and photoperiod pathway as well as meristem regulators as main factors causing
differences in flowering tim€Alonso-Blanco et al, 2016) The effects of other flowering
pathways and interactions among them on naturalti@rian flowering time is just beginning

to beuncoveed (reviewed inKoornneefet al, 2004) For instancerecentlynatural variation

within the ambient temperature pathway was discov@rett et al, 2015)

The alpineperennial planArabis alpinais a close relatie of A. thalianaandbecame a model

for the perennial life cycle within the Brassicaceae famdilyalpinais a polycarpigperennial
plant,and thusflowers repeatedly during its life span. Floral transition of several meristems
occurs inevery growing sesonbutthe flowering period is restricted arsdfollowed by a period

of vegetative growtlfWang et al, 2009b)}lowering ime of A. alpinais regulated by similar
pathways as iA. thalianabut several regulatory differences were associattdits perennial
flowering behavior.Flowering in A. alpinais repressed before winter and vernalization is
obligatory formany accesens ofA. alpinato flower. As in A. thaliang vernalization causes
silencing of a floral repressor, but silencingFifC ortholog PERPETUAL FLOWERING 1
(PEPYJ) in A. alping is not stable. In consequence, PEP1 can be active after floral induction
when it @usegestriction of the flowering period and represses flowering in some of the side
shoots(Wanget al, 2009b) Thereby PEP1 ensures that the flowering plwtalowed bya
period ofvegetative growthwhich dlows the plant to survivBoweringand grow vegetatively
until the next winter, a crucial aspect of perennialistatations in the vernalization pathway

in A. alpinawere associated withatural variatiorin flowering time andn theduration of the
flowering period(Albani et al, 2012) Compared td\. thaliang A. alpinaalsohas a prolonged

juvenile phase when flowering is repressed by the age pathway and the plamtoisipetent
5
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to respond to flmal-promoting stimuli\Wanget al, 2011; Bergonzet al, 2013) In A. alping
the miR156pathway appeansot to bemechanistically coupled to the miR172 pa#ly. The
two pathways act in parallel and plants need both activating stiaduif plant age and
vernalization, to be competent to flowiBergonziet al, 2013) In addition, AaTFL1, the
ortholog ofA. thalianafloral repressor TERMINAL FLOWER 1 (TFL1), prevents flowering
of juvenile plants after vernalizatidsy blocking induction of floral meriem identity genes
(Wanget al, 2011)

The A. thaliana and A. alpinaspecies pair has proven to be an instrucsiteely sgtem to
investigate interspecifidifferences in the regulation of flowering pathways and their
contribution to variation in the flowering behavior thaassociated witlifferert life histories

of these specie@Vanget al 2009b; Abani & Coupland, 2010; Andrés & Coupland, 2012;
Bergonziet al, 2013)

1.4The FLC transcription factor and its r olein the regulation of flowering

The FLC TF is a floral repressor thahibits flowering of A. thalianaprior to vernalization
(Koornneefet al, 1994, Leeet al, 1994; Michaels 8Amasino, 1999; Sheldcet al, 1999) The

A. alpinaFLC orthologPEP1also represses flowering before vernalization, however PEP1 has
additional functions that are crucial for the perennial flowering behaviar alipina(\Wanget

al, 2009b) In addition to repressing flowering befowernalization, PEP1 also repress
flowering in some of the axillarghoots and restricts the flowering phase to ensure succession
of vegetative and reproductive phases in the life cycke afpina(Wanget al, 2009b)

1.4.1Regulation of FLC

FLC encodesa MADS-box TFand itstranscripton is represselly vernalization(Michaels &
Amasino, 1999; Sheldoet al, 1999) Before vernalizationi-LC transcription is promoted by
co-transcriptional activatdfRIGIDA (FRI) (Michaels & Amasino, 1999; Sheldat al, 1999;
Johansort al, 2000; Geraldet al, 2009) Silencing ofFLC by vernalization is associated with
the accumulation of the histone mark H3K27me3 at the Jogbgh is generally linkedot
repression of gene expressi@astowet al, 2004; Sung & Amasino, 2004)3K27me3 of
FLC is mediated by OLYCOMB REPRESSIVE COMPLEX 2PRC2 and associated PHD
finger proteinsincluding VERNALIZATION INSENSITIVE 3 (VIN3) (Sung & Amasino,
2004) FLC is stably repressed during vernalizati(®heldonet al, 2000) so thatafter
vernalizationflowering is inrduced in all meristems and tipdant canproduce a maximum
number of seeds before senescemging embryo developnmg, FLC transcription is reset

and FLCis active tarepresdlowering in the progen{Sheldonret al, 2008) In A. alping PEP1
6
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transcription is alsosilenced during verndization, which is also associated with the
accumulation of H3K27me3, bREP1silencingis not stable, allowing it to repress flowering
repeatedly in subsequent growing seaguvianget al, 2009b)

1.42 The function of FLC in development ofA. thaliana

FLC acts in the leave® repress flowering bdirectly repressg transcription ofFT, a key
gene in the photoperiod pathwgamactet al, 2000; Helliwellet al, 2006; Searlet al, 2006)

In addition,FLC functions in the SAM to directly repress transcription of floral integ@&@C 1
(Hepworthet al, 2002; Helliwellet al, 2006; Searlet al, 2006)andof FLOWERING LOCUS
D (FD) (Searleet al 2006) which encodesan FT-interacting proteinin the photoperiod
pathwa (Abe et al, 2005; Wiggeet al, 2005) FLC is part of a multimeric comple¥delliwell

et al, 2006)and physicdy interacts with the related MADBox TF SVP(Li et al, 2008) Like
FLC, SVPdirectly represses transcription 6T andSOC1(Li et al, 2008) Moreover SVP is
involved in the regulation of flowering iresponse to ambient temperatuflese et al, 2007)
andacts to repress flowering via the GA pathwayirirectly repressing transcription of GA
biosynthesis gen@A200X2(Andréset al, 2014) Comparative analysis of the effects of FLC
and SVP on the transcriptome arfdheir genomevide DNA binding profilesn the presence
and absence of thether proteinshowed that FLC and SVP have mutually dependent,
independent and redundant roles in regulating target gene expi@satenset al, 2015) This
studyalsorevealed a compledependent rolef SVP and FLGn the GAmediated control of

flowering time(Mateoset al, 2015)

In addition, FLC interacts with several other flowering pathwdisC directly represses
expression oSPL15(Denget al, 2011) which promotes flowering by positively regulating
transcription of, for instance, florahtegrator gend-RUITFUL (FUL) (Hyun et al, 2016)
SPL15itself is negatively regulated by the age pathway in juvenile ptardagh miR156nd
its protein activity ispositively affected by the GA pathwaschwarzet al, 2008; Hyunret al,
2016) Finally, FLC integrates ambient temperature signalasywell assignals from the
autonomous pathwaftLC transcription decreases in responsaémm ambient temperatures
consistent with accelerated flowerin@lazquezet al, 2003; Leeet al 2013) whereas
intermittent cold induceBLC transcription(Seoet al, 2009) The latter involveg&ey players in
the coldstress response CRT/DRE BINDING FACTOR 1 (@B&nd HIGH EXPRESSION
OF OSMOTLCALLY RESPONSIVE GENE 1 (HOS1) and causes delafledering in
response to cold stre€Seoet al, 2009; Jungpt al, 2013) Genes in the autonomous pathway,
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as for exampld=-CA or FVE, negatively regulat&LC transcript levis and herebyinduce
flowering inthe absence of other activating stim@impson, 2004)

FLC has sevetdundreds of target genes in thethalianagenomegDenget al, 2011; Mateos
etal, 2015)and is expressed throughout the whole p(&fieldonet al, 1999) Consistently
various functionsbesdes the repression of flowerirttave been reported for FL@ the
vegetative stag&;LC promotes cokdnduced seed germinatig@hianget al, 2009)and delays
the progression of the juvenile to adult transi{iDenget al, 2011; Willmann & Poethig, 2011)
In the reproductivphase, FLC was associated with a positive effect on shoot brariehiagg
et al, 2013)andwasfoundto be involved irthe regulation oflower developmenfDenget al,
201]). Furthermore, FLC was shown to contribute the hightemperature compensation
mechanism of the circadian clo&dwardset al, 2006) Fnally, GO-term enrichment analyses
in the genomavide studies suggested a role of FLC in the response to environmental stresses
caused by light and temperature and the responsigefohytchormones ABA, JA and GA
(Denget al, 2011; Mateoet al, 2015)

1.43 The family of MADS-box transcription factor s

FLC belongs to the family of MAD®ox TFs. MADSbox TFs regulate key developmental
processes in yeast, animals and plé8tore & Sharrocks, 19951 TFs in the fanily contain

a conserved DNAinding domain, the MAD®ox domain, whith was named aftefour
foundingmembersof the protein familythe yeast MINICHROMOSOME MAINTENANCE

1 TF, theA. thalianaflower development TRGAMOUS (AG), theAntirrhinum majudlower
development TF DEFICIENS A and the human SERUM RESPONSE FAC(BORwarz
Sommeret al, 1990) The MADSbox domain binds the DNA at a CAf#x motif with the
consensus sequence CC[AIGE (de Folter & Angenent, 2006Plant MADSbox TFs form
heterodimers(Folter et al 2005; Smacznialet al, 2012b)and those form higher order
complexes and interact with other type§ 66 and chromatin remodeldisgeaCortineset al,
1999; Honma & Goto, 2001; Smaczniekal, 2012b) A dimer of MADSbox TFs binds one
CArG-box, each TF occupying one halte of the motif (SchwarzZSommeret al, 199,
Pellegriniet al, 1995) According to the quartet model for floral devehoent,tetrames of
MADS-box TFsbind two CArG-boxesand different tetramersspecify the different floral
organgTheissen, 2001; Thess & Saedler, 2001How DNA binding specificity for different
MADS-box TFs isdeterminedis only startingto become clear Different MADS-box TFs
preferentiallybind distinct CArG-box sequenceand cause different degrees of DNA bending
due to sequence changes in their MAB&X domain(Nurrish & Treisman, 1995; Riechmann

8
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et al, 1996) DNA binding affinity is determined by the energy that is required to bend the DNA
and recentlyt has been shown that défient MADSbox TFs favor secalled Atracts (a stretch

of AmTnhwith a minimum length of 4 bp) of different length in the CAnGx andn the flanking
regions (Muifio et al, 2014) In addition, different MADSbox TFs bind different sites at
different developmental stageshich might be due tohe presence ddifferent interaction
partnergPajoroet al, 2014)and might influence whether they activate or repress transcription
(Kaufmannet al, 2010b; Wuesgt al, 2012)

1.44 Evolutionary conservation of FLC

Repression of flowering prior to vernalizatignot specific téA. thalianaandother members
of the Brassicacealeut can be found throughout the plant kingddmmonocotyledonous
species, howeverthe vernalization pathwaynvolves othergenes thanFLC. In wheat,
vernalization causes induction thie MADSbox TFVERNALIZATION 1(RNJ), which is a
homolog of theA. thalianafloral meristem identity genesP1/FUL (Yan et al, 2003) VRN1
then represseabe floral repressoVERNALZATION 2(VRN2, which encodea CCTdomain
protein(Yan et al, 2004) A recen study, however, identifieBLC-like genesn monocots and
FLC in Brachypodiumwas found to be regulated by vernalizati®uggesting it might
contribute tothe vernalization respong®&uelenset al 2013) A function of FLC in the
vernalization response wasnfirmedin dicotyledonousspeciesoutside of the Brassicaceae

family, for instance irBeta vulgarigReeve<t al, 2007)

Within the Brassicaceae famillfL.C has been identified and associated with the vernalization
response in variousinter annual species likRaphanus sativuandthreedifferent Brassica
speciesB. napusB. rapaandB. oleracea(Tadegeet al, 2001; Kimet al, 2007; Ridgeet al,
2014; Liet al, 2016) Furthermore, sdescribed above fa. alping FLC expression was found

to cyclewith the seasons iseveal perennialBrassicaceae species includiAgabidopsis
halleri, A. lyrataandCardamine flexuos@/NVanget al, 2009b; Aikaweet al, 2010; Kemiet al,
2013; Zhouet al, 2013a) In theseperennialspecies, FLC was shown to repress flowering
repeatedlyduring the plant life cyclecorresponding tahe seasonal floweringattern Thus,
FLC orthologs have a similar function in the background of different life historigsthaliana

and perennial relatives, howevampnservation of the molecular functicr target gene

conservation between species has not been investigated.

1.5The Role of GA in the regulation of flowering
Genomewide analyses of FLC direct target genes suggested a role of FLC in the regulation of

GA-mediated signalingDenget al, 2011; Mateo®t al, 2015) GAs are plant hormones that
9
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promote fbwering in A. thaliana GA is necessary for flowering under nmowluctive SD
conditions(Wilsonet al, 1992)and has a weaker effect under L{@siffiths et al, 2006) when
the photoperiod pathway is domingRieeves & Coupland, 20QX}A levels strongly increase
at the SAM of SD grown plants prior to floral inducti(rikssonet al, 2006) This increase
was concluced to be a result of GA transport, since it does not correlate iméteagd
expression ogenes that encode GA biosynthetic enzyfiggssonet al, 2006) The form of
GA that is transported to the $Amight be GA12, a precursor of active GAgjhich was
suggested to be the major mobile GAAnthaliana(Regnaultet al, 2015) However GA
metabolism mighalsoplay a role in floral induction since mutations in G#fsynthesis genes
GA3OXIDASE 1 (GA30X2 and GA30X2 as well as mutations igenes encodin@gA2
oxidases affect flowering tim@vitchum et al, 2006; Rieuet al, 2008a) The GA metabolic
pathway is summarized iRigure 1A. Under SD conditions, GA acts in the apex to induce
transcripion of the floral integrato5SOC1(Moon et al, 2003)and the floral meristem identity
geneLEAFY (LFY)(Blazquezet al, 1998) Under LD conditionsGA pramotes flowering via
the photoperiod and the age pathways#sis required to inducéT expression in the leaves
and the expression &PLgenes in leaves angiaes(Hisamatsu & King, 2008; Galvaet al,
2012; Porriet al, 2012)

GA is bound by GIBBERELLIN INSENSITIVE DWARF 1 (GID1) GA receptors, which, in
the presence of GA, interact with DELLA repressor protéifigure 1B). This interaction
promotes the interaction of DELLAs with an E3 ubiquitin ligase complex that targets DELLA
proteins for degradation by the 2@®oteasom€Griffiths et al, 2006; Nakajimaet al, 2006)
(Figure1B). In the absence of GA, DELL#Aepressoproteins affect the dweringpromoting
activity of severaltranscription factorsDELLA proteins interact with SPL9 and affect its
function(Yu et al, 2012; Yamaguchet al, 2014. SPL9 induces transcription 8fP1and this

is positively affected by the interaction with a DELLA protériamaguchet al, 2014)whereas
the induction oMIR172 andSOC1by SPL9 is negatively affected by DELLA#/anget al,
2009a; Yuwet al, 2012) Thus GA positively affects floral induction but negatively affects flower
development via SPLDELLAs also interact with SPL15, a closely relafgtalog of SPL9
(Hyunet al, 2016) SPL15 promotes floweringnder norinductive SD conditionby inducing
transcription of its target genéRUITFUL (FUL) andMIR172 (Hyun et al, 2016, 2017)
DELLA proteins bind SPL15 at the promoter of its target genes at the ®ANdpress its
activity, thus GA promotes flowering under SD conditidBBL 15transcription is regulated by
the age pathway viaiR156 (Schwabet al, 2005)and by the vernalization pathway via FLC

(Denget al, 2011) In consequence, signals from the age, vernalizationGhdlowering
10
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pathway are integrated e level of SPL19n addition, DELLA degradationausesncreased
activity of the GAMYB33 TF that induced.FY expressior(Gocalet al, 2001; Acharcet al,
2004) DELLAs also repress activity of the PHYTOCHROME INTERACTING FACTOR
(PIF) TFs(Fenget al, 2008; de Lucast al, 2009. PIF3 induces flowering by directly repressing
transcription of flowering regulatoGATA, NITRATHNDUCIBLE, CARBONVIETABOLISM
INVOLVED (GNC) and GNCLIKE (GNL) (Richteret al, 2010) and PIF3 as well aBIF4

promoteflowering inthe ambientemperature pathwaiumaret al, 2012; Galvaet al, 2015)
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Figure 1 Model of GA metabolism and signaling.
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(A) Model of GA metabolism inA. thaliana GA12 is the common precursor of active GAs and can be
hydroxylated to GA53 and processed in the ea®yOH pathway or the ne®H pathway by the same enzymes.
GA12 and GA53 are oxidized by GA2005%lin three steps leading to GA9 and GA20 (Phillips 1983)30X1-

4, then transform GA9 and GA20 into acti®&4 and GA1 (Williams 1998, Yamaguchi 1998, Yamaguchi 2008,
Hedden 2002). Which form of active GA is playing the major role varies between sfi@tiamshi 1998, Polle
1995, Jordan 1995, Eriksson, Talb®90, Lange 2005, Smith 1991, Metzger 1990). Active GA4 and GAL as well
as precursors GA9 and GA20 are degraded by GA20Xa (Rieu 2008). A different type of GA20Xes,
GA20X7-8, degrade early intermediates of the GA pathway including GA12 and GA53 (Satgp2@®3). Color
code: Green: GA biosynthesis; Red: GA degradation; Yellow: activeBp®Model of GA signaling irA. thaliana
Active GA binds GA receptor GID1 which then allows DELLAS and GIBA complex to interact. This
interaction triggers E3 ubiquitiligases to interact with DELLAs which targets them for degrad#@uiffiths et

al, 2006; Nakajimaet al, 2006)

Besidespromotingfloral inductionat the SAM andhrough regulatiorof different flowering
pathways GA is also required for other flowerifrglated traits including boling, flower

development andleteminacy of the floral meristeniKoornneef & van der Veen, 1980;
11
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Griffiths et al, 2006; Rietet al, 2008a; Acharet al, 2004; Hayet al, 2002; Jasinslet al, 2005)
Furthermore, analysis of multiple mutamtisoverexpressois genesencodingGA metabolism
enzymesand GA receptors revealed thaf @lso affects various phenotypes at the vegetative
stage. GA promotegermination, cell elongation which affects elongatiémypocotyl, stem
and root as well as leaf expansenmd morphology, trichome formation and branching and GA
negatively regulates chlorophyll contéltoornneef & van der Veen, 1980; Schombetal,
2003; Griffithset al, 2006; Mitchumet al, 2006; RieLet al, 2008b, 2008a; Poret al, 2012)

FLC was found to regulate several @&ated genes iA. thaliana(Denget al, 2011; Mateos
et al, 2015) howeverso far FLC has not beeamplicated inthe GA response on the phenotypic
level andgenetic analysis did not reveal a roletlve vernalization respong€handleret al,
2000) In summer annud. thaliang GA levelswere found tancrease prior to floral induction
under norinductive SD conditions(Eriksson et al, 2006) and increased GA levels can
overcome the requirement for inductive LDs for flower{hgng, 1957; Koornneef & van der
Veen, 1980Griffiths et al, 2006) In other speciedike Silene armeriaandSpinacia oleracea
GA levelsincrease in response to inductive LD conditiffialon & Zeevaart, 1990; Zeevaart
et al, 1993) Vernalization is not known to alter GA levelsAnthaliang howeverA. thaliana

as well asEustoma grandiflorumwerefound to bemore responsive to exogenous GA after
vernalizationOkaet al, 2001) It remains to be tested whether this phenomenon is due to direct
repressiorof GA biosynthesis or of th&A signaling pathway by¥LC or due to repressive

effects of FLC on genes downstream of the GA pathway.

In contrast to vernalization, short cold treatmelotaffect GA levels irA. thaliana Intermittent

cold causd a reduction of GA levels bycreasing transcription of genes encoding catabolic
GA20X enzymeswhich leads to growth retardation under coless(Achardet al, 2008)
During sed germination, cold has the opposite effect and caaus@screasef GA levels by
induang transcription ofGA30X1and GA200X2/3 which encode biosynthetic enzymes
(Yamauchiet al, 2004) These data indicate that the effects of environmental stimuli on GA

levels inA. thalianaare complex and dependent on developmental, tigseeific factors.

In species other thak. thaliana vernalization promot&nduction of GA levelsin andThlaspi
arvense another Brassicaceae species, anfl.igrandiflorum levels ofprecursors of active
GAsincrease during vernalizatipwhereas winter canola contains higher levels of a&ite
after vernalization{(Hazebroeket al, 1993; Zanewich & Rood, 1995; Hisamatgual, 2004)
Moreover, & shown in early studiespplication of exogenous GA could overcome the
vernalization requirement Raphanus sativuand T. arvense(Suge & Rappaport, 1968;
12
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Metzger, 1985) To summarize GA plays different roles in the inductiasf flowering in
different plant species and outside of the Brassicaceae famihterestingly, in treesGA
even has the opposite effect amthibits flowering (Wilkie et al 2008) Whetherthe
vernalization and GA pathwaynteract inA. thaliana and whetherthis is conserved ithe

perennial sister speciés alpinaremains to be tested.

1.6 Aims of this thesis

Diversification of TF BSs causing tifrential gene regulation ismaajor source of phenotypic
variation between species. Hettee orthologous TFA. thalianaFLC andA. alpinaPEP1 were

used as a model to investigate evolution of TF BSs in plants. To address this major aim, we
performedthe first study coupling ChiBeq with expression analysis in knockout mutants for
two relatedplant speciesThe resulting genomeide data sets were first used to determine the
rate of conservation and diversification of B the two plant species with considerably
different genome size$n a next step, the mechanism of diversification wagstigaed on

DNA sequence level. Finally, functional diversification of the TFs was assessed by correlating
BSs with gene expression data and furthermore, by analyzing gene ontology terms enriched

among conserved and speespecific target genes.

FLC and PEP1 repress flowering in annAalthalianaand perennial. alping respectively

and PEP1 defines perennial flowering traité&\iralpina A second major aim of this work was

to test whether differences in BSs and regulatory functions of FL& &R contribute to the
distinct flowering behaviors dk. thalianaandA. alpinathat are associated with their different
life histories. Previously, FLC was suggested to regulate the GA respofisthaliana Here

we aimed to investigate whether FLC d@EP1 rgulate the GA flowering pathway as part of
the vernalization responsEinally, we addressed whether a putative interaction between the
vernalization and the GA flowering pathway is conservesvben species or could contribute

to thedistinct life historiesof A. thalianaandA. alpina

2 Evolution of PEP1 direct targets

2.1 Introduction

Changes in gene regulaticausé by variation in TF BSs areraajor source ophenotypic
variation between speciéRomeroet al, 2012) In plants, consrvation of TF BSs in related
species has not beewidely studied (Muifio et al, 2016) This study aimed to extend the

knowledge on conservation of~TBSs in plants by comparing BSs of PEP1 and FLC, two

13
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orthologous MADSbox TFs that repress flowering A alpinaandA. thaliang respectively
(Koornneefet al, 194; Leeet al, 1994; Wanget al, 2009b)
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Figure 2 Comparative analysis of PEP1 and FLC BSs and target genes.

Flow diagramrepresenting the different steps of data analysis.Top: PEP1 BSs and associated neighboring
genes (PEP1 direct target genes). Bottom: FLC BSs and associated neighboring genes (FLC direct target genes).
(B) BLAST was used to compare PEP1 BSs with FLC BSs to identify conserved@®$¥P1 and FLC direct

target genes were compared to identify common target gédeBREP1 BSs were identified in thfe thaliana

genome and FLC BSs were identified in #healpinagenome. Conservation of synteny was tested based on
associated genes, in consequence only B3sasgiociated genes were included in the analjSifesults of B

D were integrated to identify conserved target genes with conserved BSs in contrast to common target genes with
diverging BSsPEP1 BSs are represented in orange, FLC BSs in green. Terget are represented by grey
arrows. Vertical bars represeht alpina(orange) and\. thaliana(green) chromosomes.

Chromatinimmunoprecipitation followed by higthroughput sequencing (ChBeq) was

performedwith PEP1 antiseruno identify PEPBSsin theA. alpinagenome Wild-type plants
14
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grown for 2 weeks under LD conditions were comparethéopeptl mutantas negative
control in three biological replicates. This analysis identified 156 BSs present in at least two
replicates, which werassociaté with 254 neighboring genes, considered as PEP1 direct target
genesFigure2A, Table Al data were kindly provided by J. Mateos and P. Madrigalhave

a comparable dataset for FLC, Ckd®&q was performed under the same conditions in two
replicates ofA. thalianawild-type andflc-3 usingnovel FLC antiserum297 BSswhich were
associated witd87 FLC direct targegeneswere identified Figure2A, Table A2 data were

kindly provided by J. Mateos, R. Richter and P. MadrigaBspite different experimental
conditions, this experiment showed high overlap-@8®%6) with previously published ChiP

seq studies for FL(Denget al, 2011; Mateost al, 2015) Comparison of PEPBSs withFLC

BSsby BLAST analysis revealed that only #6the BSs (17 % of PEP1 BSs)eeconserved
between speciesFigure 2B, data provided by J. Mateos). Comparison of target genes,
independently oBSs, identified 33 genes that eommonly bound by PEP1 and FLEqure

2C, Table Al Table A2 dataprovided by J. MateosT.o rule out that the lower number of BSs

in A. alpinaand the limited overlap with. thalianais due to lower genome coverage in the
ChiPseq experimenthe PEP1 ChlPseq experiment was repeaiddand a higher number of
reads was obtaine@ replicates of the previous experiment wersaguenced together with

one new replicate and 204 PEP1 BSs, which were associated to 331 target genes were identified
(Table A3. 84 % of previously identified target genes are also in #he dataset and the
overlap with FLC target genes is 11 % compared to previously 13 %. Thus the new experiment
confirms that PEP1 has less BSs than FLC and the overlap between speciesllslmalyses

presentedhere were performed with the first dataset

In addition, RNAseq was performed comparing apices and leavesidsfype and peptl
mutant plants to identify genes that veeregulated by PEPIFigure 3A, Table A4 data
provided by J. MateosBetween the genotype86 genes we differentially expressed in
apices and 325 gesié leavegFigure3A, Table A4. Most of the genes differentially regulated
in peptl were upregulated inhe mutant, suggesting that PE&ds almost exclusively as
transcriptional repressan agreement witlvhat was previously shown for FL®ateoset al,
2015) In addition, arelatively low proportiorof genedifferentially expressed ipept1 were
direct targetsof PEP1 but all of those we up-regulated in peptl (Figure 3A,
Table AlTable Al Table A9, suggesting that all direct effiscof PEP1 are repressive. The
transcriptomiaatafor pept1 werecompared to published resutts FLC-regulated genes in
A. thaliana(Mateoset al, 2015) Only a low number of genesere commonly regulated by

PEP1 and FLC iteaves or apicesimilar to what was described above for the Ch# data
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2 Evolution of PEP1 direct targets

(Figure 3B). Interestingly, PEP1 regulated a higher number of genes in apices than in leaves

whereas FLC regulatedrégher number of genes in leavban in apices.

! 240 . up-regulated .
200 . down-regulated
g bound leaves apices
$ 160
o
g 120 A.alpina A. thaliana A.alpina A. thaliana
S o (73) (264)  (285) )
<
w 40 61 62 252 260 (69
z

-80

i L]
-40 12 -16
& P-value 2.6e P-value 2.2e
\g;
+
W

Figure 3 Comparison of genes that wes regulated by PEP1 and FLC.

(A) Genes that were ugulated or dowmegulated in apices or leavesppt1 and the proportion of those that
were bound by PEP{B) Venn diagraracomparing DEG in leaves and apices ofAh¢haliana fle3 mutant and
the A. alpinapept1 mutant.P-value indicatesignificance of overlagested by hypergeometric test.

These dasets were used in the present study to investigatatthefdivergence of PEP1 and
FLC BSs, the molecular mechanism that might have caused this divergenctheand

consequences BS divergence on FLC and PEP1 function

2.2 BSs of PEP1 and FLCare largely divergent
Comparison ofets of PEP1 and FL@Ss direct target genes and genes that are regulated by

these TFs indicated low levels of conservation between sp&tips€2B, C; Figure3B). To
pave the way for understanding the evolution of PEP1 and FLC B$isisifirst section]
analyzed and compared BSs and direct or indirect target genes of PEP1 and FLC in more detalil.

First, binding of PEP1 to BSassociated witlselected target genes was validated by €hIP
gPCR. Significant enrichment of PEP1 binding was detected for alltegt=d, whereas no
significant enrichment could be detected in the negative control regions that @/kbedistant
from the BSs Kigure 4). Thus, this experiment confirms that our dataset contains high
confidence PEP1 BS$hese vadated BSs include some sites thatreven common with FLC

thatwere previously validate(Denget al, 2011)
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2 Evolution of PEP1 direct targets

Validation of PEP1 binding

negative control
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Figure 4 Validation of PEP1 binding to selected target genes.

n.s.

Validation of binding detected by hiP-seq for selected PEP1 BSs using GHHCR. For each target, fold
enrichment relative to its input is showsegative controls were performed wiphimers not flanking predicted
BSs(1-2 kb distance to BSPata are shown as mean + SEM=(@biological replicates Primers are listed in the

appendix.Asterisks indicate significant enrichment in wilgpbe comparedo pept1 ( n .

0.05*P ODL;*P 0 001; Sasthdent 0s

t

S .

not

signific

PEP1 BSs were analyzed for enriched DMAtifs usinghe MEME software(Bailey & Elkan,

1994; Bailey, 2@1). The nost sigificantly enriched motif waa CArGbox. CArGboxes were

present in almost all of the BSs asttbwed enrichmerih the centeof the BSssupporting the
ideathat PEP1 directly bindthis motif (Figure 5A). This finding further suggestgshat the
detected PEP1 BSs veehigh confidence BSdecausethe canonicalCArG-box with the
sequenc&C[A/T]eG is the known binding motif for MAD®o0x TFs(de Folter & Angenent,
2006)andwasalsoidentified inpublishedFLC BSs(Denget al, 2011; Mateo®t al, 2015)as
well asin thenewly identified set ofFLC BSspresented her@igure B). In the present study,

not all FLC BSs contained a CArBox motif but enrichment in the center betpeak was

detected, supporting the idea that FLC bitiils motif (Figure B). The second most eched

motif in PEP1 BSs was a-ox with the canonical sequenCACGTG, whichis the known
binding motif of bHLH and bZIP TF&Menkenset al, 1995) G-boxes in PEP1 BSs were not
enriched in the center of the BSSgure %), suggesting that these motifs are probabbt
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2 Evolution of PEP1 direct targets

bound by PEP1 buiy interacting TFs. éoxes, at a certain distance frone central CArG-

box, were also iddified in a previas FLC studyfMateoset al, 2015) In addition, a third motif

with the sequence TGGGCC waviouslyidentified to be enriched in FLC B$Benget al,

2011) This motif was present in 26ut of 156 PEP1 BSs and enrichment was significant

compared to the genomic backgroundiinalping as indicated by a-Zcore >3 Figure ).
Similar tothe Gbox, theTGGGCGmotif is most likely not bound by PEP1 since it is not
enriched in the center of the BI3dure 3A). G-boxes and TGGGChotifs were also found
to be significantly enriched in the new set of FLC BSgure B), suggesting that PEP1 and
FLC directlybind toidentical CArG-box motifs andthat they might both interact with other
TFs that bind @oxes and TGGGC@otifs.
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Figure 5 Enriched DNA-motifs in PEP1 and FLC BSs.

CArG-box and Gbox were identified by MEME software and TGGG@®tif was screened for manually.
Distance of the closest motif to the center of the BS is represented in a hisbmjoanthe motif. Numbers of

BSs that contain a motif and significancev@ue for MEMEresults or Zscore for TGGGCC) are given above
the positioaweight matrices(A) PEP1 BSs(B) FLC BSs.

To test whetheconserved BSsas defined by BLASTRigure2B), are located in conserved
syntenic regions and to test if speespecific BSs are present in the other genome, aglols
regions of PEP1 BSs in ti#e thalianagenome and orthojous regns of FLC BSs in thé.

alpina genomewere identified(Figure 2D, see Methods This analysis revealed that all BSs
that wereidentified as conserved B®y BLAST (Figure 2B) andhad associated gene&3(
PEP1BSs an®25 FLCBSs)were present in conserved syntenic gosi. Furthermore, most
speciesspecific BSs 79 % of PEP1BSsand 82% of FLC BS$ were present in the other
genome and sequenddentity between speciewas not substantially lower compared to
conserved BSE-igure 6, indicating that those siteseapresent in both genomes but not bound
by both TFsVisual inspection of read density in the peak regions of a large number of those
speciesspecific BSs confirmed that they are truly not bound in one species rather than not
called due to a high significance thresh@ven that conserved BSs are located in conserved
syntenic positions, it was testadhetherthe genes that were bound in both species (common
target genedrigure 2C) were bound at conserved B$sgure 2B, D). 26 target genes were
associated witlthe conserved BS$&igure2E) and therefore reprasieconserved target genes
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2 Evolution of PEP1 direct targets

that weebound at conserved BSs in both spe€idgsr om her e on referred

genesd as a subgr oup odéxample $eEigueAmndhe remaming e t

7 genes that were common targetsetmund at different BS8Ss can be different (L) PEP1
and FLC bind to similar genomic positions but thesstpns show very low homolog¥Figure
7A) orif (2) synteny around the genes is not consenrdatl (3) PEP1 and FLC bind different
genomic positions within the locy&igure 7C).This analyss suggests that of the common
target genemight haveevolved independently in the two species becausewkeybound at
different sites inA. alpinaandA. thaliana. By contras6 conserved target genes (only 10 %
of PEP1 target geneskely evolved in a common ancestor of both sped@snmon target
genes with and without conserved BSslstedin Table A5

A. alpina BSs A. thaliana BSs
in A. thaliana . in A. alpina
80 80
2 2
c 60 | € 60 |
[} Q
o o
= 40 = 40
: 3
o 20 ; o 20 |
o o
0 0
AQ’G é§\0 AQG é\\o
6Q} 6Q® 6‘?} &
QS )
® &

Figure 6 Sequence conservation dSs with orthologous sequence in the other species.

Average percent identity between conserved or spspiesific BSs and orthologous regions in the other species
(Results of analysis in FigD). (A) A. alpinaBSs inA. thalianagenome. Analysis includes BSs with associated
genes that have orthologs An thaliang (23 congrved and 101 PEPdpecific BSs)(B) A. thalianaBSs inA.
alpina genome Analysis includes BSs with associated genes that have ortholégsalpina (25 corserved and
239 FLGspecificBSs).Note that the number of conserved BSairlpinaandA. thalianais different due to the
distance of the BS to associated genes.
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Figure 7 lllustration of BS conservation for common target genes.

GATA-alignments illustrating homology between orthologous sequences for lo¢Ayitbnserved BS, example:
SPL15 (B) FLC and PEP1 BSs at the sapmsitionthat has lowsequence conservatioexampleLTI78; (C) FLC
and PEPBSs atdifferent positions within the same loclesampleCBF1 Black lines indicatdhhomology. Red
lines indicate inversions. Intensity of the color represents degree of homBBBY. BSs are indicad in orange,
FLC BSs in green. Genes are marked by blue arrows.

Expression of selectedlidated PEP1 direct target genEgy(ire4) was testethy qPCR using
thesameconditionsaswere used for the RNAeq experimenThis experiment aafirmed that
PEP1directly regulatesSOC1 SEP3and TOE2as suggested by the Ch$eg and RNAseq
experimentsKigure8). In addition gPCR analysidetected differential expression ¥fN3and
BRC1 (Figure 8), two genes that were néaund to be regulated by PEP1 in the RIS&q
experimentBRC1was only differentially expressed in leaf tissue, that might include axillary
meristems, wherBRCl1is expresedin A. thaliana(Aguilar-Martinezet al, 2007) SVE, COL5
andGRP2Bseem to be bound but not regulated by PEP1 under the conditions(kegted

8). SOC1 SEP3 SPL15andBRC1lare examplesf conserved targets that veedifferentially
regulated inflc-3 and pept1 (Figure 4, Figure 8 and Denget al 2011) Generally, the
percentage ofconserved target genes that wadifferentially regulated inpeptl was
significantlyhigher compared ttarget genewith PEP1specific BSgFigure9, middle bary
indicating that, at least under the conditions testetsewedarget genes we more likely to

be regulated by PEP1 thapeciesspecific target gene3his effect wa slightlyweaker, but
still significant for conmontargetswithout conserved BSs than for those with conserved BSs

(Figure9, left bars). This observation suggettat also the target ges thatappear to have
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2 Ewlution of PEP1 direct targets

evolved independentlyra functionally important under the conditions testetierestingly,

VIN3was anexanple ofa gene thatvas only bound by PEP1 i. alpinabut showedhe same

expression changes ipeptl1 andflc-3 mutans in both speciesHigure 8), suggestinghat

different mechanissiresultedn the same molecular phenotype.

~

\
>

I LJA OS a t SIF S a
- Il d f ' d GKI o | f | & {KI
— < 5 60 16 24
- 2279
893
w—aqﬁg'
@ 0 0 0 0
— < 2 5 2 2
“"7;—
H—-JT,_J%_
¢ o 0 - 0 - 0 -
c 4 100 4 2
® 583
w—aE%_
- o 0 - 0 - 0 - 0 -
c 2 2 2 2
— &
° 0 - 0 - 0 - 0 -
i
. 5 4 10 10 10
Rk ' i
= T 2 '
[N e Ra
— =X
| 0 0 0 0
— s 2 10 10 12
q')._
S N
SNl TN IR J
o o—
= X
¢ o 0 - 0 - 0
O s 2 6 4 40
1 2'56 4 A
=0
T Q3
+H ©°g™ 21
® o 0 - 0 - 0 -
- s 2 2 2 2
4 q>')'<736
S 8§33
N 2¥ '.
. 0 0 0 0
o s 2 2 2 2
= 295
T Q3
egg—
® o — 0 0 - 0 - -
2 ULJS mim 2 UF O 2 ULJS mim 2 0FfoO

N
N



2 Evolution of PEP1 direct targets

Figure 8 Expression analysis of geneggulated by PEP1 and FLC by qPCR.

Validation of RNAseq results for selected PEP1 direct target genes using gPCR. Dsitavaineas mean + SEM

(n = 4 biological replicatgsExpression was analyzed in leaves apites of Wt and mutant in both spesciand

all genes were normalized RIP2A Asterisks indicate significanneichment in wildtype compared to the mutant

(* @05;®&P 01;**P 00 001; SdstiNbte that in some cases, differences between genotypes
were highly reproducible but not statistically significant because low expression levels in one genotype caused
high variation between replicates.
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Figure 9 Differential expression of conserved and speciegpecific target genes in th@eptl mutant.

Percentage of target genes that were differentially expresgeepiil. Left set of bars: common target genes
irrespective of BS conservation vs. spegpscifictarget genes. Right set of bars: Common target genes with
conserved BSgs. speciespecific BSsAsterisks indicate significamlifference compared to the total set of PEP1
target genes tested by hypergeometric test (P O 0.05

In summary high confidence sets of PEP1 and FLC BSs revealedPtERil and FLOind
identical DNA-motifs but bind tolargely dfferent sets of target genes although these included
a common set of core target gen@emmon target genegerebound at coserved or diffeent

sites and we morelikely to change in expression in the respective mutants under the
conditions tested.
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2 Evolution of PEP1 direct targets

2.3 Speciesspecific bindingusually correlates with a speciesspecific CArG-box

Despitethehigh similarity of PEP1 and FLC protesequencg, theirbinding landscapes in the
genomes oA. alpinaandA. thaliang respectivelywere highly differentAs shown inFigure

6, overall sequence conservation at conserved and sgspaesic BSs was similaF{gure 6,

indicating that the divgence of binding is not due to largeasangements of DNAequence

This resultdiffers from previous findings d¥luifio et al, showing that SEP3 BSs that are
conserved IrA. thalianaandA. lyrata have higher conservation sceitban speciespecific

BSs (Muifio et al, 2016) To testwhether PEP1 and FLC always biliNA-motifs with
identicalconsensusequencg CArG-boxes in thesequence of conservaad speiesspecific

subsets of BSs wempared CArG-boxes were significantly enriched in alibsets of BSs

and the motifs we highly similar between specidagurel0), suggesting that PEP1 and FLC

bind identical DNAmotifs. Comparing CArGboxes enriched in conserv8&swith those in
specia-specific BSs, however, revealslight differencesThe 6 CC6é di nucl eot i d
of the coremotif was moreabundantn the conserved BSs. In addition, conserved BSs showed
significant enrichment (dcore>3) of the OTTTO6 trinuctbexpti de
whereas this was not found in eitrseibset of speciespecificBSs(Figure 10). Since CArG

boxes can be considered as palindromic sequenees, hT T T 6 oétletfirst hadfside of

the motif i s a functional equi v abiderthatwasf t he
identified in this study andvas previously describedDeng et al, 2011) Both of these
extensions might be important for the binding of FLC/PEP1 and their interactors to the

conserved set of tget sites.

n=26

Evalue: 7.0(5?10
26 sites
Z-score TTT: 4.8

n=26

Evalue: 1.3(5?14
22 sites
Z-score TTT: 3.5

n= 129

Evalue: 8.5('3077
128 sites
Z-score TTT:2.2

n= 271

Evalue: 1.1'e061
163 sites
Z-score TTT: 0.6
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2 Evolution of PEP1 direct targets

Figure 10 Enriched CArG -box variants in conserved and speciespecific BSs.

CArG-boxes enriched in conserved and spesjecific BSs inA. alpinaandA. thalianaidentified by MEME
(consensus sequences are boxed). The number of BSs bearing the motifgatung iR each subset of BSs is
indicated to the right of each motif:s€ores indicate significance of TTT enrichment at positie8s 1

Since the sameharacteistics of CArGboxeswere identified in bothspecies, they doot
explain speciespecific bindingComparing BSs of PEP1 and Flt€ orthologous regions in
A. thalianaandA. alpina respectivelyreveal@ a strong correlation between the conservation
of binding and the presence of a CAbBx motif at the orthologous sequenkkore than 80 %

of conserved PEP1 B$sntaineda CArG-box at the orthologous site A thaliang which is
bound by FLC. By contras¢ss than 306 of PEP 1specific BSscontaineda CArGbox atthe
orthologous sitewhich is not bound by FLOFigure 11A). Enrichment of CArGboxes at
orthologous sitesf consered BSs wa statisticly significantasindicated bya Z-score> 3
whereas no signifant enrichmet at orthologous sites of PERpecific BSs was detected.
Similar results were obtained for FLC BSBigure 11B). These results suggest that the
conservation of binding correlates with the presence oAigGhox in both speciesAlso A.
thaliana andA. lyrata-specific SEP3 BSs were explained by spesjgcific CArGboxesand

A. lyrata-specificCArG-boxes werassociated witl E insertiondMuifio et al, 2016) To test

if TEs could explain speciespecific CArGboxes irPEP1/FLC BSs iA. thalianaor A. alping

it was tested if any subsof BSs or set of orthologous sequencethe other specidsad an
altered content of TEs compared to the genomic background. A higher TE content in species
specific BSs might indicate that the TEs introdluceew CArGboxes, while ahigher TE
contentin orthologous notbound sitegnight indicate hat TE insertiors disrupted existing
CArG-boxes.A. alpinaregions contained more TEs compared\tdhalianaregions Figure
12A) corresponding to the higher TE content in ghalpinagenomgWilling et al, 2015) No
significant enrichment (which would be enrichment ratio sg&e methods however, was
detected in any subset of B&smpared to the genomic backgroumtie low enrichment ratios
represent rather selection agaii$€s within the selected regions coanpd to thewhole
genomesSince the enrichment of a specific type of TE might be masked by the high number of
various different types offEs in the genomes, enrichment of different-tyJges was
investigatel separatelyKigure 1B). As listed inFigure 1B, several TEs we significantly
enriched inA. alpinaspecific BSs in both genomes andAnthalianaspecific BSs in thé\.
alpina genome. Most of them, however, apmsbonly in a very small fraction of BSs and
would explain less than % of the bindingevents. The only exception is the enrichment of

Helitron_Camfused TEs in orthologous sitesAfalpinaspecific BSs in thé. thalianagenome
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(Figure 1B). Almost 10% of thesdBSs (10 BSs)contairedat least ondHelitron_Confused TE
in the norbound region irA. thaliana Of these 7 BSs contaiedthe TE in the central 100 bp
of the BSs (data not shown) and thereforéhese caseBE insertion could haveisruptedthe
CArG-box. Taken together, specisgecific CArGboxes thatprobably confered species
specific binding of FLC/PEP1 were not associated with TE insertions or dramatic sequence
changes in general, since nucleotide conservation of spgmedic BSs is similar to
conserved ones$-(gure §. In accordance W these resultsmall sequence changagpear to
be responsible for specigpecificCArG-boxesat least in some casdsdure 13. In these three
cases, the CArdox wa present inA. alpina but modified inA. thaliana We included
orthologous sequences other relatedBrassicaceaspeciesand T. hasslerianaas outgroup
from the sister family Cleomaceaethe alignment to determinghether binding was rather
gained inA. alpinaor lost inA. thaliana These alignmentshowed thathe CArGbox motifs
werealsoabsent iPA. arabicumwhich isabasal Brassicaceae spediEgure 13, suggesting
that the CArGbox (and thereby PEP1 bindingyolvedin the A. alpinalineagerather than
beinglost in theA. thalianalineage.

A. alpina BSs . A. thaliana BSs
< in A. thaliana < in A. alpina
S 100 o 80
. <2
© 80 0
S - 54% < 00 - 38%
O 60 O
= = 40 |
c A c 20 -
g 20 3
8 0 5 8 0
& & & &
Q‘o@ @Qg °.>Q} o_,QQ}
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Figure 11 Conservation of the presence of a CAréox in conserved and speciespecific BSs.

Presence of CArébox motifs in orthologous regiomd (A) A. alpinaand(B) A. thalianaBSs. Orthologous regions

as defined in Fig. 1DCArG-boxes were defined adYHWAWWWRGWWW which is closest to the position
weight matrix identified by MEME without allowing too much variation and detection of random sequences. Note
that the method used fimd CArG-boxes differed from previous figures because MEME software can only be
used to identify significantly enriched motissterisks indicate significant enrichment of CAb@Gxes as defined

by Z-score(B. Percentage is percent difference of sequetizat contain a CAr®ox.
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Figure 12 Occurrence of TEs in PEP1 and FLC BSs.

(A) Percentage of BSs and orthologous sequences in the other genome thaedankaést one TE. Left: BSs of
A. alpinaPEPland orthologous sites @f. thalianaFLC BSs in theA. alpinagenome. Right: BSs &. thaliana
FLC and orthologous sites &f. alpinaPEP1BSs in theA. thalianagenome. Numbers above the bars are ratio of
enrichment of TEs (bp that correspond to a TE/bp that are not BSgws. rest of thegnome. Ratios >1 indicate
enrichment of TEs in the BSEB) List of all types of TEs that we significantly enriched ila subset of BSs.
Asterisks behind enrichment ratiadioate significant enrichment (Ralue0.05 as defined bg? -test).
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Figure 13 Examples showing how speciespecific CArG-boxes arose by small sequence changes.

Three examples oA. alpinaspecific BSs that conta# a CArGbox in A. alpina which was lost in other
BrassicaceaeA. alpina sequence around ACG-box motif was aligned to orthologous regions of other
Brassicaceae species (At thaliang Am: A. montbretianaAl: A. lyrata, Ae: A. arabicun) andT. hassleriana
(abbreviated Th)A. alpinaCArG-box is marked in red. Sequence changes relative toathgensus motif ir.
thalianaare highlighted by a green boXlignments were performed using mvista.

In vertebratesconservation oBSs of developmental TFs decreases exponentially tiéh
evolutionary distanceéetweerspeciegSchmidtet al, 2010; Steffloveet al, 2013; Ballesteet

al, 2014) Also conservation of BSs betweéhn thalianaSEP3and A. lyrata SEP3 is low
(Muifio et al, 2016) In Drosophila species, however, conservation of BSs is higher and
decreases only linearlyith the evolutionary distancéBradleyet al, 2010; Heet al, 2017).
Conservation of CAréboxes in related species was plotted for conserved PEP1 and FLC BSs
as well as for speciespecific BSs(Figure 14). For boh datasets, linear and exponential
regression curves represetithe decrease of consetiom with evolutionary distancequally

well as indicated by similar Rvalue Figure14). This might indicate thahe species are too
closely related, to show a difference between linear and exponenties ¢atvdata points we
located n the linear range of the exponentatve) and analysis with additional species might
clarify which curve fits bettefThe linear regression curves for consehand speciespecific

BSs hadsimilar slopes of around-0.01 percent of BSs with CArG per million yedfgure

14), suggesting that the rate of binding loss with evolutionary distance is similar but the

conserved BSs staat a higher conservation level. Both set®\o&lpinaPEP1 BSs were also
28































































































































































































































































































































































































































































