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Abstract 

Variation of transcription factor (TF) binding sites (BSs) is a major source of variation within 

and between species. In plants, evolution of TF BSs remains to be poorly studied. Here, we 

performed the first comparative ChIP-seq study in combination with gene expression analysis 

in knock-out mutants in two related plant species. We used the FLOWERING LOCUS C (FLC) 

TF in annual A. thaliana and the perennial sister species A. alpina as a model system. In A. 

thaliana, FLC represses flowering before vernalization. The A. alpina FLC ortholog 

PERPETUAL FLOWERING 1 (PEP1) not only represses floral induction prior to vernalization 

but also represses flowering in newly formed side shoots after vernalization to ensure that the 

flowering phase is followed by vegetative growth which is crucial for the perennial life-history 

of A. alpina. 

We found that FLC and PEP1 BSs were highly divergent but both TFs bound identical CArG-

box sequence motifs in the promoters of their target genes. Conserved BSs were associated with 

conserved CArG-boxes that often were extended by the óTTTô trinucleotide. Species-specific 

BSs were correlated with the absence of a CArG-box in the other species. Although these 

correlations were highly significant, we found evidence that interactions with other TFs might 

affect binding as well. GO-term enrichment analysis of target genes revealed that conserved 

targets were mainly associated with the control of flowering time and flower development. 

Species-specific target genes of both species were associated with the responses to hormones 

and environmental stimuli, suggesting that convergent evolution resulted in similar roles of 

PEP1 and FLC. Both TFs bound a high number of cold-regulated (COR) genes and repressed 

their induction by intermittent cold, suggesting that PEP1 and FLC act in cold to negatively 

regulate the cold response. Intermittent cold causes growth retardation, thus this role of FLC 

and PEP1 might affect the trade-off between growth and the cold stress response to ensure 

growth under cold but non-freezing temperatures prior to vernalization. 

In addition, PEP1 and FLC bound different sets of genes involved in GA metabolism and 

signaling. The A. alpina pep1-1 mutant showed several phenotypes of GA-treated plants 

including elongated internodes. During vernalization of A. alpina, GA was involved in the 

promotion of floral induction and genes involved in GA metabolism and signaling were 

induced, which was counteracted by PEP1. Unexpectedly, GA levels were not induced but were 

reduced during vernalization independently of PEP1. In pep1-1, GA levels were elevated in 

young apices. In addition, we found locally enriched GA signaling in pep1-1. Taken together, 



 

  

  

II  

 

these findings suggest that PEP1 negatively regulates GA levels causing reduced elongation of 

vegetative branches, possibly to increase plant stability. Furthermore, PEP1 might act during 

vernalization to repress GA signaling to suppress floral induction during vernalization. This 

interaction of two flowering pathways that respond to GA and vernalization represents a 

species-specific interaction of conserved pathways and might act to prevent flowering after 

short periods of vernalization before the end of the alpine winter. A. thaliana FLC also regulated 

gene expression within the GA network but no GA-related phenotypes could be identified. 

Expression of GA-related genes was furthermore induced by intermittent cold. In A. thaliana, 

FLC did not affect this cold response. In A. alpina, intermittent cold caused induction of genes 

encoding GA metabolic enzymes and GA signaling components and PEP1 had a buffering 

effect on this, possibly to maintain plant growth under cold but non-freezing temperatures. 

In conclusion, we used comparative ChIP-seq to identify a conserved core function of PEP1 

and FLC in the regulation of flowering as well as species-specific functions based on novel 

interactions between conserved developmental and environmental response pathways. Thus, 

the evolution of new TF BSs provides a mechanism to connect gene networks possibly to allow 

plants to adapt their developmental cycle to specific environments. 
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Zusammenfassung 

Variation von Transkriptionsfaktorbindungsstellen ist eine Hauptursache der Artenvielfalt. Die 

Evolution von Transkriptionsfaktorbindungsstellen in Pflanzen bleibt weitgehend unerforscht. Hier 

führten wir die erste vergleichende ChIP-seq Studie in Kombination mit Genexpressionsanalysen in 

Gen-Knockout-Mutanten in zwei verwandten Pflanzenarten durch. Wir nutzen den FLOWERING 

LOCUS C (FLC) Transkriptionsfaktor in der einjährigen Pflanze A. thaliana und ihrer mehrjährigen 

Schwesterart A. alpina als Modelsystem. In A. thaliana reprimiert FLC die Blühinduktion vor der 

Vernalisierung. Das FLC Ortholog PERPETUAL FLOWERING 1 (PEP1) in A. alpina reprimiert die 

Blühinduktion nicht nur vor der Vernalisierung, sondern auch in Seitensprossen nach der 

Vernalisierung, sodass die Blühphase von einer vegetativen Wachstumsphase unterbrochen wird, was 

wesentlich für die mehrjährige Lebensweise von A. alpina ist. 

Wir stellten fest, dass sich FLC- und PEP1-Bindungsstellen stark unterscheiden aber beide 

Transkriptionsfaktoren identische CarG-Box Sequenzmotive in den Promotoren ihrer Zielgene binden. 

Konservierte Bindungsstellen hingen mit konservierten CArG-Boxen zusammen, welche oft um das 

āTTTó-Trinukleotid erweitert waren. Artenspezifische Bindungsstellen hingen mit der Abwesenheit 

einer CArG-Box in der anderen Art zusammen. Obwohl diese Zusammenhänge hochsignifikant waren, 

fanden wir Hinweise, dass auch andere Transkriptionsfaktoren das Binden von DNA beeinflussen. 

Funktionale Analyse der Zielgene zeigte, dass konservierte Zielgene hauptsächlich in die Blühinduktion 

und Blütenentwicklung involviert waren. Artenspezifische Zielgene von beiden Transkriptionsfaktoren 

waren in Hormon- und Umweltantworten involviert, was darauf hindeutet, dass FLC und PEP1 durch 

konvergente Evolution ähnliche Rollen evolviert haben. 

Beide Transkriptionsfaktoren banden zahlreiche Kälte-regulierte Gene und reprimierten ihre Induktion 

durch vorrübergehende Kälte. Dies deutet darauf hin, dass PEP1 und FLC in Kälte agieren und die 

Kälteantwort unterdrücken. Zeitweilige Kälte führt zu einer Wachstumsretardierung. Somit könnte diese 

Rolle von FLC und PEP1 einen Kompromiss representieren, der das Wachstum bei vorrübergehender 

Kälte vor der Vernalisierung aufrecht erhält. 

Desweiteren banden PEP1 und FLC beide unterschiedliche Gene mit Funktionen im GA Metabolismus 

und in der GA Signaltransduktion. Die A. alpina pep1-1 Mutante zeigte verschiedene Phänotypen GA 

behandelter Pflanzen, wie zum Beispiel verlängerte Internodien. GA förderte die Blühinduktion 

während der Vernalisierung in A. alpina und Gene mit Funktionen im GA Metabolismus und in der GA 

Signaltransduktion wurden induziert und PEP1 wirkte entgegen diese Induktion. Die GA Konzentration 

war während der Vernalisierung jedoch verringert und nicht erhöht und PEP1 beeinflusste dies nicht. In 

pep1-1 war die GA Konzentration lediglich in jungen Sprossspitzen leicht erhöht. Zudem zeigte pep1-

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

ein negativer Regulator der GA Konzentration ist, was zu verminderter Elongation von vegetativen 
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Sprossen führt und womöglich zu einer erhöhten Pflanzenstabilität beiträgt. Zudem könnte PEP1 

während der Vernalisierung die GA Signaltransduktion inhibieren um die Blühinduktion zu 

unterdrücken. Diese Interaktion zweier Signalwege der Blühinduktion welche auf GA und 

Vernalisierung antworten representiert eine artenspezifische Interaktion von zwei konservierten 

Signalwegen und könnte bewirken, dass die Blühinduktion nach kurzer Vernalisierungszeit, bevor der 

alpine Winter vorrüber ist, verhindert wird. Auch FLC in A. thalinana regulierte die Expression von 

Genen im GA Netzwerk, allerdings konnten keine GA-Phänotypen identifiziert werden. Auch 

vorrübergehende Kälte führte zu einer Induktion der Expression von GA-Genen. In A. thaliana war dies 

nicht von FLC beeinflusst. In A. alpina führte vorrübergehende Kälte zur Induktion von Genen mit 

Funktionen im GA Metabolismus und in der GA Signaltransduktion und PEP1 wirkte als Puffer auf 

diesen Effekt, möglicherweise um das Wachstum bei vorrübergehend kalten Temperaturen über dem 

Gefrierpunkt aufrecht zu erhalten.  

In dieser Studie nutzten wir vergleichende ChIP-seq Experimente um eine konservierte Funktion von 

PEP1 und FLC in der Blühzeitpunktkontrolle sowie artenspezifische Funktionen, basierend auf neuen 

Interaktionen zwischen konservierten Entwicklungs- und Umweltantwortsignalwegen, zu identifizieren. 

Somit stellt die Evolution neuer Transkriptionfaktorbindungsstellen einen Mechanismus zur Interaktion 

von bestehenden Gennetzwerken dar, welche Pflanzen eine Anpassung des Entwicklungszyklus and 

spezielle Umweltbedingungen erlaubt. 
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1 Introduction  

1.1 Phenotypic variation and the role of transcriptional regulation 

Natural phenotypic variation within individuals of one species is the basis for local adaptation 

to different habitats. Separation of subpopulations of one species due to local adaptation to 

different habitats is thought to result in the evolution of new species. Already in 1975, it was 

proposed that differential gene regulation, rather than differences in gene content, makes a 

major contribution to phenotypic variation between species (King & Wilson, 1975). More 

recent genome-wide studies in primates and other model organisms confirmed that gene 

regulation is a major aspect defining phenotypic variation (Romero et al, 2012). In plants, 

transcriptional networks that control plant development are well described (Kaufmann et al, 

2010a) and examples demonstrate the important role of differential gene expression in 

interspecific variation of floral organ identity (Kanno et al, 2003; Di Stilio et al, 2005; Sather 

et al, 2010). Gene expression is regulated by transcription factors (TFs) that bind to DNA and 

positively or negatively regulate recruitment to genes of RNA Polymerase II, which catalyzes 

transcription. Differential gene regulation can be either due to changed TF activity (trans-

effects) or to changes in the DNA sequence that affects TF binding (cis-effects). Studies using 

interspecies hybrids of yeasts, plants and fruit fl ies suggested that differential gene regulation 

between species was mainly due to cis-effects which likely caused variation in TF binding, 

while trans-effects played a minor role (He et al, 2012; Tirosh et al, 2009; Wittkopp et al, 

2008). 

1.2 Variation of transcription factor binding sites 

Modern sequencing-based technologies allow the identification of genome-wide binding 

profiles for TFs. Numerous studies focused on conservation of TF binding sites (BSs) in 

different vertebrate species (Villar et al, 2014), but BS conservation of plant TFs remains 

largely uninvestigated (Muiño et al, 2016). Among vertebrates, conservation of BSs for 

developmental TFs is rather low and generally, the rate of conservation decreases exponentially 

with increasing evolutionary distance (Villar et al, 2014). For example, conservation of the 

CEBPŬ TF, a TF involved in liver cell specification, decreases exponentially with evolutionary 

distance in seven vertebrate species and six rodent species (Schmidt et al, 2010; Stefflova et al, 

2013; Ballester et al, 2014). Conservation of CEBPŬ BSs between human and macaque, that 

have an evolutionary distance of about 30 million years, is less than 30 % (Ballester et 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, 2015). Low conservation of TF 
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binding profiles was also observed in yeast. For instance, a ChIP-chip study comparing BSs for 

the MADS-box TF MCM1, a TF controlling mating and cell-cycle regulation, revealed low 

conservation in three yeast species (Tuch et al, 2008). Also BS conservation of pseudohyphal 

regulators Ste12 and Tec1 in three yeast species was limited (Borneman et al, 2007). 

Conservation of TF BSs in Drosophila species, however, is rather high and the rate of 

conservation decreases linearly, not exponentially with evolutionary distance (Villar et al, 

2014). BSs of the embryo development TF Twist were highly conserved in six Drosophila 

species and more than 60 % of Twist BSs were conserved between two Drosophila species with 

an evolutionary distance of 30 million years (He et al, 2011). Similar results were obtained for 

six TFs that regulate segmentation in two Drosophila species (Bradley et al, 2010). The higher 

level of BS conservation in Drosophila species compared to vertebrates might be explained by 

their smaller genome size (Villar et al, 2014). Compared for example to the human genome, 

the genomes of Drosophila species are much smaller and include less intergenic space. This, 

together with the larger population size, leads to a decreased tolerance of random mutations 

(González & Petrov, 2012), which might have resulted in the evolution of new TF BSs. 

Despite high variation of BSs between species, TFs generally bind identical DNA sequence 

motifs in different species and the majority of species-specific TF BSs could be correlated with 

the presence of a DNA-binding motif in that species that was absent in the other species. 

Various studies in vertebrates, yeast and Drosphila found the same DNA motif enriched in BSs 

of orthologous TFs in different species and for species-specific BSs, this DNA motif was absent 

in the other species (Borneman et al, 2007; Odom et al, 2007; Tuch et al, 2008; Wilson et al, 

2008; Bradley et al, 2010; Schmidt et al, 2010; He et al, 2012; Ballester et al, 2014). A 

suggested mechanism for evolution of short DNA-binding motifs on a short time scale is local 

base-pair substitutions (Stone & Wray, 2001). Indeed, numerous studies showed that species-

specific DNA motifs mainly evolved by small sequence changes (Schmidt et al, 2010; Bradley 

et al, 2010; He et al, 2011). Furthermore, in some cases, species-specific DNA motifs were 

found to be associated with the insertion of transposable elements (TEs) (Kunarso et al, 2010; 

Schmidt et al, 2012). Evolution of species-specific binding can also be more complex. Denas 

et al., described repurposing of TF BSs in mouse and human, where binding to a DNA motif 

occurs at different times, in different tissues or by different TFs (Denas et al, 2015). In other 

studies, for example in the case of the yeast TF Ste12, most BSs do not have a consensus DNA-

motif (Borneman et al, 2007). A recent review on comparisons between human individuals of 

TF BSs even describes a paradigm shift, claiming that most changes in TF binding are not 

associated with changes in the short DNA-motif they recognize (Deplancke et al, 2016). One 
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possible explanation could be that TF binding is influenced by interacting TFs that bind DNA-

motifs in the proximity, as described in several publications (Bradley et al, 2010; He et al, 2011; 

Heinz et al, 2013; Stefflova et al, 2013). Ballester et al. found for instance that in vertebrates, 

BSs that are clustered with BSs of other TFs are generally more conserved and more strongly 

bound and absence of one TF affects binding of the others (Ballester et al, 2014). Also in plants, 

TFs were found to affect binding of their interacting TFs. For example, binding of the plant 

MADS-box TF FLOWERING LOCUS C (FLC) can depend on the presence of SHORT 

VEGETATIVE PHASE (SVP) and vice versa (Mateos et al, 2015). Moreover, binding of SVP 

is affected by the presence of its interactor FLOWERING LOCUS M (FLM) (Posé et al, 2013a). 

TFs can also be recruited to DNA indirectly by binding to a DNA-bound interactor. The 

important role of indirect binding of plant TFs was emphasized by the finding that indirect and 

direct TF-DNA interactions equally affect gene expression (Heyndrickx et al, 2014). In 

addition, other factors that could influence the conservation of binding are regions flanking the 

core motif that might affect the DNA structure (Muiño et al, 2014), chromatin accessibility 

(Degner et al, 2012; Shibata et al, 2012) or DNA methylation (Domcke et al, 2015). 

Even though conservation of BSs is generally rather low, the 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 the TF (Tuch et al, 2008; 

Odom et al, 2007; Schmidt et al, 2010; Muiño et al, 2016; Ballester et al, 2014; He et al, 2011). 

In many other cases, the core function of a TF was maintained by compensatory binding to a 

different site associated with the same gene in the other species (Odom et al, 2007; Kunarso et 

al, 2010; Schmidt et al, 2010; Denas et al, 2015; Heinz et al, 2013). BSs associated with species-

specific target genes, on the other hand, were suggested to be an adaptation to different 

environmental conditions in yeast (Borneman et al, 2007; Tuch et al, 2008), whereas in animals, 

species-specific BSs are often considered to be non-functional (MacArthur et al, 2009; Schmidt 

et al, 2010; He et al, 2011). 

To date, only one comparative ChIP-seq 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 

between A. thaliana and Arabidopsis lyrata and around 21 % of the BSs were conserved (Muiño 

et al, 2016). A. thaliana and A. lyrata have 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 in Drosophila species. Species-specific BSs were associated with 
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the species-specific presence of cis-elements that evolved by small scale sequence changes and 

by TE insertion in the case of A. lyrata. Common target genes were associated with flower 

development, the core function of SEP3. Since no sep3 mutant was available for A. lyrata, 

binding events could not be correlated with gene expression in this study. To obtain a broader 

picture of the evolution of TF BSs in plants and their influence on plant development, it will be 

crucial to extend the comparative analysis of plant TF BSs to additional TFs and additional 

species and to include the analysis of knock-out mutants. In addition, such analyses will reveal 

how the huge variation in genome size and TE content of closely related plant species (Michael, 

2014) affects the evolution of TF BSs and thereby phenotypic variation in plants. 

1.3 Variation in flowering time in A. thaliana and A. alpina 

Flowering time is a highly adaptive trait and tight regulation of the timing of flowering ensures 

that reproduction occurs under optimal conditions to maximize seed production and thereby 

reproductive success. In the annual model species A. thaliana, flowering is controlled by 

environmental and internal signals and the different flowering pathways are interconnected, 

resulting in a complex regulatory network.  

A. thaliana is a facultative long day plant. Under long photoperiods, as they occur in spring, 

flowering is promoted by the photoperiod pathway via transcriptional activation of the florigen-

encoding gene FLOWERING LOCUS T (FT) (Turck et al, 2008). Under short photoperiods, as 

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

In winter annual accessions of A. thaliana, flowering is actively repressed before winter by the 

floral repressor FLOWERING LOCUS C (FLC). Prolonged exposure to cold winter 

temperatures (vernalization) accelerates flowering by silencing FLC expression (Kim et al, 

2009). In rapid cycling summer annual accessions, which complete their life cycle within one 

growing season, the vernalization pathway is not active. Mutations in the vernalization pathway 

account for a major proportion of the flowering time variation in A. thaliana (Johanson et al, 

2000; Michaels et al, 2003). In addition, flowering time of A. thaliana is affected by ambient 

temperatures. Warm ambient temperatures promote flowering via the thermosensory pathway 

(Capovilla et al, 2015), while intermittent cold (short periods of cold temperature) that might 

occur in autumn, delays flowering by increasing expression levels of floral repressor FLC (Kim 

et al, 2004; Seo et al, 2009; Jung et al, 2012, 2013). Moreover, flowering time of A. thaliana is 

controlled by several endogenous pathways. Plant age regulates flowering through the two 

microRNAs miR156 and miR172 that have complementary expression patterns (Huijser & 

Schmid, 2011). The miR156 declines in abundance with plant age and in younger plants 
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represses flowering by repressing accumulation and translation of mRNAs encoding members 

of the family of SQUAMOSA PROMOTER BINDING-LIKE (SPL) TFs. SPL TFs induce 

transcription of floral promoting MIR172b and other targets (Wu et al, 2009; Hyun et al, 2016). 

The Gibberellin (GA) pathway promotes flowering in response to the plant hormone GA 

(Mutasa-Göttgens & Hedden, 2009) and finally, the autonomous pathway promotes flowering 

under non-inductive conditions by reducing the FLC transcript levels (Simpson, 2004). Signals 

of the different flowering pathways are integrated by floral integrator genes, including 

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) at the shoot apical meristem 

(SAM) (Samach et al, 2000; Moon et al, 2003; Hepworth et al, 2002; Helliwell et al, 2006; 

Searle et al, 2006; Wang et al, 2009a) and transcriptional reprogramming is initiated causing 

the meristem identity to change into a floral meristem (Schmid et al, 2003). Analysis of natural 

variation in flowering time in 1135 A. thaliana accessions proposed components of the 

vernalization and photoperiod pathway as well as meristem regulators as main factors causing 

differences in flowering time (Alonso-Blanco et al, 2016). The effects of other flowering 

pathways and interactions among them on natural variation in flowering time is just beginning 

to be uncovered (reviewed in Koornneef et al, 2004). For instance, recently natural variation 

within the ambient temperature pathway was discovered (Lutz et al, 2015). 

The alpine perennial plant Arabis alpina is a close relative of A. thaliana and became a model 

for the perennial life cycle within the Brassicaceae family. A. alpina is a polycarpic perennial 

plant, and thus flowers repeatedly during its life span. Floral transition of several meristems 

occurs in every growing season but the flowering period is restricted and is followed by a period 

of vegetative growth (Wang et al, 2009b). Flowering time of A. alpina is regulated by similar 

pathways as in A. thaliana but several regulatory differences were associated with its perennial 

flowering behavior. Flowering in A. alpina is repressed before winter and vernalization is 

obligatory for many accessions of A. alpina to flower. As in A. thaliana, vernalization causes 

silencing of a floral repressor, but silencing of FLC ortholog PERPETUAL FLOWERING 1 

(PEP1) in A. alpina, is not stable. In consequence, PEP1 can be active after floral induction 

when it causes restriction of the flowering period and represses flowering in some of the side 

shoots (Wang et al, 2009b). Thereby PEP1 ensures that the flowering phase is followed by a 

period of vegetative growth, which allows the plant to survive flowering and grow vegetatively 

until the next winter, a crucial aspect of perennialism. Mutations in the vernalization pathway 

in A. alpina were associated with natural variation in flowering time and in the duration of the 

flowering period (Albani et al, 2012). Compared to A. thaliana, A. alpina also has a prolonged 

juvenile phase when flowering is repressed by the age pathway and the plant is not competent 
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to respond to floral-promoting stimuli (Wang et al, 2011; Bergonzi et al, 2013). In A. alpina, 

the miR156 pathway appears not to be mechanistically coupled to the miR172 pathway. The 

two pathways act in parallel and plants need both activating stimuli, adult plant age and 

vernalization, to be competent to flower (Bergonzi et al, 2013). In addition, AaTFL1, the 

ortholog of A. thaliana floral repressor TERMINAL FLOWER 1 (TFL1), prevents flowering 

of juvenile plants after vernalization by blocking induction of floral meristem identity genes 

(Wang et al, 2011). 

The A. thaliana and A. alpina species pair has proven to be an instructive study system to 

investigate interspecific differences in the regulation of flowering pathways and their 

contribution to variation in the flowering behavior that is associated with different life histories 

of these species (Wang et al, 2009b; Albani & Coupland, 2010; Andrés & Coupland, 2012; 

Bergonzi et al, 2013). 

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

The FLC TF is a floral repressor that inhibits flowering of A. thaliana prior to vernalization 

(Koornneef et al, 1994; Lee et al, 1994; Michaels & Amasino, 1999; Sheldon et al, 1999). The 

A. alpina FLC ortholog PEP1 also represses flowering before vernalization, however PEP1 has 

additional functions that are crucial for the perennial flowering behavior of A. alpina (Wang et 

al, 2009b). In addition to repressing flowering before vernalization, PEP1 also represses 

flowering in some of the axillary shoots and restricts the flowering phase to ensure succession 

of vegetative and reproductive phases in the life cycle of A. alpina (Wang et al, 2009b).  

1.4.1 Regulation of FLC 

FLC encodes a MADS-box TF and its transcription is repressed by vernalization (Michaels & 

Amasino, 1999; Sheldon et al, 1999). Before vernalization, FLC transcription is promoted by 

co-transcriptional activator FRIGIDA (FRI) (Michaels & Amasino, 1999; Sheldon et al, 1999; 

Johanson et al, 2000; Geraldo et al, 2009). Silencing of FLC by vernalization is associated with 

the accumulation of the histone mark H3K27me3 at the locus, which is generally linked to 

repression of gene expression (Bastow et al, 2004; Sung & Amasino, 2004). H3K27me3 of 

FLC is mediated by POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) and associated PHD-

finger proteins, including VERNALIZATION INSENSITIVE 3 (VIN3) (Sung & Amasino, 

2004). FLC is stably repressed during vernalization (Sheldon et al, 2000), so that after 

vernalization flowering is induced in all meristems and the plant can produce a maximum 

number of seeds before senescence. During embryo development, FLC transcription is reset 

and FLC is active to repress flowering in the progeny (Sheldon et al, 2008). In A. alpina, PEP1 
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transcription is also silenced during vernalization, which is also associated with the 

accumulation of H3K27me3, but PEP1 silencing is not stable, allowing it to repress flowering 

repeatedly in subsequent growing seasons (Wang et al, 2009b).  

1.4.2 The function of FLC in  development of A. thaliana 

FLC acts in the leaves to repress flowering by directly repressing transcription of FT, a key 

gene in the photoperiod pathway (Samach et al, 2000; Helliwell et al, 2006; Searle et al, 2006). 

In addition, FLC functions in the SAM to directly repress transcription of floral integrator SOC1 

(Hepworth et al, 2002; Helliwell et al, 2006; Searle et al, 2006) and of FLOWERING LOCUS 

D (FD) (Searle et al, 2006), which encodes an FT-interacting protein in the photoperiod 

pathway (Abe et al, 2005; Wigge et al, 2005). FLC is part of a multimeric complex (Helliwell 

et al, 2006) and physically interacts with the related MADS-box TF SVP (Li et al, 2008). Like 

FLC, SVP directly represses transcription of FT and SOC1 (Li et al, 2008). Moreover, SVP is 

involved in the regulation of flowering in response to ambient temperatures (Lee et al, 2007) 

and acts to repress flowering via the GA pathway by indirectly repressing transcription of GA 

biosynthesis gene GA20OX2 (Andrés et al, 2014). Comparative analysis of the effects of FLC 

and SVP on the transcriptome and of their genome-wide DNA binding profiles in the presence 

and absence of the other protein showed that FLC and SVP have mutually dependent, 

independent and redundant roles in regulating target gene expression (Mateos et al, 2015). This 

study also revealed a complex-dependent role of SVP and FLC in the GA-mediated control of 

flowering time (Mateos et al, 2015).  

In addition, FLC interacts with several other flowering pathways. FLC directly represses 

expression of SPL15 (Deng et al, 2011), which promotes flowering by positively regulating 

transcription of, for instance, floral integrator gene FRUITFUL (FUL) (Hyun et al, 2016). 

SPL15 itself is negatively regulated by the age pathway in juvenile plants through miR156 and 

its protein activity is positively affected by the GA pathway (Schwarz et al, 2008; Hyun et al, 

2016). Finally, FLC integrates ambient temperature signaling as well as signals from the 

autonomous pathway. FLC transcription decreases in response to warm ambient temperatures 

consistent with accelerated flowering (Blázquez et al, 2003; Lee et al, 2013), whereas 

intermittent cold induces FLC transcription (Seo et al, 2009). The latter involves key players in 

the cold-stress response CRT/DRE BINDING FACTOR 1 (CBF1) and HIGH EXPRESSION 

OF OSMOTICALLY RESPONSIVE GENE 1 (HOS1) and causes delayed flowering in 

response to cold stress (Seo et al, 2009; Jung et al, 2013). Genes in the autonomous pathway, 
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as for example FCA or FVE, negatively regulate FLC transcript levels and thereby induce 

flowering in the absence of other activating stimuli (Simpson, 2004). 

FLC has several hundreds of target genes in the A. thaliana genome (Deng et al, 2011; Mateos 

et al, 2015) and is expressed throughout the whole plant (Sheldon et al, 1999). Consistently, 

various functions besides the repression of flowering have been reported for FLC. In the 

vegetative stage, FLC promotes cold-induced seed germination (Chiang et al, 2009) and delays 

the progression of the juvenile to adult transition (Deng et al, 2011; Willmann & Poethig, 2011). 

In the reproductive phase, FLC was associated with a positive effect on shoot branching (Huang 

et al, 2013) and was found to be involved in the regulation of flower development (Deng et al, 

2011). Furthermore, FLC was shown to contribute to the high-temperature compensation 

mechanism of the circadian clock (Edwards et al, 2006). Finally, GO-term enrichment analyses 

in the genome-wide studies suggested a role of FLC in the response to environmental stresses 

caused by light and temperature and the response to the phytohormones ABA, JA and GA 

(Deng et al, 2011; Mateos et al, 2015). 

1.4.3 The family of MADS-box transcription factor s 

FLC belongs to the family of MADS-box TFs. MADS-box TFs regulate key developmental 

processes in yeast, animals and plants (Shore & Sharrocks, 1995). All TFs in the family contain 

a conserved DNA-binding domain, the MADS-box domain, which was named after four 

founding members of the protein family; the yeast MINICHROMOSOME MAINTENANCE 

1 TF, the A. thaliana flower development TF AGAMOUS (AG), the Antirrhinum majus flower 

development TF DEFICIENS A and the human SERUM RESPONSE FACTOR (Schwarz-

Sommer et al, 1990). The MADS-box domain binds the DNA at a CArG-box motif with the 

consensus sequence CC[A/G]6GG (de Folter & Angenent, 2006). Plant MADS-box TFs form 

heterodimers (Folter et al, 2005; Smaczniak et al, 2012b) and those form higher order 

complexes and interact with other types of TFs and chromatin remodelers (Egea-Cortines et al, 

1999; Honma & Goto, 2001; Smaczniak et al, 2012b). A dimer of MADS-box TFs binds one 

CArG-box, each TF occupying one half-site of the motif  (Schwarz-Sommer et al, 1992; 

Pellegrini et al, 1995). According to the quartet model for floral development, tetramers of 

MADS-box TFs bind two CArG-boxes and different tetramers specify the different floral 

organs (Theissen, 2001; Theissen & Saedler, 2001). How DNA binding specificity for different 

MADS-box TFs is determined is only starting to become clear. Different MADS-box TFs 

preferentially bind distinct CArG-box sequences and cause different degrees of DNA bending 

due to sequence changes in their MADS-box domain (Nurrish & Treisman, 1995; Riechmann 
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et al, 1996). DNA binding affinity is determined by the energy that is required to bend the DNA, 

and recently it has been shown that different MADS-box TFs favor so-called A-tracts (a stretch 

of AmTn with a minimum length of 4 bp) of different length in the CArG-box and in the flanking 

regions (Muiño et al, 2014). In addition, different MADS-box TFs bind different sites at 

different developmental stages, which might be due to the presence of different interaction 

partners (Pajoro et al, 2014) and might influence whether they activate or repress transcription 

(Kaufmann et al, 2010b; Wuest et al, 2012). 

1.4.4 Evolutionary conservation of FLC 

Repression of flowering prior to vernalization is not specific to A. thaliana and other members 

of the Brassicaceae but can be found throughout the plant kingdom. In monocotyledonous 

species, however, the vernalization pathway involves other genes than FLC. In wheat, 

vernalization causes induction of the MADS-box TF VERNALIZATION 1 (VRN1), which is a 

homolog of the A. thaliana floral meristem identity genes AP1/FUL (Yan et al, 2003). VRN1 

then represses the floral repressor VERNALIZATION 2 (VRN2), which encodes a CCT-domain 

protein (Yan et al, 2004). A recent study, however, identified FLC-like genes in monocots and 

FLC in Brachypodium was found to be regulated by vernalization, suggesting it might 

contribute to the vernalization response (Ruelens et al, 2013). A function of FLC in the 

vernalization response was confirmed in dicotyledonous species outside of the Brassicaceae 

family, for instance in Beta vulgaris (Reeves et al, 2007).  

Within the Brassicaceae family, FLC has been identified and associated with the vernalization 

response in various winter annual species like Raphanus sativus and three different Brassica 

species B. napus, B. rapa and B. oleracea (Tadege et al, 2001; Kim et al, 2007; Ridge et al, 

2014; Li et al, 2016). Furthermore, as described above for A. alpina, FLC expression was found 

to cycle with the seasons in several perennial Brassicaceae species including Arabidopsis 

halleri, A. lyrata and Cardamine flexuosa (Wang et al, 2009b; Aikawa et al, 2010; Kemi et al, 

2013; Zhou et al, 2013a). In these perennial species, FLC was shown to repress flowering 

repeatedly during the plant life cycle, corresponding to the seasonal flowering pattern. Thus, 

FLC orthologs have a similar function in the background of different life histories in A. thaliana 

and perennial relatives, however, conservation of the molecular function or target gene 

conservation between species has not been investigated. 

1.5 The Role of GA in the regulation of flowering 

Genome-wide analyses of FLC direct target genes suggested a role of FLC in the regulation of 

GA-mediated signaling (Deng et al, 2011; Mateos et al, 2015). GAs are plant hormones that 
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promote flowering in A. thaliana. GA is necessary for flowering under non-inductive SD 

conditions (Wilson et al, 1992) and has a weaker effect under LDs (Griffiths et al, 2006), when 

the photoperiod pathway is dominant (Reeves & Coupland, 2001). GA levels strongly increase 

at the SAM of SD grown plants prior to floral induction (Eriksson et al, 2006). This increase 

was concluded to be a result of GA transport, since it does not correlate with increased 

expression of genes that encode GA biosynthetic enzymes (Eriksson et al, 2006). The form of 

GA that is transported to the SAM might be GA12, a precursor of active GAs, which was 

suggested to be the major mobile GA in A. thaliana (Regnault et al, 2015). However, GA 

metabolism might also play a role in floral induction since mutations in GA-biosynthesis genes 

GA3-OXIDASE 1 (GA3OX1) and GA3OX2, as well as mutations in genes encoding GA2 

oxidases affect flowering time (Mitchum et al, 2006; Rieu et al, 2008a). The GA metabolic 

pathway is summarized in Figure 1A. Under SD conditions, GA acts in the apex to induce 

transcription of the floral integrator SOC1 (Moon et al, 2003) and the floral meristem identity 

gene LEAFY (LFY) (Blázquez et al, 1998). Under LD conditions, GA promotes flowering via 

the photoperiod and the age pathway as GA is required to induce FT expression in the leaves 

and the expression of SPL genes in leaves and apices (Hisamatsu & King, 2008; Galvão et al, 

2012; Porri et al, 2012).  

GA is bound by GIBBERELLIN INSENSITIVE DWARF 1 (GID1) GA receptors, which, in 

the presence of GA, interact with DELLA repressor proteins (Figure 1B). This interaction 

promotes the interaction of DELLAs with an E3 ubiquitin ligase complex that targets DELLA 

proteins for degradation by the 26S proteasome (Griffiths et al, 2006; Nakajima et al, 2006) 

(Figure 1B). In the absence of GA, DELLA repressor proteins affect the flowering-promoting 

activity of several transcription factors. DELLA proteins interact with SPL9 and affect its 

function (Yu et al, 2012; Yamaguchi et al, 2014). SPL9 induces transcription of AP1 and this 

is positively affected by the interaction with a DELLA protein (Yamaguchi et al, 2014) whereas 

the induction of MIR172b and SOC1 by SPL9 is negatively affected by DELLAs (Wang et al, 

2009a; Yu et al, 2012). Thus GA positively affects floral induction but negatively affects flower 

development via SPL9. DELLAs also interact with SPL15, a closely related paralog of SPL9 

(Hyun et al, 2016). SPL15 promotes flowering under non-inductive SD conditions by inducing 

transcription of its target genes FRUITFUL (FUL) and MIR172b (Hyun et al, 2016, 2017). 

DELLA proteins bind SPL15 at the promoter of its target genes at the SAM to repress its 

activity, thus GA promotes flowering under SD conditions. SPL15 transcription is regulated by 

the age pathway via miR156 (Schwab et al, 2005) and by the vernalization pathway via FLC 

(Deng et al, 2011). In consequence, signals from the age, vernalization and GA flowering 



1 Introduction  

  

11 

 

pathway are integrated at the level of SPL15. In addition, DELLA degradation causes increased 

activity of the GAMYB33 TF that induces LFY expression (Gocal et al, 2001; Achard et al, 

2004). DELLAs also repress activity of the PHYTOCHROME INTERACTING FACTOR 

(PIF) TFs (Feng et al, 2008; de Lucas et al, 2008). PIF3 induces flowering by directly repressing 

transcription of flowering regulators GATA, NITRATE-INDUCIBLE, CARBON-METABOLISM 

INVOLVED (GNC) and GNC-LIKE (GNL) (Richter et al, 2010), and PIF3 as well as PIF4 

promote flowering in the ambient temperature pathway (Kumar et al, 2012; Galvão et al, 2015). 

Figure 1 Model of GA metabolism and signaling. 

(A) Model of GA metabolism in A. thaliana. GA12 is the common precursor of active GAs and can be 

hydroxylated to GA53 and processed in the early-13-OH pathway or the non-OH pathway by the same enzymes. 

GA12 and GA53 are oxidized by GA20OX1-5 in three steps leading to GA9 and GA20 (Phillips 1995). GA3OX1-

4, then transform GA9 and GA20 into active GA4 and GA1 (Williams 1998, Yamaguchi 1998, Yamaguchi 2008, 

Hedden 2002). Which form of active GA is playing the major role varies between species (kobaiashi 1998, Polle 

1995, Jordan 1995, Eriksson, Talon 1990, Lange 2005, Smith 1991, Metzger 1990). Active GA4 and GA1 as well 

as precursors GA9 and GA20 are degraded by GA2OX1-4, 6 (Rieu 2008). A different type of GA2OXes, 

GA2OX7-8, degrade early intermediates of the GA pathway including GA12 and GA53 (Schomburg 2003). Color 

code: Green: GA biosynthesis; Red: GA degradation; Yellow: active GA (B) Model of GA signaling in A. thaliana. 

Active GA binds GA receptor GID1 which then allows DELLAS and GID1-GA complex to interact. This 

interaction triggers E3 ubiquitin ligases to interact with DELLAs which targets them for degradation (Griffiths et 

al, 2006; Nakajima et al, 2006).  

 

Besides promoting floral induction at the SAM and through regulation of different flowering 

pathways, GA is also required for other flowering-related traits, including bolting, flower 

development and determinacy of the floral meristem (Koornneef & van der Veen, 1980; 
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Griffiths et al, 2006; Rieu et al, 2008a; Achard et al, 2004; Hay et al, 2002; Jasinski et al, 2005). 

Furthermore, analysis of multiple mutants or overexpressors of genes encoding GA metabolism 

enzymes and GA receptors revealed that GA also affects various phenotypes at the vegetative 

stage. GA promotes germination, cell elongation which affects elongation of hypocotyl, stem 

and root as well as leaf expansion and morphology, trichome formation and branching and GA 

negatively regulates chlorophyll content (Koornneef & van der Veen, 1980; Schomburg et al, 

2003; Griffiths et al, 2006; Mitchum et al, 2006; Rieu et al, 2008b, 2008a; Porri et al, 2012). 

FLC was found to regulate several GA-related genes in A. thaliana (Deng et al, 2011; Mateos 

et al, 2015), however so far, FLC has not been implicated in the GA response on the phenotypic 

level and genetic analysis did not reveal a role in the vernalization response (Chandler et al, 

2000). In summer annual A. thaliana, GA levels were found to increase prior to floral induction 

under non-inductive SD conditions (Eriksson et al, 2006) and increased GA levels can 

overcome the requirement for inductive LDs for flowering (Lang, 1957; Koornneef & van der 

Veen, 1980; Griffiths et al, 2006). In other species, like Silene armeria and Spinacia oleracea, 

GA levels increase in response to inductive LD conditions (Talon & Zeevaart, 1990; Zeevaart 

et al, 1993). Vernalization is not known to alter GA levels in A. thaliana, however, A. thaliana 

as well as Eustoma grandiflorum were found to be more responsive to exogenous GA after 

vernalization (Oka et al, 2001). It remains to be tested whether this phenomenon is due to direct 

repression of GA biosynthesis or of the GA signaling pathway by FLC or due to repressive 

effects of FLC on genes downstream of the GA pathway.  

In contrast to vernalization, short cold treatments do affect GA levels in A. thaliana. Intermittent 

cold caused a reduction of GA levels by increasing transcription of genes encoding catabolic 

GA2OX enzymes, which leads to growth retardation under cold stress (Achard et al, 2008). 

During seed germination, cold has the opposite effect and causes an increase of GA levels by 

inducing transcription of GA3OX1 and GA20OX2/3, which encode biosynthetic enzymes 

(Yamauchi et al, 2004). These data indicate that the effects of environmental stimuli on GA 

levels in A. thaliana are complex and dependent on developmental, tissue-specific factors. 

In species other than A. thaliana, vernalization promotes induction of GA levels. In and Thlaspi 

arvense, another Brassicaceae species, and in E. grandiflorum, levels of precursors of active 

GAs increase during vernalization, whereas winter canola contains higher levels of active GA 

after vernalization (Hazebroek et al, 1993; Zanewich & Rood, 1995; Hisamatsu et al, 2004). 

Moreover, as shown in early studies, application of exogenous GA could overcome the 

vernalization requirement in Raphanus sativus and T. arvense (Suge & Rappaport, 1968; 
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Metzger, 1985). To summarize, GA plays different roles in the induction of flowering in 

different plant species in and outside of the Brassicaceae family. Interestingly, in trees, GA 

even has the opposite effect and inhibits flowering (Wilkie et al, 2008). Whether the 

vernalization and GA pathways interact in A. thaliana and whether this is conserved in the 

perennial sister species A. alpina remains to be tested. 

1.6 Aims of this thesis 

Diversification of TF BSs causing differential gene regulation is a major source of phenotypic 

variation between species. Here, the orthologous TFs A. thaliana FLC and A. alpina PEP1 were 

used as a model to investigate evolution of TF BSs in plants. To address this major aim, we 

performed the first study coupling ChIP-seq with expression analysis in knockout mutants for 

two related plant species. The resulting genome-wide data sets were first used to determine the 

rate of conservation and diversification of BSs in the two plant species with considerably 

different genome sizes. In a next step, the mechanism of diversification was investigated 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 species-specific target genes. 

FLC and PEP1 repress flowering in annual A. thaliana and perennial A. alpina, respectively 

and PEP1 defines perennial flowering traits in A. alpina. A second major aim of this work was 

to test whether differences in BSs and regulatory functions of FLC and PEP1 contribute to the 

distinct flowering behaviors of A. thaliana and A. alpina that are associated with their different 

life histories. Previously, FLC was suggested to regulate the GA response in A. thaliana. Here 

we aimed to investigate whether FLC and PEP1 regulate the GA flowering pathway as part of 

the vernalization response. Finally, we addressed whether a putative interaction between the 

vernalization and the GA flowering pathway is conserved between species or could contribute 

to the distinct life histories of A. thaliana and A. alpina. 

2 Evolution of PEP1 direct targets 

2.1 Introduction 

Changes in gene regulation caused by variation in TF BSs are a major source of phenotypic 

variation between species (Romero et al, 2012). In plants, conservation of TF BSs in related 

species has not been widely studied (Muiño et al, 2016). This study aimed to extend the 

knowledge on conservation of TF BSs in plants by comparing BSs of PEP1 and FLC, two 
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orthologous MADS-box TFs that repress flowering in A. alpina and A. thaliana, respectively 

(Koornneef et al, 1994; Lee et al, 1994; Wang et al, 2009b). 

Figure 2 Comparative analysis of PEP1 and FLC BSs and target genes. 

Flow diagram representing the different steps of data analysis. (A) 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 BSs. (C) PEP1 and FLC direct 

target genes were compared to identify common target genes. (D) PEP1 BSs were identified in the A. thaliana 

genome and FLC BSs were identified in the A. alpina genome. Conservation of synteny was tested based on 

associated genes, in consequence only BSs with associated genes were included in the analysis. (E) Results of B - 

D were integrated to identify conserved target genes with conserved BSs in contrast to common target genes with 

diverging BSs. PEP1 BSs are represented in orange, FLC BSs in green. Target genes are represented by grey 

arrows. Vertical bars represent A. alpina (orange) and A. thaliana (green) chromosomes.  
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grown for 2 weeks under LD conditions were compared to the pep1-1 mutant as negative 

control in three biological replicates. This analysis identified 156 BSs present in at least two 

replicates, which were associated with 254 neighboring genes, considered as PEP1 direct target 

genes (Figure 2A, Table A1, data were kindly provided by J. Mateos and P. Madrigal). To have 

a comparable dataset for FLC, ChIP-seq was performed under the same conditions in two 

replicates of A. thaliana wild-type and flc-3 using novel FLC antiserum. 297 BSs, which were 

associated with 487 FLC direct target genes, were identified (Figure 2A, Table A2, data were 

kindly provided by J. Mateos, R. Richter and P. Madrigal). Despite different experimental 

conditions, this experiment showed high overlap (50-60 %) with previously published ChIP-

seq studies for FLC (Deng et al, 2011; Mateos et al, 2015). Comparison of PEP1 BSs with FLC 

BSs by BLAST analysis revealed that only 26 of the BSs (17 % of PEP1 BSs) were conserved 

between species (Figure 2B, data provided by J. Mateos). Comparison of target genes, 

independently of BSs, identified 33 genes that were commonly bound by PEP1 and FLC (Figure 

2C, Table A1, Table A2, data provided by J. Mateos). To rule out that the lower number of BSs 

in A. alpina and the limited overlap with A. thaliana is due to lower genome coverage in the 

ChIPseq experiment, the PEP1 ChIPseq experiment was repeated with and a higher number of 

reads was obtained. 2 replicates of the previous experiment were re-sequenced 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 the new 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 species is low. All analyses 

presented here were performed with the first dataset. 

In addition, RNAseq was performed comparing apices and leaves of wild-type and pep1-1 

mutant plants to identify genes that were regulated by PEP1 (Figure 3A, Table A4, data 

provided by J. Mateos). Between the genotypes, 96 genes were differentially expressed in 

apices and 325 genes in leaves (Figure 3A, Table A4). Most of the genes differentially regulated 

in pep1-1 were up-regulated in the mutant, suggesting that PEP1 acts almost exclusively as a 

transcriptional repressor, in agreement with what was previously shown for FLC (Mateos et al, 

2015). In addition, a relatively low proportion of genes differentially expressed in pep1-1 were 

direct targets of PEP1, but all of those were up-regulated in pep1-1 (Figure 3A,  

Table A1Table A1, Table A4), suggesting that all direct effects of PEP1 are repressive. The 

transcriptomic data for pep1-1 were compared to published results for FLC-regulated genes in 

A. thaliana (Mateos et al, 2015). Only a low number of genes were commonly regulated by 

PEP1 and FLC in leaves or apices, similar to what was described above for the ChIP-seq data 
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(Figure 3B). Interestingly, PEP1 regulated a higher number of genes in apices than in leaves 

whereas FLC regulated a higher number of genes in leaves than in apices.  

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

(A) Genes that were up-regulated or down-regulated in apices or leaves of pep1-1 and the proportion of those that 

were bound by PEP1. (B) Venn diagrams comparing DEG in leaves and apices of the A. thaliana flc-3 mutant and 

the A. alpina pep1-1 mutant. P-value indicates significance of overlap, tested by hypergeometric test. 

 

These datasets were used in the present study to investigate the rate of divergence of PEP1 and 

FLC BSs, the molecular mechanism that might have caused this divergence and the 

consequences of BS divergence on FLC and PEP1 functions. 

2.2 BSs of PEP1 and FLC are largely divergent 

Comparison of sets of PEP1 and FLC BSs, direct target genes and genes that are regulated by 

these TFs indicated low levels of conservation between species (Figure 2B, C; Figure 3B). To 

pave the way for understanding the evolution of PEP1 and FLC BSs, in this first section, I 

analyzed and compared BSs and direct or indirect target genes of PEP1 and FLC in more detail. 

First, binding of PEP1 to BSs associated with selected target genes was validated by ChIP-

qPCR. Significant enrichment of PEP1 binding was detected for all sites tested, whereas no 

significant enrichment could be detected in the negative control regions that were 1-2 kb distant 

from the BSs (Figure 4). Thus, this experiment confirms that our dataset contains high 

confidence PEP1 BSs. These validated BSs include some sites that were in common with FLC 

that were previously validated (Deng et al, 2011). 
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Figure 4 Validation of PEP1 binding to selected target genes. 

Validation of binding detected by ChIP-seq for selected PEP1 BSs using ChIP-qPCR. For each target, fold-

enrichment relative to its input is shown. Negative controls were performed with primers not flanking predicted 

BSs (1-2 kb distance to BS). Data are shown as mean ± SEM (n = 3 biological replicates). Primers are listed in the 

appendix. Asterisks indicate significant enrichment in wild-type compared to pep1-1 (n.s. not significant; * P Ò 

0.05; ** P Ò 0.01; *** P Ò 0.001; Studentós t-test). 

 

PEP1 BSs were analyzed for enriched DNA-motifs using the MEME software (Bailey & Elkan, 

1994; Bailey, 2011). The most significantly enriched motif was a CArG-box. CArG-boxes were 

present in almost all of the BSs and showed enrichment in the center of the BSs, supporting the 

idea that PEP1 directly binds this motif (Figure 5A). This finding further suggests that the 

detected PEP1 BSs were high confidence BSs, because the canonical CArG-box with the 

sequence CC[A/T]6G is the known binding motif for MADS-box TFs (de Folter & Angenent, 

2006) and was also identified in published FLC BSs (Deng et al, 2011; Mateos et al, 2015) as 

well as in the newly identified set of FLC BSs presented here (Figure 5B). In the present study, 

not all FLC BSs contained a CArG-box motif but enrichment in the center of the peak was 

detected, supporting the idea that FLC binds this motif (Figure 5B). The second most enriched 

motif in PEP1 BSs was a G-box with the canonical sequence CACGTG, which is the known 

binding motif of bHLH and bZIP TFs (Menkens et al, 1995). G-boxes in PEP1 BSs were not 

enriched in the center of the BSs (Figure 5A), suggesting that these motifs are probably not 
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bound by PEP1 but by interacting TFs. G-boxes, at a certain distance from the central  CArG-

box, were also identified in a previous FLC study (Mateos et al, 2015). In addition, a third motif 

with the sequence TGGGCC was previously identified to be enriched in FLC BSs (Deng et al, 

2011). This motif was present in 25 out of 156 PEP1 BSs and enrichment was significant 

compared to the genomic background in A. alpina, as indicated by a Z-score >3 (Figure 5A). 

Similar to the G-box, the TGGGCC-motif is most likely not bound by PEP1 since it is not 

enriched in the center of the BSs (Figure 5A). G-boxes and TGGGCC-motifs were also found 

to be significantly enriched in the new set of FLC BSs (Figure 5B), suggesting that PEP1 and 

FLC directly bind to identical CArG-box motifs and that they might both interact with other 

TFs that bind G-boxes and TGGGCC-motifs. 
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Figure 5 Enriched DNA-motifs in PEP1 and FLC BSs. 

CArG-box and G-box were identified by MEME software and TGGGCC-motif was screened for manually. 

Distance of the closest motif to the center of the BS is represented in a histogram below the motif. Numbers of 

BSs that contain a motif and significance (P-value for MEME-results or Z-score for TGGGCC) are given above 

the position-weight matrices. (A) PEP1 BSs. (B) FLC BSs. 

 

To test whether conserved BSs, as defined by BLAST (Figure 2B), are located in conserved 

syntenic regions and to test if species-specific BSs are present in the other genome, orthologous 

regions of PEP1 BSs in the A. thaliana genome and orthologous regions of FLC BSs in the A. 

alpina genome were identified (Figure 2D, see Methods). This analysis revealed that all BSs 

that were identified as conserved BSs by BLAST (Figure 2B) and had associated genes (23 

PEP1 BSs and 25 FLC BSs) were present in conserved syntenic positions. Furthermore, most 

species-specific BSs (79 % of PEP1 BSs and 82 % of FLC BSs) were present in the other 

genome and sequence identity between species was not substantially lower compared to 

conserved BSs (Figure 6), indicating that those sites are present in both genomes but not bound 

by both TFs. Visual inspection of read density in the peak regions of a large number of those 

species-specific BSs confirmed that they are truly not bound in one species rather than not 

called due to a high significance threshold. Given that conserved BSs are located in conserved 

syntenic positions, it was tested whether the genes that were bound in both species (common 

target genes, Figure 2C) were bound at conserved BSs (Figure 2B, D). 26 target genes were 

associated with the conserved BSs (Figure 2E) and therefore represent conserved target genes 
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that were bound at conserved BSs in both species (From here on referred to as óconserved target 

genesô as a subgroup of all common target genes. For example see Figure 7A). The remaining 

7 genes that were common targets were bound at different BSs. BSs can be different if (1) PEP1 

and FLC bind to similar genomic positions but these positions show very low homology (Figure 

7A) or if (2) synteny around the genes is not conserved or if (3) PEP1 and FLC bind different 

genomic positions within the locus (Figure 7C).This analysis suggests that 7 of the common 

target genes might have evolved independently in the two species because they were bound at 

different sites in A. alpina and A. thaliana. By contrast 26 conserved target genes (only 10 % 

of PEP1 target genes) likely evolved in a common ancestor of both species. Common target 

genes with and without conserved BSs are listed in Table A5. 

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

Average percent identity between conserved or species-specific BSs and orthologous regions in the other species 

(Results of analysis in Fig. 1D). (A) A. alpina BSs in A. thaliana genome. Analysis includes BSs with associated 

genes that have orthologs in A. thaliana, (23 conserved and 101 PEP1-specific BSs). (B) A. thaliana BSs in A. 

alpina genome. Analysis includes BSs with associated genes that have orthologs in A. alpina (25 conserved and 

239 FLC-specific BSs). Note that the number of conserved BSs in A. alpina and A. thaliana is different due to the 

distance of the BS to associated genes. 

 

A. thaliana BSs
in A. alpina

co
ns

er
ve

d

sp
ec

ifi
c

p
e

rc
e

n
t 
id

e
n

ti
ty

0

20

40

60

80

A. alpina BSs
in A. thaliana

co
ns

er
ve

d

sp
ec

ifi
c

p
e

rc
e

n
t 
id

e
n

ti
ty

0

20

40

60

80

! . 

0.5 kb 

!ŀ{t[мр 

!ǘ{t[мр 

t9tм.{ 

C[/м.{ 

!Φ ŀƭǇƛƴŀ 

!Φ ǘƘŀƭƛŀƴŀ 

! 



2 Evolution of PEP1 direct targets  

  

21 

 

Figure 7 Illustration of BS conservation for common target genes. 

GATA-alignments illustrating homology between orthologous sequences for loci with (A) conserved BS, example: 

SPL15; (B) FLC and PEP1 BSs at the same position that has low sequence conservation, example LTI78; (C) FLC 

and PEP1 BSs at different positions within the same locus, example CBF1. Black lines indicate homology. Red 

lines indicate inversions. Intensity of the color represents degree of homology. PEP1 BSs are indicated in orange, 

FLC BSs in green. Genes are marked by blue arrows. 

 

Expression of selected validated PEP1 direct target genes (Figure 4) was tested by qPCR using 

the same conditions as were used for the RNA-seq experiment. This experiment confirmed that 

PEP1 directly regulates SOC1, SEP3 and TOE2 as suggested by the ChIP-seq and RNA-seq 

experiments (Figure 8). In addition, qPCR analysis detected differential expression of VIN3 and 

BRC1 (Figure 8), two genes that were not found to be regulated by PEP1 in the RNA-seq 

experiment. BRC1 was only differentially expressed in leaf tissue, that might include axillary 

meristems, where BRC1 is expressed in A. thaliana (Aguilar-Martínez et al, 2007). SVP, COL5 

and GRP2B seem to be bound but not regulated by PEP1 under the conditions tested (Figure 

8). SOC1, SEP3, SPL15 and BRC1 are examples of conserved targets that were differentially 

regulated in flc-3 and pep1-1 (Figure 4, Figure 8 and Deng et al, 2011). Generally, the 

percentage of conserved target genes that was differentially regulated in pep1-1 was 

significantly higher compared to target genes with PEP1-specific BSs (Figure 9, middle bars), 

indicating that, at least under the conditions tested, conserved target genes were more likely to 

be regulated by PEP1 than species-specific target genes. This effect was slightly weaker, but 

still significant, for common targets without conserved BSs than for those with conserved BSs 

(Figure 9, left bars). This observation suggests that also the target genes that appear to have 
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evolved independently are functionally important under the conditions tested. Interestingly, 

VIN3 was an example of a gene that was only bound by PEP1 in A. alpina but showed the same  

expression changes in pep1-1 and flc-3 mutants in both species (Figure 8), suggesting that 

different mechanisms resulted in the same molecular phenotype.  
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Figure 8 Expression analysis of genes regulated by PEP1 and FLC by qPCR. 

Validation of RNA-seq results for selected PEP1 direct target genes using qPCR. Data are shown as mean ± SEM 

(n = 4 biological replicates). Expression was analyzed in leaves and apices of Wt and mutant in both species and 

all genes were normalized to PP2A. Asterisks indicate significant enrichment in wild-type compared to the mutant 

(* P Ò 0.05; ** P Ò 0.01; *** P Ò 0.001; Studentós t-test). Note 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.  

 

Figure 9 Differential expression of conserved and species-specific target genes in the pep1-1 mutant. 

Percentage of target genes that were differentially expressed in pep1-1. Left set of bars: common target genes 

irrespective of BS conservation vs. species-specific target genes. Right set of bars: Common target genes with 

conserved BSs vs. species-specific BSs. Asterisks indicate significant difference compared to the total set of PEP1 

target genes tested by hypergeometric test (P Ò 0.05). 

 

In summary, high confidence sets of PEP1 and FLC BSs revealed that PEP1 and FLC bind 

identical DNA-motifs but bind to largely different sets of target genes although these included 

a common set of core target genes. Common target genes were bound at conserved or different 

sites and were more likely to change in expression in the respective mutants under the 

conditions tested. 
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2.3 Species-specific binding usually correlates with a species-specific CArG-box 

Despite the high similarity of PEP1 and FLC protein sequences, their binding landscapes in the 

genomes of A. alpina and A. thaliana, respectively, were highly different. As shown in Figure 

6, overall sequence conservation at conserved and species-specific BSs was similar (Figure 6), 

indicating that the divergence of binding is not due to large re-arrangements of DNA-sequence. 

This result differs from previous findings of Muiño et al., showing that SEP3 BSs that are 

conserved in A. thaliana and A. lyrata have higher conservation scores than species-specific 

BSs (Muiño et al, 2016). To test whether PEP1 and FLC always bind DNA-motifs with 

identical consensus sequences, CArG-boxes in the sequence of conserved and species-specific 

subsets of BSs were compared. CArG-boxes were significantly enriched in all subsets of BSs 

and the motifs were highly similar between species (Figure 10), suggesting that PEP1 and FLC 

bind identical DNA-motifs. Comparing CArG-boxes enriched in conserved BSs with those in 

species-specific BSs, however, revealed slight differences. The óCCô dinucleotide at the 5ôend 

of the core-motif was more abundant in the conserved BSs. In addition, conserved BSs showed 

significant enrichment (Z-score > 3) of the óTTTô trinucleotide at the 5ô end of the CArG-box, 

whereas this was not found in either subset of species-specific BSs (Figure 10). Since CArG-

boxes can be considered as palindromic sequences, the óTTTô extension of the first half-side of 

the motif is a functional equivalent of the óAAAô extension of the second half-side that was 

identified in this study and was previously described (Deng et al, 2011). Both of these 

extensions might be important for the binding of FLC/PEP1 and their interactors to the 

conserved set of target sites. 
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Figure 10 Enriched CArG-box variants in conserved and species-specific BSs. 

CArG-boxes enriched in conserved and species-specific BSs in A. alpina and A. thaliana identified by MEME 

(consensus sequences are boxed). The number of BSs bearing the motifs and E-value in each subset of BSs is 

indicated to the right of each motif. Z-scores indicate significance of TTT enrichment at positions 1-3. 

 

Since the same characteristics of CArG-boxes were identified in both species, they do not 

explain species-specific binding. Comparing BSs of PEP1 and FLC to orthologous regions in 

A. thaliana and A. alpina, respectively, revealed a strong correlation between the conservation 

of binding and the presence of a CArG-box motif at the orthologous sequence. More than 80 % 

of conserved PEP1 BSs contained a CArG-box at the orthologous site in A. thaliana, which is 

bound by FLC. By contrast less than 30 % of PEP1-specific BSs contained a CArG-box at the 

orthologous site, which is not bound by FLC (Figure 11A). Enrichment of CArG-boxes at 

orthologous sites of conserved BSs was statistically significant as indicated by a Z-score > 3 

whereas no significant enrichment at orthologous sites of PEP1-specific BSs was detected. 

Similar results were obtained for FLC BSs (Figure 11B). These results suggest that the 

conservation of binding correlates with the presence of a CArG-box in both species. Also A. 

thaliana- and A. lyrata-specific SEP3 BSs were explained by species-specific CArG-boxes and 

A. lyrata-specific CArG-boxes were associated with TE insertions (Muiño et al, 2016). To test 

if TEs could explain species-specific CArG-boxes in PEP1/FLC BSs in A. thaliana or A. alpina, 

it was tested if any subset of BSs or set of orthologous sequences in the other species had an 

altered content of TEs compared to the genomic background. A higher TE content in species-

specific BSs might indicate that the TEs introduced new CArG-boxes, while a higher TE 

content in orthologous non-bound sites might indicate that TE insertions disrupted existing 

CArG-boxes. A. alpina regions contained more TEs compared to A. thaliana regions (Figure 

12A) corresponding to the higher TE content in the A. alpina genome (Willing et al, 2015). No 

significant enrichment (which would be enrichment ratio >1, see methods), however, was 

detected in any subset of BSs compared to the genomic background. The low enrichment ratios 

represent rather selection against TEs within the selected regions compared to the whole 

genome. Since the enrichment of a specific type of TE might be masked by the high number of 

various different types of TEs in the genomes, enrichment of different TE-types was 

investigated separately (Figure 12B). As listed in Figure 12B, several TEs were significantly 

enriched in A. alpina-specific BSs in both genomes and in A. thaliana-specific BSs in the A. 

alpina genome. Most of them, however, appeared only in a very small fraction of BSs and 

would explain less than 4 % of the binding events. The only exception is the enrichment of 

Helitron_Confused TEs in orthologous sites of A. alpina-specific BSs in the A. thaliana genome 
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(Figure 12B). Almost 10 % of these BSs (10 BSs) contained at least one Helitron_Confused TE 

in the non-bound region in A. thaliana. Of these, 7 BSs contained the TE in the central 100 bp 

of the BSs (data not shown) and therefore, in these cases TE insertion could have disrupted the 

CArG-box. Taken together, species-specific CArG-boxes that probably conferred species-

specific binding of FLC/PEP1 were not associated with TE insertions or dramatic sequence 

changes in general, since nucleotide conservation of species-specific BSs is similar to 

conserved ones (Figure 6). In accordance with these results, small sequence changes appear to 

be responsible for species-specific CArG-boxes at least in some cases (Figure 13). In these three 

cases, the CArG-box was present in A. alpina but modified in A. thaliana. We included 

orthologous sequences of other related Brassicaceae species and T. hassleriana as outgroup 

from the sister family Cleomaceae in the alignment to determine whether binding was rather 

gained in A. alpina or lost in A. thaliana. These alignments showed that the CArG-box motifs 

were also absent in A. arabicum which is a basal Brassicaceae species (Figure 13), suggesting 

that the CArG-box (and thereby PEP1 binding) evolved in the A. alpina lineage rather than 

being lost in the A. thaliana lineage. 

Figure 11 Conservation of the presence of a CArG-box in conserved and species-specific BSs. 

Presence of CArG-box motifs in orthologous regions of (A) A. alpina and (B) A. thaliana BSs. Orthologous regions 

as defined in Fig. 1D. CArG-boxes were defined as MYHWAWWWRGWWW 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 to find CArG-boxes differed from previous figures because MEME software can only be 

used to identify significantly enriched motifs. Asterisks indicate significant enrichment of CArG-boxes as defined 

by Z-score Ó3. Percentage is percent difference of sequences that contain a CArG-box. 
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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 that contained at least one TE. Left: BSs of 

A. alpina PEP1 and orthologous sites of A. thaliana FLC BSs in the A. alpina genome. Right: BSs of A. thaliana 

FLC and orthologous sites of A. alpina PEP1 BSs in the A. thaliana genome. Numbers above the bars are ratio of 

enrichment of TEs (bp that correspond to a TE/bp that are not TE) in BSs vs. rest of the genome. Ratios >1 indicate 

enrichment of TEs in the BSs. (B) List of all types of TEs that were significantly enriched in a subset of BSs. 

Asterisks behind enrichment ratio indicate significant enrichment (P-value Ó 0.05 as defined by ɢ2 -test). 
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Figure 13  Examples showing how species-specific CArG-boxes arose by small sequence changes. 

Three examples of A. alpina-specific BSs that contained a CArG-box in A. alpina which was lost in other 

Brassicaceae. A. alpina sequence around CArG-box motif was aligned to orthologous regions of other 

Brassicaceae species (At: A. thaliana, Am: A. montbretiana, Al: A. lyrata, Ae: A. arabicum) and T. hassleriana 

(abbreviated Th). A. alpina CArG-box is marked in red. Sequence changes relative to the consensus motif in A. 

thaliana are highlighted by a green box. Alignments were performed using mvista.  

 

 

In vertebrates, conservation of BSs of developmental TFs decreases exponentially with the 

evolutionary distance between species (Schmidt et al, 2010; Stefflova et al, 2013; Ballester et 

al, 2014). Also conservation of BSs between A. thaliana SEP3 and A. lyrata SEP3 is low 

(Muiño et al, 2016). In Drosophila species, however, conservation of BSs is higher and 

decreases only linearly with the evolutionary distance (Bradley et al, 2010; He et al, 2011). 

Conservation of CArG-boxes in related species was plotted for conserved PEP1 and FLC BSs 

as well as for species-specific BSs (Figure 14). For both datasets, linear and exponential 

regression curves represented the decrease of conservation with evolutionary distance equally 

well as indicated by similar R2-value (Figure 14). This might indicate that the species are too 

closely related, to show a difference between linear and exponential curves (all data points were 

located in the linear range of the exponential curve) and analysis with additional species might 

clarify which curve fits better. The linear regression curves for conserved and species-specific 

BSs had similar slopes of around -0.01 percent of BSs with CArG per million years (Figure 

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

conserved BSs start at a higher conservation level. Both sets of A. alpina PEP1 BSs were also 
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