Suzannwo‘
(\E <

MADS EVOLUTION

|nsights into evolutionary
changes In transcription factors
and their binding sites

[\




Propositions

. Subtle changes in interaction-affinities of transcription factors can lead
to different gene regulation.
(this thesis)

. Transcription factor binding sites evolve faster in plants than in animals.
(this thesis)

. Examining the traits associated with domestication, we can conclude
that humans domesticated themselves.

. Lack of a mutant phenotype should lead to the conclusion that a more
detailed examination is necessary, not that the gene acts redundantly.

. To understand their own research, biologists need to become
bioinformaticians as well.

. Although we think of English as a universal language, cultural differences
do influence the way we understand each other.

. Too many rules do lead to the inactivation of common sense.

Propositions belonging to the thesis, entitled:
MADS evolution

insights into evolutionary changes in transcription factors and their binding sites

Suzanne de Bruijn
Wageningen, 20 November 2017



MADS evolution

Insights into evolutionary changes in transcription factors and their
binding sites

Suzanne de Bruijn



Thesis committee

Promotor

Prof. Dr Gerco C. Angenent

Personal chair at the Laboratory of Molecular Biology
Wageningen University & Research

Co-promotor

Prof. Dr Kerstin Kaufmann

Personal chair at the Institute for Biology
Humboldt University of Berlin, Germany

Other members

Prof. Dr Eric Schranz, Wageningen University & Research

Prof. Dr Ronald Koes, University of Amsterdam

Prof. Dr Annette Becker, Justus-Liebig-Universitat Gieen, Germany
Dr Barbara Gravendeel, University of Leiden/Naturalis

This research was conducted under the auspices of the Graduate School of Experimental
Plant Sciences.



MADS evolution

Insights into evolutionary changes in transcription factors and their
binding sites

Suze-Annigje de Bruijn

Thesis
Submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of Rector Magnificus
Prof. Dr A.P.J. Mol,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on Monday 20 November 2017
at 1.30 p.m. in the Aula.



Suzanne de Bruijn

MADS evolution. Insights into evolutionary changes in transcription factors and their binding
sites

196 pages.

PhD thesis, Wageningen University, Wageningen, the Netherlands (2017)
With references, with a summary in English

ISBN 978-94-6343-670-0
DOI https://doi.org/10.18174/421346



Contents

(0] T= '] =1 o U RPN 7
Introduction. How floral organs are specified

CRAPEEE 2..... et e e e e e e et be e e e e s eaarba e e e e e aanes 27
Plant 'Evo-devo' goes genomic: from candidate genes
to regulatory networks

(01 F- 7o 1 =T e U UUPPTPPRRPPPPN 39
Evolution of DNA-binding sites of a floral master
regulatory transcription factor

CRAPLEI 4. e e e e e e e e e e e eeeeaaaraaaans 69
Variation in Transcription Factor Binding Sites and
DNA accessibility between Arabidopsis species and ecotypes

CRAPTEE ...t ee e e ree s 97
Evolution of PISTILLATA paralogs in Tarenaya hassleriana

(010 FT <1 =T PO R T UUPPPRPPPN 123
Specifying a novel floral organ in Aquilegia

(61T T o1 =1 ol SRR 143
General discussion and perspectives

REFEIENCES........vieiciieiecieie e s e st e e e sabe e e s sabe e e e sareeas 157
SUMMIAIY ...ttt e et ettt ettt b e sasseseeeeeeeeeaeeesassses seeseeeessrennnns 181
POPUIAT AIEICIE. . eiveiee et e e e e aeaeeeaes 185
“Research into flowers: comparing apples and oranges?”

ACKNOWIEAZGMENTS. ...uviiiiii e et e e 188
List Of PUBIICAtIONS ..evveeiieeeeeeeeeeeeee e e 192
CUITICUIUM VI3  iiiieiieee ettt ettt st st e st e e s s snbeeeenes 193

[ e o [ o= o A IR €= 1 =1 0 1 =1 0| TR 194






CHAPTER 1

Introduction:
How floral organs are speciﬁed




Chapter 1

Angiosperms, or flowering plants, are one of the most diverse and successful groups
of plants, with an estimated number of species between 250.000 and 425.000 (Crane et al.,
1995; Bowman, 1997; Krizek and Fletcher, 2005; Jiao et al., 2011; Schranz et al., 2012). They
originated 150-190 MYA (Magallon et al., 2015), and since then dominated most ecosystems.
This group of plants is characterized by several new innovations, among them the flower and
the fruit which gave angiosperms their name (angiosperms=enclosed seeds). These novelties
increased the speed and robustness of the reproduction cycle. Many angiosperms use
pollinators and seed dispersers, and the co-evolutionary changes that occurred between
plants and pollinators helped creating the great diversity seen in angiosperm flowers
(Chanderbali et al., 2016). The sudden rise in angiosperm species is known as Darwin’s
abominable mystery (Friedman, 2009).

Humans do not only enjoy the beauty of the flowers, but we also rely heavily on them
for human nutrition, since flowers give rise to grains, vegetables, fruits and spicy seeds
(Chanderbali et al., 2016). Most of the plants we eat have been domesticated, and the process
of breeding for improved crops is ongoing. To aid this process, it is of great importance to
understand the evolution of the angiosperm flower, and the underlying changes in gene
regulation.

After introducing the angiosperm phylogenetic tree, | will discuss the major
mechanisms of genome evolution. Then | will show how a simple genetic model underlies a
wealth of different floral morphologies, and discuss the variations of this model that makes it
generally applicable. Although the molecular basis of floral organ specification has been
studied extensively over the last three decades, we still don’t know how this knowledge
relates to the final morphology of the flower. | will discuss some of the challenges that lay
ahead in this field, before identifying the topics | have examined in this thesis.



How to form a flower

A family tree in which some members are more alike than others

When the angiosperms emerged, they did not only quickly radiate into a huge number
of species occupying a wide range of habitats, but they also evolved a variety of different floral
morphologies. Fossil evidence indicates that early angiosperm flowers were small and simple,
without a differentiated perianth (Endress, 1994; Crane et al., 1995; Friis et al., 2001). Indeed,
the sister species to all other angiosperms, Amborella trichopoda (the only species in the order
Amborellales) displays small and simple flowers. Only measuring a few mm, these unisexual
flowers consist of variable numbers of reproductive organs and tepals, which are not clearly
differentiated (Buzgo et al., 2004). The next order in the angiosperm family tree is the
Nymphaeales, containing the water lilies. Species in this order exhibit a range of floral
morphologies, from small and simple, to large and showy flowers. Together with the small
clade of Austrobaileyales, these two orders make up the ANA-grade (Amborellales,
Nymphaeales, Austrobaileyales) of basal angiosperms (Mathews and Donoghue, 1999;
Parkinson et al., 1999; Qiu et al., 1999; Soltis et al., 1999; Soltis and Soltis, 2004).

Besides these basal angiosperms, there are five well-supported monophyletic groups

of angiosperms: the Chloranthales, Magnoliids, Ceratophyllales, the monocots and the
eudicots. The relation between these groups is not well resolved, but several studies propose
a sister relationship between the monocots and the eudicots (Crane et al., 1995; Moore et al.,
2007). These two clades together, the monocots and the eudicots, represent 97% of all
angiosperms (Moore et al., 2007). Members of these clades have distinct but standardized
flowers. The monocots, containing 22% of all angiosperm species, generally have flowers in
which each whorl contains three organs (trimerous) (Crane et al., 1995; Soltis and Soltis, 2004).
The eudicots form the largest group of angiosperms, containing approximately 75% of all
angiosperm species (Drinnan et al., 1994; Crane et al., 1995). This clade consists of the basal
eudicots and the core eudicots, which diverged around 115 MYA (Sanderson et al., 2004). The
core eudicots have a standardized “bauplan” typically consisting of four whorls of floral
organs. They usually show a clear differentiation of the perianth in sepals and petals, with
four or five organs per whorl. This leads to a standard organization of a whorl of sepals,
followed by petals, stamens and an innermost whorl of carpels (Zahn et al., 2005; Soltis and
Soltis, 2016). While their organ numbers and organization are relatively standardized, core
eudicot flowers do show extensive morphological differences in colour, shape and size
(Chanderbali et al., 2016).
There are seven major eudicot clades, of which the asterids and the rosids are the largest,
each containing about one third of all angiosperms (Soltis and Soltis, 2004). Even though the
basal angiosperms and the Magnoliids represent only a few percent of all angiosperms, they
do exhibit a tremendous amount of floral diversity. They do not only show a huge diversity in
both number and arrangement of floral organs, but they also have a more flexible ‘bauplan’.
Many of these species show variability in floral organ numbers within a single plant (Crane et
al., 1995; Zahn et al., 2005; Chanderbali et al., 2016).
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more standardized floral bauplan
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Figure 1: Schematic angiosperm phylogenetic tree. Mentioned are all genome duplications in the
lineage leading to the genus Arabidopsis. On the right side, representative flowers of the corresponding
angiosperm families are shown, as example of the wealth of floral morphology. From top to bottom: A.
thaliana (Brassicaceae), T. hassleriana (Cleomaceae), Tropaeolum majus (Tropaeolaceae, Brassicales),
Rosa, (Rosaceae, rosids), Antirrhinum majus (asterids), Aquilegia (basal eudicot), Narcissus (Monocot),
Ceratophyllum demersum, male flower (Ceratophyllales), Chloranthus japonicus, (Chloranthales)
Magnolia (magnoliids), Amborella trichopoda, male flower (basal angiosperm).
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How to form a flower

Extensive research has been done to understand the genetic basis of floral organ specification,
but most of this has been focussed on a few species within the eudicot clades of rosids
(Arabidopsis thaliana) and asterids (Antirrhinum majus and the Solanaceae) and on some
monocot species (maize, rice). For evolutionary studies however, it is important to look
beyond these model systems. Interesting species from an evolutionary perspective are species
that are closely related to the model species, as well as species belonging to sister families.
For instance, there is quite some interest in Arabidopsis lyrata, being the closest relative of
Arabidopsis thaliana. Also the Cleomaceae, as sister family to the Brassicaceae is gaining
interest (Cheng et al.,, 2013). Other important species are those that are occupying an
informative position in the phylogenetic tree. Examples are Amborella trichopoda, as the sister
clade to the rest of the angiosperms (Buzgo et al., 2004), and the Ranunculales, which includes
the floral model genus Aquilegia, because of their position as sister clade to all other eudicots.
The Ranunculales are not only interesting for their phylogenetic position, but also show a
striking diversity of floral architecture. Besides differences in number, morphology and
phyllotaxy of floral organs, the Ranunculales also contain species that developed novel organs
such as nectar spurs and staminodia (Kramer, 2009; Becker, 2016).

Origin of genetic diversity

In general, changes to the genome must underlie changes in morphology. These
changes can be single nucleotide polymorphisms, small insertions or deletions (indels),
genomic rearrangements and duplications of (part of) the genome.

The effect of a mutation depends on whether it is in a coding- or non-coding region.
Mutations in a coding region can change the protein sequence, and thereby its function, while
mutations in non-coding sequences will not change protein sequences, but might change the
expression of the gene by mutating cis-regulatory elements (CREs).

In case of transcription factors (TFs), mutations that affect their expression (by
changing CREs) are more likely to be fixed than mutations that are in the coding sequence
(Carroll, 2008; Stern and Orgogozo, 2008, 2009). TFs act by regulating the expression of many
genes, and therefore, changes in TF function are likely to have an impact on many or all of its
target genes. This will create pleiotropic effects that are most likely disadvantageous for the
organism. In contrast, changes in CREs will not change the function of a TF and may have a
more subtle effect by modifying only its expression pattern. To change a developmental
pathway, the expression of many genes needs to be changed in concert. This can be achieved
by changing the expression of the upstream TF, which consequently affects the entire set of
downstream targets. This hypothesis is explained in more detail in chapter two.

Gene duplication enables protein diversification without resulting in pleiotropic or
disastrous effects. Immediately after duplication, the two paralogs will be identical, which
releases the evolutionary constraint on these genes. However, having two fully redundant
paralogs is not believed to be a stable situation and therefore it is unlikely that two identical
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genes are retained after duplication (Nowak et al., 1997). Instead, it was postulated that there
are three options for long-term fate of paralogs: subfunctionalization, neofunctionalization or
pseudogenization (Ohno, 1970; Force et al., 1999). Pseudogenization will occur when a gene
acquires deleterious mutations that render it non-functional. This normally happens quickly,
in the first few million years after the duplication. However, calculations of half-lives of
duplicated genes vary greatly between species; whereas the average half-life in fungi is 1 MY
(Million Years) and animal species have an average half-life of 4 MY, in Arabidopsis the half-
life is calculated to be 17.3 MY on average (Lynch and Conery, 2003). It is not known whether
a long half-life is common for all plant species, or that Arabidopsis is an exception (Moore and
Purugganan, 2005). Some genes however, only pseudogenize after a long time, having
persisted for hundreds of millions of years before pseudogenizing (Zhang, 2003; Zou et al.,
2009). When both paralogs are retained, one or both genes might gain a new function, this is
known as neofunctionalization. Another possibility is that the ancestral gene function is
divided between the two paralogs, which is called subfunctionalization. Subfunctionalization
can occur at the level of protein function and/or at the level of spatiotemporal expression,
with changes in expression being more likely (Huminiecki and Wolfe, 2004; Wapinski et al.,
2007). As deleterious mutations happen more often than beneficial ones, it is suggested that
rapid subfunctionalization is the first thing that happens after duplication, after which
neofunctionalization may also play a role (He and Zhang, 2005).

In plants, the main mechanism of gene duplication is polyploidization, or whole
genome duplication (WGD). WGDs are common in the history of plants, and all seed plants
underwent at least one WGD (Lawton-Rauh, 2003; Cui et al., 2006; Barker et al., 2009; Soltis
et al., 2014). Flowering plants went through a genome duplication before the origin of the
seed plants (the € duplication), as well as a genome duplication before the origin of
angiosperms (the 6 duplication) (see Figure 1) (Bowers et al., 2003; Jiao et al., 2011; Li et al.,
2015). Besides these ancient duplications, most angiosperms also went through additional,
more recent duplications (Blanc and Wolfe, 2004b; Paterson et al.,, 2010). For instance,
Arabidopsis is thought to have three additional duplications (Simillion et al., 2002; Blanc et al.,
2003). Arabidopsis experienced a genome duplication that was Brassicaceae-specific (a
duplication), as well as one that was shared with all Brassicales apart from Carica papaya (B
duplication)(Ming et al., 2008). Furthermore, there has been a genome triplication before the
core eudicots (y triplication) (Figure 1) (Jiao et al., 2012). Several other plant lineages also
experienced lineage-specific duplications. Monocots went through two monocot-specific
WGD, and it has been estimated that at least 50 independent ancient WGDs are distributed
across the angiosperm phylogeny (Jiao et al., 2011; Soltis et al., 2014). In several families, like
the Asteraceae, Brassicaceae, Cleomaceae, and Fabaceae, ancient WGDs seem associated
with an increase in plant diversity (Soltis et al., 2009; Schranz et al., 2012). It seems therefore,
that genome duplications are a potential driving force for evolutionary diversity (Lawton-
Rauh, 2003; Moore and Purugganan, 2005). Interestingly, key angiosperm innovations like
seeds and flowers coincided with genome duplications. These innovations led to radiation of
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How to form a flower

species, and ultimately led to the dominance of the seed- and angiosperms (Jiao et al., 2011;
Soltis and Soltis, 2016).

After a WGD, species often turn back to being diploid in a process called diploidization,
which involves genomic rearrangements and deletions. In this process, many of the duplicated
genes are lost (Wolfe, 2001). However, some classes of genes are preferentially retained after
WGDs. It has been shown that a major reason for preferential gene retention is to keep
balanced protein levels relative to interaction partners. This is known as the dosage balance
hypothesis, which states that after a whole genome duplication, paralogs can be retained to
achieve similar concentrations as their (also duplicated) interaction partners (Freeling and
Thomas, 2006). Indeed, preferentially retained classes of genes often act in concert with
partners, and include gene classes such as ribosomal proteins, protein kinases, and TF (Blanc
and Wolfe, 2004a; Conant and Wolfe, 2008; Paterson et al., 2010). This retention due to
dosage balance ensures that genes are not lost quickly, which therefore gives these genes
more time, and therefore more opportunity to evolve.

Preferential retention of TFs after a WGD means there is an increased number of TFs
present in the genome, which over time will evolve new functions. This expansion of TF
families after WGDs might be involved in the evolution of morphological complexity. One
family of TFs that expanded greatly due to genome duplications is the MADS-domain TF family
(Irish, 2003; Geuten et al., 2011). This family is involved in many developmental processes in
the life cycle of plants, including in flower and fruit specification.

MADS-domain proteins

The MADS-domain TF family is characterized by the DNA-binding MADS-domain. This
domain is named after the first identified MADS-domain TFs: MINICHROMOSOME
MAINTENANCE 1 (MCM1) in yeast (Passmore et al., 1988), AGAMOUS (AG) in Arabidopsis
thaliana, DEFICIENS (DEF) in Antirrhinum majus and SERUM RESPONSE FACTOR (SRF) in
humans (Norman et al., 1988; Schwarz-Sommer et al., 1990). The MADS-domain TF family is
one of the larger TF families in plants; angiosperms have around 100 of these TFs, with 107
genes being found in Arabidopsis (Parenicova et al., 2003; Gramzow and Theissen, 2010).

In plants, MADS-domain proteins can be divided into two groups: type | and type Il
(Alvarez-Buylla et al., 2000). Type | MADS-domain proteins have a single conserved domain,
the MADS-domain, and these proteins are usually encoded by a single exon. The function of
these proteins only started to be elucidated in the last decade, and they seem to act mainly in
plant reproduction (Masiero et al., 2011).

The type Il MADS-domain TFs have been studied for a long time. They are involved in all
aspects of development, with functions in roots, floral transition and, most famously, floral
development (Smaczniak et al., 2012a). These type Il MADS-box genes have a different
structure than the class | proteins, as they are generally encoded by seven exons. Besides the
MADS-domain, class Il proteins contain additional domains: following the MADS-domain they

13
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have an intervening (I-) domain, a conserved K-domain and a divergent C-terminal domain,
which led to these genes also being classified as MIKC-type MADS TFs.

The different domains of MIKC-type TF have specific functions. The MADS-domain is
needed for DNA-binding and dimerization (Krizek and Meyerowitz, 1996a), and the I-domain
is involved in determining dimerization specificity (Riechmann et al., 1996b). As the I-domain
shows relatively high within-subfamily conservation, it might be involved in subfamily-specific
functions (Kaufmann et al., 2005). The K-domain is named after keratin, as it shows structural
similarities to the coiled-coil domain of keratin. This domain consists of three amphiphatic
helices that are an important oligomerization surface for dimerization and tetramerization
(Yang and Jack, 2004; Kaufmann et al., 2005; Melzer and Theissen, 2009; Melzer et al., 2009;
Puranik et al., 2014). The C-terminal domain is the least conserved domain of MIKC-type TFs
(Munster et al., 1997), but is more conserved within each subclade of MIKC-proteins. Although
this domain might be needed for higher-order complex formation, experiments to test this
gave contradictory results (Munster et al., 1997).

MIKC TFs bind to DNA as dimers, and all bind to similar sequences, called CArG-boxes
with the consensus sequence CC[A/T]6GG (Huang et al., 1993). Although they all bind similar
sequences, different members of the TF family do bind to slightly different sequences in vitro
(Riechmann et al., 1996a; Smaczniak et al., 2017). The importance of these differences for in
vivo functioning is questioned however. It has been shown that the functional specificity of
the floral MADS TF is determined by the MI- or the IK domains (depending on which subclade
of MIKC-MADS TF) (Krizek and Meyerowitz, 1996a). Experiments that swapped the plant
MADS-domain for the MADS-domain of a human TF also suggested that the in vivo specificity
does not reside in the MADS-domain, despite its importance for DNA binding. Although these
chimeric proteins will adopt the in vitro DNA-specificity of the protein that donated the MADS-
domain, they still complement the mutant phenotype of the IKC-donor protein (Riechmann
and Meyerowitz, 1997).

Besides binding the DNA as dimers, MADS-domain TFs can also form tetramers that
bind to two CArG-boxes, and thereby looping the DNA (Egea-Cortines et al., 1999; Theissen
and Saedler, 2001; Mendes et al., 2013). In addition, is has been shown that they have
interactions with a range of other proteins, among them members of other TF families and
chromatin remodelers (Smaczniak et al., 2012b).

Although MADS-domain TFs can be found in all eukaryotes, in protists, fungi and
animals this TF family has only a few members. In some plant lineages however, this TF family
has expanded considerably. Whereas in extant green algae there is only one MADS-domain
TF present, in eudicots this TF family comprises at least 100 members (Gramzow and Theissen,
2010). The largest expansion occurred during the evolution of seed plants. The common
ancestor of seed plants had at least four MIKC-type MADS-domain TFs, while Arabidopsis has
45 and in some other eudicot species even a larger number of MIKC-type genes have been
found (Munster et al., 1997; Krogan and Ashton, 2000; Theissen et al., 2000; Parenicova et al.,
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2003). This increase is partially due to whole-genome-duplications (Krogan and Ashton, 2000).
These duplications coincided with the origin of new plant structures, like seeds and flowers.
As MADS-domain TFs play fundamental roles in specifying these structures, it seems that
duplication of these genes is highly correlated with the origin of these structures (Theissen et
al., 2000).

Flower development, one model fits all?

At the end of the eighties, scientists started to use mutants that showed homeotic conversions
of floral organs, to study floral development (Haughn and Somerville, 1988; Komaki et al.,
1988; Bowman et al., 1989; Hill and Lord, 1989; Kunst et al., 1989; Bowman et al., 1991). This
work was mainly done on Arabidopsis thaliana and Antirrhinum majus, and the mutants that
were studied fell in three classes, each class displaying phenotypes in two adjacent whorls.
These studies led to a model for floral specification: the ABC-model.

The model

The first class of mutants (A class) affected whorl one and two, consisting of sepals and petals,
respectively. In Antirrhinum, the ovulata (ovu) mutant fell in this class, which showed sepal
to carpel and petal to stamen conversions (Carpenter and Coen, 1990). In Arabidopsis, two
mutants were found; the apetala2 (ap2) mutant showing a sepal to carpel transformation,
and petals are either absent or are staminoid in nature (Bowman et al., 1989; Kunst et al.,
1989; Bowman et al., 1991). The other Arabidopsis mutant, ap1, has bracts instead of sepals,
and either no organs in the second whorl, new floral buds or mosaics of leaf- and stamen-like
tissue (Irish and Sussex, 1990; Mandel et al., 1992). A second class (B class) of mutants affected
whorl two and three, where normally petals and stamens form. This class of mutants shows
homeotic conversion of petals into sepals, and stamens into carpels (Bowman et al., 1989;
Sommer et al., 1990). Two mutants were found with this phenotype, apetala3 (ap3) and
pistillata (pi) in Arabidopsis, and deficiens (def) and globosa (glo) in Antirrhinum (Trobner et
al., 1992; Goto and Meyerowitz, 1994). The third class (C class) of mutants affected whorls
three and four; in this class of mutants, stamens are converted into petals and the carpels are
replaced by a new flower bud in a reiterative way, indicating a function in meristem
determinacy (Bowman et al., 1989; Carpenter and Coen, 1990; Yanofsky et al., 1990). Except
AP2, the genes underlying these mutant phenotypes encode TFs belonging to the MIKC-type
MADS-domain TFs (Sommer et al., 1990; Yanofsky et al., 1990).

Based on the fact that these phenotypes always affected two adjacent whorls, and because of
the genetic interactions between these genes, a model for floral specification was proposed,
termed the ABC-model (Figure 2A) (Haughn and Somerville, 1988; Bowman et al., 1991; Coen
and Meyerowitz, 1991). This model stipulates that the three classes of genes together specify
four different types of floral organs. A-function by itself would give rise to sepals, whereas A-
in combination with B-function determines petal identity. B- and C- functions together specify
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stamens, whereas C-function alone gives rise to carpels. In addition, A- and C-function genes
inhibit each other’s expression.

However, ectopic expression of the ABC genes did not convert leaves into floral organs,
showing that the ABC genes are not sufficient to specify flowers. It was shown that another
class of MADS-box genes, the SEPALLATA (SEP) genes, was also needed for floral development.
Arabidopsis has four SEP genes; single mutants do not show a phenotype, but in the triple
mutant of sep1/2/3 all floral organs are transformed into sepals, whereas the quadruple
sep1/2/3/4 mutant consists of leaves in a floral (whorled) phyllotaxy (Pelaz et al., 2000; Ditta
et al., 2004). These genes therefore encompass a function that is needed in all floral whorls,
and was termed the E-class function (Theissen, 2001). The D-function was already assigned to
genes fulfilling a role in ovule specification (Angenent et al., 1995; Colombo et al., 1995).
Whereas overexpressing of combinations of the ABC-class genes was not sufficient to convert
leaves into floral organs, adding ectopic expression of SEPALLATA3 (SEP3) led to the
conversion of leaves into floral organs. For example, the combination of B- and C class genes
with SEP3 did lead to conversion of leaves into staminoid organs. These experiments showed
that the E-class function is needed for floral organ specification, and that expression of a
combination of ABCE-class genes is sufficient to specify floral organs (Honma and Goto, 2001;
Pelaz et al., 2001).

Taking it to the molecular level

The next question was how this genetic model functions at the molecular level. In vitro studies
showed that not all necessary combinations of proteins form heterodimers, refuting the idea
that the ABCE-class genes specify floral organs by acting in different combinations of
heterodimers (Riechmann et al.,, 1996b). Egea-Cortines et al. (1999) showed that MADS-
domain TFs can form multimeric protein complexes. Based on these results, it was suggested
that two dimers interact with each other, resulting in a tetrameric complex. This hypothesis
that MADS-domain TFs act in organ-specific tetramers was formalized as the “floral quartet”
model (Honma and Goto, 2001; Theissen and Saedler, 2001). LC-MS based complex isolation
experiments from plants confirmed the interaction predicted by the floral quartet model in
planta (Smaczniak et al., 2012b), strengthening this molecular model.

Modifications to the ABCE-model

Since the ABCE-model was based on data from only two species, the core eudicots Arabidopsis
thaliana and Antirrhinum majus (Schwarz-Sommer et al., 1990; Coen and Meyerowitz, 1991;
Weigel and Meyerowitz, 1994), an intriguing question was whether the model could be
generalized for all angiosperms.

The first problem found with the model was the A-function. It appeared that even
Antirrhinum does not have a gene that specifies the A-function; the A-class mutant ovulata
was actually a dominant mutant that mimicked the phenotype due to ectopic expression of
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the C-class gene PLENA (Bradley et al., 1993; Lénnig and Saedler, 1994). Although Arabidopsis
does have genes affecting the first two whorls, the phenotypes of these mutants are not
identical to the phenotype that is predicted by the ABC-model. It was suggested that these
Arabidopsis phenotypes might be caused by incorrectly specified floral meristems (Litt, 2007;
Causier et al., 2010a). Therefore, the A-function may not be specified by specific genes, but is
a default state of the floral meristem. As a result, it was proposed to modify the ABCE model
to the (A)BCE-model. In this model, the B- and C-class functions are identical to the original
ABCE-model. The A-function however, is modified and encompasses the function of specifying
floral meristem identity, and to specify the expression boundaries of B- and C-class genes
(Causier et al., 2010a).

A

E-class

(A)BCE-model
A. thaliana

B

E-class

shifting boundaries model
C

E-class

fading border model water lily (Nymphaea odorata)

Figure 2: Schematic representation of the (A)BCE-model. A: The (A)BCE-model; B: the shifting borders
model; C: The fading borders model. Examples of flowers obeying these models are shown at the right

side.
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This modified model is very similar to a model proposed in the early days of floral organ
specification research, which suggested only two functions to specify floral organs (Schwarz-
Sommer et al., 1990; Litt, 2007; Causier et al., 2010a).

This modified (A)BCE-model seems directly applicable in all other eudicots (Bowman, 1997;
Soltis et al., 2007; Causier et al., 2010a; Litt and Kramer, 2010). There are species-specific
differences however, partially due to gene duplications and subsequent subfunctionalization
(Vandenbussche et al., 2004; de Martino et al., 2006; Geuten and Irish, 2010; Sharma and
Kramer, 2013).

In monocots, orthologs of the B- and C-class genes were also found. Studies to determine
whether these orthologs are conserved in function were complicated due to differences in
floral organ identities in monocots. The first monocots that were examined were the grasses
maize and rice. Grasses have a peculiar perianth that consist of palea/lemma in whorl one and
lodicules in whorl two, instead of sepals and petals like eudicot flowers. Nevertheless, the B-
and C-class genes seem to be conserved in function, with the C-class genes specifying stamens
and carpels, and the B-class genes are needed to specify lodicules in the second whorl, and
stamens in the third whorl (Schmidt et al., 1993; Chung et al., 1995; Mena et al., 1996; Kang
et al.; Ambrose et al., 2000; Nagasawa et al., 2003; Whipple et al., 2004). Although the
perianth of other monocots bears more resemblance to the perianth of eudicot flowers, their
perianth is not always clearly differentiated. Instead of a whorl of sepals and a whorl of petals,
they often have two whorls of “tepals”. To adhere to the (A)BCE-model it was hypothesized
that if these tepals are petaloid in morphology, they should also express B-class genes. This
shift of B-class expression to the outer whorl was indeed found for several (but not all)
monocots with petaloid tepals (Kanno et al., 2003; Nakamura et al., 2005; Otani et al., 2016).
To accommodate these changes in expression, the “shifting boundaries model” was proposed
(Figure 2B) (van Tunen et al.,, 1993; Bowman, 1997). This shifting boundary model is not
restricted to the monocots, and mostly these shifts of expression affect the B-class genes
(Theissen and Melzer, 2007).

Basal angiosperms also possess orthologs of the B- and C-class genes. However, they
do not seem to be expressed in the same clearly defined domains as in eudicots and monocots.
Instead of sharp borders, the expression patterns are often more fuzzy and overlapping. These
fuzzy expression patterns in the basal angiosperms can be correlated with the gradual changes
in organ morphology/identity that are displayed by these species. Often, basal angiosperms
do not show several clearly distinct organs types, but instead display a range of chimeric
organs gradually transitioning between organ types. This gradual change of expression of the
(A)BCE-genes is incorporated into a modified version of the model called the “fading border”
model (Figure 3C) (Buzgo et al., 2004; Soltis et al., 2007).

The B- and C-class genes are not only conserved in angiosperms, but homologs of these
genes have also been found in gymnosperms. Like in angiosperms, in gymnosperms these
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genes are also involved in the specification of reproductive structures. C-class homologs are
expressed in both male and female structures, whereas B-class genes are expressed in male
structures only (Winter et al., 1999; TheiRen and Becker, 2004). It is therefore hypothesized
that these genes already specified reproductive structures in the common ancestor of
angiosperms and gymnosperms.

Although some modifications are made to the original ABC-model, in general the
model appeared to be generally applicable in angiosperms. It appears that the B- and C-
functions are widely conserved in angiosperms. However, the expression of these genes has
evolved from broad and fuzzy in early angiosperms to clear defined expression patterns in
more derived lineages. It is suggested that this restriction in expression is due to the
establishment of positive autoregulation of the genes in the (A)BCE-model. Positive
autoregulation can amplify expression level differences, which may lead to sharp borders of
expression (Buzgo et al., 2004; Theissen and Melzer, 2007).

The extraordinary B-class genes

Among the floral MADS-domain proteins, the B-class proteins are a special case. The

B-class does not seem to have pleiotropic effects. Whereas C-class genes are involved in
meristem termination as well as organ specification, the sole function of the B-class genes is
specifying petals and stamens. This absence of pleiotropic effects suggests that they are
allowed to evolve more freely, and could therefore contribute significantly to floral
morphological diversity. Indeed, these genes seem to evolve faster than the other MIKC-type
MADS-domain protein lineages (Purugganan et al., 1995; Purugganan, 1997). They are also an
exception in the floral MADS world as they act as obligate heterodimers. Last but not least,
the B-class genes are regulated by the B-class proteins in a positive autoregulatory loop. It is
fascinating that B-class genes got involved in petal specification, as the petal is a new organ
that was not present in the last common ancestor with gymnosperms. Also, B-class genes are
sometimes recruited to specify a new type of organ, the staminodium, found in a whorl
between the stamens and carpels (Kramer et al., 2007).
The B-class function is specified by members of the DEFICIENS/GLOBOSA (DEF/GLO) clade,
named after the first members that were molecularly characterized; DEFICIENS (Sommer et
al., 1990) and GLOBOSA (Trébner et al., 1992) in Antirrhinum. Their orthologs in Arabidopsis
are APETALA3 (AP3) and PISTILLATA (PI), respectively (Jack et al., 1992; Goto and Meyerowitz,
1994).

The ancestor of the B-class genes was duplicated before the origin of the angiosperms,
which gave rise to the PI- and paleoAP3-lineage (Kramer et al.,, 1998; Kim et al.,, 2004;
Hernandez-Hernandez et al., 2007). At the origin of the core eudicots, paleoAP3 underwent
another duplication, which gave rise to euAP3 and TOMATO MADS BOX GENE6 (TM6) (Kramer
et al., 1998; Causier et al., 2010b). Besides several diagnostic amino acids, these three gene
lineages can be clearly distinguished by their C-terminal motifs.
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Genes in the Pl lineage have a Pl motif in their C-termini, which shows very strong
conservation (Kramer et al., 1998). AP3 genes have another motif in their C-termini, the PI-
derived motif. In addition, the AP3 genes from monocots, basal angiosperms and basal
eudicots have their own motif, which is called the paleoAP3 motif (Kramer et al., 1998). Core
eudicots have the euAP3 motif instead, which evolved from the paleoAP3 motif through a
frameshift mutation. This frameshift occurred after the gene duplication that gave rise to the
euAP3 and TM6 lineages (Vandenbussche et al., 2003). This (paleo)AP3 motif is lost in the P/
lineage, possibly through a single truncation event (Kramer et al., 1998). The fact that these
motifs are conserved suggests that they are critical for the function of the proteins, and a fair
amount of research has focussed on the function of these motifs. However, this effort has
remained inconclusive so far. Complementation experiments have been done with proteins
with C-terminal deletions or swapped motifs, mutants that miss the C-terminus have been
studied, and protein-protein interaction studies were performed. All these experiments have
given conflicting results, either showing that the motifs are necessary (Tzeng and Yang, 2001;
Lamb and Irish, 2003; Lange et al., 2013; Mao et al., 2015), or that these C-terminal motifs are
dispensable for protein function (Whipple et al., 2004; Berbel et al., 2005; Rijpkema et al.,
2006; Piwarzyk et al., 2007; Benlloch et al., 2009; Causier et al., 2010b).

Expression and regulation of B-class genes

Genes of the EUAP3 and P! lineages are usually only expressed in petals and stamens
(Jack et al., 1992; Schwarz-Sommer et al., 1992; Trobner et al., 1992; Goto and Meyerowitz,
1994). However, early in flower development P/ transcripts can also be found in the carpel
primordia in Arabidopsis (Trébner et al., 1992; Goto and Meyerowitz, 1994), while at that
stage, AP3 is also expressed at low levels in sepals in Arabidopsis (Weigel and Meyerowitz,
1993), and in both sepals and carpels in Antirrhinum (Schwarz-Sommer et al., 1992; Goto and
Meyerowitz, 1994). However, even though the initial expression patterns are slightly different,
later expression is found in whorl two and three only, and the AP3 and PI proteins can only be
detected in domains where both genes are expressed (Krizek and Meyerowitz, 1996b). AP3
and Pl expression in petals and stamens is fairly standard in all species examined, especially in
the eudicots. Although there are several examples of duplications followed by sub- or
neofunctionalization leading to altered gene expression patterns (Bowman, 1997; Zahn et al.,
2005), in general the combined expression of the paralogs is in petals and stamens.

It appears that both P/ and AP3 are regulated in two steps. First, they are activated
independently, but after this initial activation, expression is maintained high through an
autoregulatory feedback loop (Trébner et al., 1992; Goto and Meyerowitz, 1994; Jack et al.,
1994; Krizek and Meyerowitz, 1996b; Hill et al., 1998; Tilly et al., 1998; Honma and Goto,
2000). This autoregulation of B-class genes is conserved across the core eudicots (Becker,
2016).
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Evolution of obligate heterodimerization

AP3 and PI are interesting among the MADS-domain proteins, as they form obligate
AP3-PI heterodimers in core eudicots (Schwarz-Sommer et al.,, 1992; Trobner et al., 1992;
Riechmann et al., 1996b), which is necessary for DNA binding as well as for the translocation
into the nucleus (McGonigle et al., 1996). It is interesting that these proteins act as obligate
heterodimers, as the genes coding for these proteins originated from a duplication event.
Outside of the core-eudicots however, homodimerization of AP3, and/or PI can also be found
(Tzeng and Yang, 2001; Kramer et al., 2007). This leads to the question how and when obligate
heterodimerization evolved.

As mentioned, the AP3 and PI lineages originate from a gene duplication before the
origin of the angiosperms, a duplication that is not shared with the gymnosperms.
Gymnosperms have B-class genes which can form homodimers (Sundstrom and Engstrom,
2002; Winter et al., 2002), indicating that homodimerization is likely the ancestral state. This
means that obligate heterodimerization is a derived feature, and this is probably due to
compensatory mutations in both AP3 and P/ (Puranik et al., 2014).

The fact that the B-class proteins of Amborella (sister clade to all angiosperms) are
already capable of forming DEF-GLO heterodimers indicates that heterodimerization was
already established at the base of the angiosperms (Melzer et al., 2014). It is not certain
however, whether this heterodimerization was already obligatory. We assume that DEF-GLO
heterodimers are necessary to specify petals and stamens. Therefore, it is interesting to notice
that homodimerization is still possible in vitro in several angiosperm lineages, for instance
some basal angiosperms, monocots and basal eudicots (Tzeng et al., 2004; Kramer et al., 2007;
Melzer et al., 2014; Bartlett et al., 2016). However, whether these homodimers also exist in
planta and have a biological function remains an open question.

Examples of evolution of B-class gene duplicates

The duplications generating AP3/PI and later AP3/TM6 are not the only duplications of the B-
class genes. In fact, family-specific duplications of both AP3- and P/-lineages occur with high
frequency (Kramer et al., 1998). When both paralogs are retained after a duplication, they will
most likely subfunctionalize. How the ancestral protein function is divided between the
paralogs however, is specific for each duplication event. Besides subfunctionalization, these
duplications can also lead to neofunctionalization, generating morphological novelty or even
new types of organs. Below, | provide some examples that illustrate the different possibilities
after gene duplication.

The Solanaceae have two paralogs of both B-class genes. They possess an euAP3 gene
as well as a TM6 gene, which originated before the radiation of the higher eudicots (Kramer
et al., 1998). Also, Solanaceae have two P/ paralogs as a result of a duplication at the origin of
the core asterids (Viaene et al., 2009).
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Petunia hybrida did not seem to follow the (A)BCE-model, as the Phdef mutant showed
a homeotic conversion in the second whorl only (van der Krol et al., 1993). This led to a
detailed study of Petunia’s B-class genes. It was found that the Phdef mutant did not have a
third whorl phenotype, because in whorl three PhTM6 acts redundantly with PhDEF. However,
PhTM6 is not expressed in petals, which are therefore specified by PhDEF alone
(Vandenbussche et al., 2004; Rijpkema et al., 2006). Petunia also has two GLO genes, but their
function is largely redundant in both stamens and petals, since homeotic conversions are only
observed in the double mutant (Figure 3A) (Vandenbussche et al., 2004).

Although all Solanaceae contain two paralogs in both the AP3 and PI clades, they did

not subfunctionalize in the same way in all species. In tomato, TM6 is not only expressed in
stamens, like PATM6 in petunia, but also in petals. However, TM6 and euAP3 genes are not
redundant in tomato: the single tap3 mutant shows homeotic conversions of petals and
stamens, whereas the tm6 mutant shows homeotic conversion of stamens only (de Martino
et al., 2006). Similarly to petunia, the GLO paralogs are largely redundant (Figure 3B) (Geuten
and Irish, 2010).
Contrary to tomato and petunia, in Nicotiana benthamiana the GLO genes are not redundant,
as both glo1 and glo2 single mutants show homeotic transformations. However, the glo1glo2
double mutant does have a stronger phenotype (Geuten and Irish, 2010). The Nicotiana
benthamiana DEF/TM6 genes behave similarly to the tomato homologs, with both genes
affecting petals as well as stamens, and the double mutant having a stronger phenotype
(Figure 3C) (Liu et al., 2004; Geuten and Irish, 2010).

These differences in subfunctionalization are relatively subtle compared to the
situation in another Solanaceae species, Physalis floridiana. In Physalis, both corolla and
stamen identity are specified by DEF and GLO1 only. The other paralogs, TM6 and GLO2 seem
to only have a function in pollen maturation (Figure 3D) (Zhang et al., 2014; Zhang et al., 2015).
Subfunctionalization also occurred at the level of protein interactions. In petunia and
Nicotiana, TM6 interacts more strongly (Nicotiana) or exclusively (petunia) with GLO2 in yeast
assays (Vandenbussche et al., 2004; Geuten and Irish, 2010). In tomato and Physalis, the
situation is more extreme, with each paralog only having one possible dimerization partner
(Figure 3E) (Leseberg et al., 2008; Zhang et al., 2014; Zhang et al., 2015).

Aquilegia is a genus of plants in the basal eudicot family of Ranunculaceae, which has
an interesting floral morphology. Starting at the outside, Aquilegia has five petaloid sepals,
five spurred petals, then several whorls of stamens, followed by two whorls of a fifth type of
organ, staminodia, and centrally a whorl of carpels. Staminodia are sterile organs, and in
Aquilegia they are typically colourless organs, consisting of lamina linked to a central filament.
Duplications early in the evolution of the Ranunculaceae led to three different lineages of AP3,
designated AP3-1, AP3-2 and AP3-3 (Kramer et al., 1998; Kramer et al., 2003). It is speculated
that these duplications in the AP3 lineage might be linked to the origin of the staminodia.
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The three AP3 paralogs have acquired distinct expression patterns during the evolution
of the Aquilegia flower (Kramer et al., 2007). While AP3-3 is petal specific, both AP3-1 and
AP3-2 are expressed in stamen and staminodia primordia early in development.

ODEF
A ®TM6
oG6Lo1
0GLO2
E-class
| Sepal | Petal | stamen | carpel | | Sepal | Petal stamen | carpel |
Petunia tomato
C
E-class
‘ Sepal | Petal Istamen | carpel | | Sepal | Petal |s‘Iamen carpel |
pollen
Nicotiana Physalis
Aquilegia
E F
possible heterodimers
DEF | TM6 [TAP3| TM6
GLO1| + - LePl | + -
GLO2| + + TPI - +
etunia tomato
DEF | TM6 DEF | TM6
GLOL| + | +/- | [GLO1] + | - E-class
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Nicotiana Physalis / / / /
sepal petal stamen staminodium carpel
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i

Figure 3: Examples of subfunctionalization. In A-D: the subfunctionalization of the B-class genes in
several Solanaceae species. In E: the subfunctionalization at the protein-protein-interaction level. In F:
neo- and subfunctionalization in Aquilegia.
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At later stages, however, AP3-1 becomes specifically expressed in the staminodia, while AP3-
2 is expressed in stamens (Kramer et al., 2007). Gene knock-down experiments of AP3-1
showed an aberrant staminodia phenotype, whereas in the AP3-2 knock-down plants the
stamens were affected (Sharma and Kramer, 2013). Silencing of both AP3-1 and AP3-2
simultaneously however, showed a more severe phenotype with both staminodia and
stamens being converted into carpel-like structures. These data indicate that Aquilegia AP3
genes have subfunctionalized as well as undergone neofunctionalization. The three paralogs
subfunctionalized in their expression pattern. However, neofunctionalization has likely also
taken place, as AP3-1 and AP3-2 specify different organs, with the AP3-1 specifying a novel
organ, the staminodia (Figure 3F). It is interesting to note that the petal specificity seems to
be conserved among most Ranunculaceae, and that there is a correlation between loss of AP3-
3 expression and loss of petals in this family (Zhang et al., 2013).

Floral evolution from a genomics perspective

The evolution of floral MADS-domain proteins has been crucial during flower
evolution. However, the only function these TFs have is regulating the expression of other
genes. Consequently, the only way they can modify morphology, is through their target genes.
This means that mutations in MADS-domain TFs only have an effect on morphology if they
lead to differences in DNA binding site recognition or target gene regulation. TFs can change
the sites they bind to through changes in their DNA binding specificity and/or affinity. Changes
in interactions with other proteins will change the complexes in which the TF operates, and
therefore might also modify the set of target genes, or the way these genes are regulated.

Even when the DNA binding specificity and/or affinity of a TF does not change, the set
of genes regulated by that TF can evolve through changes in these target genes. Mutations in
cis-regulatory elements (CREs) might modify binding sites of TFs, thereby either generating
new targets or abolishing existing targets (reviewed in chapter 2).

Binding to the DNA does not only depend on the presence of CREs, but also on the
chromatin context. The DNA itself can be modified, most famously by methylation. In
addition, DNA is wrapped around histones to form chromatin, and this chromatin can be
modified. Several varieties of histones exist (Deal and Henikoff, 2011a), and the histones can
be modified in several ways, by e.g. methylation or acetylation. These modifications play a
role in transcriptional regulation. Some modifications are associated with closed, non-
transcribed regions, whereas other modifications are linked to transcriptionally active regions
(Pfluger and Wagner, 2007; Ha, 2013; Iwasaki and Paszkowski, 2014). These modifications can
change the accessibility of the DNA, and thereby influence TF binding, without modifying the
underlying DNA sequence. Some of these chromatin modifications can function as epigenetic
memory, and are stably transmitted to daughter cells. This memory is mainly maintained by
the action of the Polycomb groub (PcG) and the trithorax group (Trxg) complexes (Bratzel and
Turck, 2015; Iglesias and Cerdan, 2016). This kind of epigenetic memory has been shown to
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play a part in several processes in plants (lwasaki and Paszkowski, 2014). One well-studied
process in which epigenetic memory plays a role is vernalization. In Arabidopsis, the MADS-
domain TF FLOWERING LOCUS C (FLC) is an important repressor of flowering time. FLC is
expressed in the vegetative phase and thereby represses flowering. However, in a period of
prolonged cold, the FLC locus gradually acquires trimethylation at lysines 9 and 27 of histone
H3 (H3K9 and H3K27) (Bastow et al., 2004), which represses FLC expression, and thereby
enables flowering.

To understand and predict floral morphology, we should focus on several aspects. We need
to know how mutations in TFs can change their function. TFs only function through regulation
of their downstream target genes, which means we also need to know which genes are
regulated by a TF, and how this set of target genes changes during evolution. In order to
predict TF binding sites, we will need a better understanding of how transcriptional regulation
works, and which factors are involved. Addressing all these different aspects should help us
to understand the evolution of floral morphologies.

Aim and outline of this thesis

The main question | was aiming to answer in this study is how floral organ developmental
programs have evolved to generate morphological differences between species. | addressed
this question from different angles with an emphasis on molecular and evolutionary aspects
of the transcription factors involved.

Chapter 2 introduces this topic and we argue that evolution of cis-regulatory elements (CREs)
is a driving force of morphological evolution. Changes in CREs can change regulatory networks,
which could lead to morphological changes. We discuss how evolution of CREs and regulatory
networks can be studied on a genome-wide scale, using emerging sequencing-techniques. We
also hypothesize that in case of the flower, these changes will occur downstream of the master
regulators of the (A)BCE-model. In chapter 3, we tested this hypothesis by comparing binding
sites of the major floral regulator SEP3 between the two closely related species Arabidopsis
thaliana and Arabidopsis lyrata. These species diverged about 10 million years ago, and show
similar flower morphology, with the major difference being the flower size. Surprisingly, we
discovered that only a relatively small proportion of the SEP3 binding sites are conserved
between these two species. We found that some of the differences are due to sequence
divergence, but many binding sites are species-specific, although the underlying sequence is
preserved. We did note however, that binding sites linked to genes involved in floral
development showed higher conservation than binding sites linked to genes with different
functions. In Chapter 4 we continue on this topic, but now focus on the chromatin
environment, and how much influence this has on evolutionary changes. We compared
regions of open chromatin between two ecotypes of A. thaliana, as well as with A. lyrata.

Genome duplication events are a common phenomenon in plant evolution and also B-class
homeotic genes have been duplicated in many species. How this affects their function and
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molecular properties of the paralogous transcription factors is described in Chapter 5. We
focused on Tarenaya hassleriana, belonging to a sister family of the Brassicaceae, which has
two copies of both B-class genes. Whereas the AP3 duplication is very recent, the P/
duplication is more ancient. As both paralogs are still expressed, we were interested if there
is any sub- or neofunctionalization of the two paralogs. Another example of a species with
multiple AP3 copies is Aquilegia, which evolved a new type of floral organ, the staminodia. We
studied different molecular properties of these paralogs and tried to identify differences
among the copies (Chapter 6). To conclude, we discuss the results obtained in this thesis and
their implications for the field of evolutionary developmental biology in Chapter 7.
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Abstract

Plant development gives rise to a staggering complexity of morphological structures with
different shapes, colors and functions. Understanding the evolution of control mechanisms
that underlie developmental processes provides insights into causes of morphological
diversity and is therefore of great interest for biologists. New genomic resources and
techniques allow for the first time to assess the evolution of developmental regulatory
networks at a global scale. Here we address the question how comparative regulatory
genomics can be used to reveal the evolutionary dynamics of control networks linked to
morphological evolution in plants.
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Current approaches in plant ‘evo-devo’ research

The fascinating complexity of plant morphologies has inspired generations of scientists, from
Johann Wolfgang von Goethe and Charles Darwin to contemporary biologists, and
understanding the molecular basis of morphological evolution is one of the core questions
(Vergara-Silva, 2003). The morphology of multicellular organisms is determined during
development, which is heavily controlled by transcription factors (TFs), making these
important targets for selection in evolution. In plants, several TFs have been linked to the
divergence of morphological traits. Most classical research in evolutionary developmental
biology (‘evo-devo’) has focused on the comparative analysis of ‘candidate genes’, linking the
functional evolution of these genes to morphological diversification. For example, members
of the MADS and TCP TF families (see Glossary) have been associated with the evolution of
floral organs and floral symmetry, respectively (Theissen et al., 2000; Rosin and Kramer, 2009).
Classic evo-devo approaches include mutant analysis, heterologous mutant
complementation, comparative gene expression studies, and phylogenetic reconstruction.
These approaches have limitations because morphological changes are often likely to be
linked to mutations in more than one gene, even when comparing closely related species. On
a different level, concerted changes in several traits are often required to create novel organ
morphologies with selective advantage. For example, pollinator shifts require (correlated)
changes in the color, shape and size of floral organs (Cronk and Ojeda, 2008; Wu et al., 2008).

In contrast to candidate gene approaches, genetic mapping and analysis of
quantitative trait loci (QTLs) provide more comprehensive insights into the basis of heritable
phenotypic variation at low taxonomic levels (Mackay et al., 2009). A nice example is a study
on the selfing syndrome in the genus Capsella (Sicard et al., 2011). Using a cross between the
outcrossing species Capsella grandiflora and the inbreeding species Capsella rubella, several
QTLs affecting different aspects of flower morphology were identified, showing a complex
genetic basis for evolutionary divergence of these traits in the genus Capsella. That variation
in phenotypic traits can be due to several loci, each with moderate or small effect, has been
shown in additional recent studies (reviewed in (Mackay et al., 2009)). However, changes in
individual loci can trigger selection shifts and thereby result in divergence of evolutionary
trajectories; for example pollinator preference in the genus Mimulus was shown to be driven
by a major genomic locus (Schemske and Bradshaw, 1999). Although the QTL approach
provides a hypothesis of the genetic architecture that underlies a phenotypic trait, identifying
the exact molecular basis (specific mutation or gene(s)) of a QTL requires fine mapping and
subsequent functional analysis. Conversely, a QTL may contain many genes that contribute to
the phenotype of interest. More recently, QTL approaches making use of genome-wide
expression data or other omics-type data, also referred to as genetical genomics, have been
established (Joosen et al., 2009). However, mapping-based methods remain restricted to
studying variation at low taxonomic levels, and have analytical limitations (e.g. genetic marker
density). To study the evolution of developmental regulatory networks, there is the need to
develop alternative genome-wide approaches that take into account the possibly complex
basis of variation in morphological traits.
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The number of genomic sequences

available is increasing, opening new

avenues for  evo-devo  research.
Comparative genomics contributes to
understanding of patterns of gene
duplication and gene content in seed
plants (Jiao et al., 2011; Lee et al., 2011)
and has also been used to study sequence
conservation among Arabidopsis
populations and related species (Cao et
al.,, 2011; Ganetal., 2011; Hu et al.,, 2011).
Whole-genome sequencing can be used
to improve gene

crucial for

organism  and
phylogenies that are
establishing hypotheses on character
evolution in  ‘evo-devo’  research.
Understanding the evolution of gene
regulation in

information beyond genome sequences,

development requires

such as experimental data on
transcriptional regulation and gene
expression variation (Yant, 2012).
Therefore,  ‘top-down’  comparative

regulatory genomics approaches should
be used to identify candidate genes
linked to
diversification between species.

potentially morphological

Morphological evolution and divergence
through cis-regulatory elements

Gene expression divergence, caused by

mutations in cis-regulatory elements

Glossary

elements (CREs): Collections of
transcription factor binding sites and other non-coding
DNA that are sufficient to facilitate transcription in a

defined spatial and/or temporal expression domain.

Cis-regulatory

ChIP-seq: Chromatin-immunoprecipitation followed by
sequencing. A technique to determine in vivo DNA-
bound regions of a protein at genome-wide scale.
DNAsel-seq: treatment of isolated chromatin with
DNAsel. DNAsel cuts accessible DNA, and the released
fragments are then sequenced. This gives an indication
of the chromatin state and, if sequenced deep enough,
can reveal protein-binding sites.

Heterochronic: A change in the timing of expression.
Heterotopic: A change in the place of expression.
MADS-box TFs: A family of TFs, present in all groups of
eukaryotes. Named after its founding members MCM1
(Saccharomyces cerevisiae), AGAMOUS (Arabidopsis
thaliana), DEFICIENS (Antirrhinum majus) and SRF1
(Homo sapiens).

Pleiotropic: Influencing more than one trait due to
multiple functions of a gene (e.g., a gene that is involved
in the growth of both a leaf and a petal).

RNA-seq: Digital
(mRNA) by next-generation sequencing.

SELEX (Systematic evolution of ligands by exponential
amplification): procedures for the identification of

quantification of transcriptomes

representative sets of ligands for a protein. In the case
of DNA-binding proteins, the protein is mixed with a pool
of double-stranded,
Protein-DNA complexes are recovered and the bound

randomized oligonucleotides.

DNA is amplified by PCR, and subjected to a new round
of selection. DNA fragments are sequenced to reveal the
binding specificity of the protein.

TCP TFs: A family of plant transcription factors. The
family is named after Tb1l (Zea mays L.), CYCLOIDEA
(Antirrhinum majus) and Pcfl (Oryza sativus).

(CREs), is an important driving force of morphological evolution (Carroll, 2008; Wittkopp and
Kalay, 2012). Heterochronic or heterotopic changes of gene expression can lead to

recruitment of genes or gene-regulatory modules to function in a new context or location,
ultimately resulting in changes in plant morphology. For example, the evolution of
inflorescence architectures in Solanum species has been linked to heterochronic shifts in

developmental gene expression (Park et al., 2012). Heterotopic shifts of gene expression of

floral organ identity genes have for instance been implicated in the evolution of floral organ
morphologies (Kanno et al., 2003; He and Saedler, 2005).
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CREs usually contain several TF binding sites (TFBSs), which are relatively short and can
be degenerate, and so may evolve more easily than the more constrained protein-coding
regions. That extensive variation in sequence and position of TFBSs can form the basis of
evolutionarily conserved regulatory interactions was elegantly demonstrated recently for the
regulation of the floral homeotic AGAMOUS gene by LEAFY in different flowering plant species
(Moyroud et al., 2011). This example also shows that more experimental data are needed to
understand general evolutionary TFBS turnover, TFBS flexibility linked to conserved gene
regulation (Weirauch and Hughes, 2010), and how changes in gene expression are achieved
at the molecular level by CRE mutations.

Although within species most mutations that cause morphological variation have been
found in protein-coding regions, morphological differences between species are often caused
by mutations in noncoding regions, indicating that natural selection over longer time periods
leads to fixation of mutations with more subtle and specific effects (Carroll, 2008; Stern and
Orgogozo, 2008, 2009; Jones et al.,, 2012). Several examples show the importance of
mutations in CREs in plant domestication (Doebley et al., 2006; Konishi et al., 2006; Chen et
al., 2007; Studer et al., 2011) and in natural evolution (Bharathan et al., 2002; Hay and Tsiantis,
2006; Uchida et al., 2007). A striking example is the evolution of tissues involved in fruit
shattering by modification of the expression of orthologs of the Arabidopsis (Arabidopsis
thaliana) homeobox TF REPLUMLESS (RPL). It was found that the same point mutation in a
conserved CRE was selected during rice domestication (Konishi et al., 2006) and during
evolution of the Brassicaceae family (Arnaud et al., 2011) (Figure 1). Cases of independent
fixation of the same regulatory mutations have also been reported in the animal field,
suggesting that some genes and genomic positions are more prone to mutation (with
phenotypic consequences) than are others, probably due to a selective advantage (Stern and
Orgogozo, 2009; Chan et al., 2010). A classic example for the importance of gene expression
changes during crop domestication is the teosinte branched1 (tb1) locus in maize (Zea mays),
where a higher expression level of a TCP transcription factor gene caused a dramatic increase
in apical dominance, due to a transposon insertion in its promoter. This transposon insertion
predates maize domestication, indicating that domestication acted on existing variation
rather than on new mutations (Studer et al.,, 2011). Taken together, these findings
demonstrate the role of gene expression variation in natural evolution and domestication.
They also point towards different underlying mutations, ranging from single nucleotide
polymorphisms (SNPs) to insertion of transposable elements.
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A Arabidopsis thaliana ~ TGAT! TG E
Capsella rubella TGAT TG
Sinapis alba TGAT TG
Brassica rapa TGAT! TG
Glycine max TGAT! TG
Oryza rufipogon TCAT TG
Oryza sativa nipponbare TCAT TG
Oryza sativa kasalath ~ TCAT TG

Figure 1: A recurrent point-mutation in a cis-regulatory element controlling the expression of
REPLUMLESS (RPL) orthologs in Brassicaceae and rice has been associated with the changes in
morphological structures implicated in seed dispersal. A: Phylogenetic tree and alignment of cis-
regulatory sequence in the RPL promoter. A point mutation in the same position (red frame) is found in
species/cultivars with reduced development of seed-dispersal structures (B-E) fruit phenotypes: B:
Arabidopsis thaliana, C: Brassica rapa, D: Oryza sativa kasalath, E: Oryza sativa nipponbare. Arrow
indicates dehiscence zone. Abbreviation: R, replum.

How does regulation of gene expression evolve?

To understand the evolution of gene expression, one needs to elucidate how CREs originate
and diversify during evolution. Potentially, CREs can evolve de novo by accumulation of
mutations. ‘Co-option’ of existing CREs, which acquire new TF binding sites, can generate new
expression domains or result in repression in certain locations or conditions. Changes in gene
expression can also result from loss of binding sites by point mutations or indels (Carroll, 2008;
Rebeiz et al., 2011; Wittkopp and Kalay, 2012). The gain of new expression features is rare
relative to changes in the timing or level of gene expression, the expansion or restriction of
spatial expression domains, or the loss of expression features (Prud'homme et al., 2007). In
line with this, studies in animals suggest that changes in gene regulation evolve mostly by
modification of existing CREs, and genomic sequences are primed to evolve new expression
patterns by the presence of latent enhancers (Rebeiz et al., 2011; Wittkopp and Kalay, 2012).

Interestingly, not all TF binding events seem to affect gene expression (Li et al., 2008;
Schmidt et al., 2010). It is possible that apparently non-functional binding sites regulate gene
expression only in certain genetic backgrounds, populations or environmental conditions. The
presence of these sites might also reflect the evolutionary dynamics of gene regulation:
Binding sites may represent ‘raw material’ for evolutionary ‘tinkering’ or remnants of past
functions. However, although the evolutionary role of cis-regulatory mutations is well
supported by many examples, little is known about the upstream regulators that bind to
evolutionarily diversified DNA sequence elements, revealing an important gap in our
understanding of developmental regulatory network evolution in plants.
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New approaches to studying regulatory network evolution in plants

Physical interactions between TFs and specific DNA sites form an important molecular basis
of developmental regulatory networks. Therefore, understanding the evolutionary dynamics
of these physical interactions can reveal the molecular ‘rewiring’ of networks linked to
changes in development and plant morphology.

Genetic networks are robust, due to multiple feedback, feedforward and cross-
regulatory mechanisms. This makes it probable that mutations in multiple genes are needed
to ‘rewire’ these networks, and thereby change their outcome at the morphological level. A
study of the gene-regulatory network controlling root stele development found that
morphological phenotypes were associated with mutations in only 16% of the TFs tested,
whereas molecular or expression phenotypes were identified for 65% (Brady et al., 2011).
Accordingly, the transcriptional network can be affected in a TF mutant despite the absence
of a mutant phenotype. Therefore, mutations in compensatory by-passes or changes in the
expression of several genes may also be needed to allow the creation of a new steady state of
the network and a robust change in morphology.

The availability of genome sequence information for an increasing number of plant
species opens new ways to study the evolution of developmental regulatory networks (Table
1) (Yant, 2012). Sequencing and alignment of genomes from different ecotypes or species,
alone or in combination with RNA-seq, allows to predict CREs underlying regulatory
differences (Gan et al., 2011; Jones et al., 2012), but this will usually not identify the nature of
the upstream TFs binding to these elements. Bioinformatic predictions of TFs that bind to
certain CREs will benefit from more complete experimental datasets on TF binding in model
species. Experimental methods are now available that allow a more direct comparison of
TFBSs among species: potential TFBSs can be predicted using DNA-binding models determined
by in vitro methods such as systematic evolution of ligands by exponential amplification
(SELEX) (Moyroud et al., 2011). This method is highly versatile, because it can also be used to
study the DNA-binding specificity of TFs in plant species that are not experimentally amenable.
A limitation is that not all predicted binding sites in the genome may be accessible to the TF
in vivo, due to a closed chromatin structure. Alternatively, additional factors may be required
to modulate DNA-binding specificity of a TF in the plant cell. Chromatin structure can be
assessed with DNAse |-seq, which reveals ‘active’ cis-regulatory regions in the genome with
an open chromatin structure, and the method can be used to map differences in CRE activity
between individuals, populations or species (Hesselberth et al., 2009; Degner et al., 2012).
However, not all functional TF binding sites may be associated with DNAse | hypersensitive
sites (Li et al., 2011). To determine TF binding sites at a genome-wide scale in vivo, ChIP-seq
experiments can be performed. There are a few studies where ChIP-seq was used to compare
binding sites of a TF between different animal or yeast species (Tuch et al., 2008; Schmidt et
al., 2010; He et al., 2011). The goal of these studies was to study TFBS evolution, not to couple
TFBS changes to variation in developmental programmes. ChlP-seq and SELEX-based methods
will help in the study of the evolutionary variation of TFBSs at genomic scale in plants.
However, given that not all changes in TFBSs will affect gene regulation, these studies should
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be combined with comparative gene expression analysis, for example by comparative RNA-
seq (Brawand et al., 2011). To study evolution of developmental pathways, data from different
experimental approaches, such as comparative ChIP-seq and RNA-seq, should be integrated.
The relevance of individual CREs and genes that are identified by the genome-wide
approaches can be further assessed by detailed gene expression studies/CRE mutagenesis,
mutant analysis or virus-induced gene silencing (VIGS) (Becker and Lange, 2010) and
heterologous reporter gene and/or complementation assays. This enables changes in (active)
TFBSs to be linked to changes in morphology in a top-down approach. Therefore, identifying
non-conserved target genes of developmental TFs will provide insights into the mechanisms
underlying morphological evolution. In addition to identifying non-conserved regulatory
interactions, the combination of methods will also enable the identification of the
evolutionarily stable regulatory ‘core circuitry’.

ChlP-seq experiments can be performed in every species with a sequenced genome.
Amenability for transformation is not a pre-requisite, because antibodies can be raised against
the native proteins. However, if a TF functions in specific cell-types, tissues or developmental
stages, enrichment strategies may need to be used to generate enough plant material for
ChIP-seq or RNA-seq experiments. Most of these methods, such as INTACT (isolation of nuclei
tagged in specific cell types) (Deal and Henikoff, 2010) and fluorescence-activated cell sorting
(FACS) (Birnbaum et al., 2003), will require the generation of transgenic plants, but laser
dissection microscopy (for RNA-seq) can be used in a non-transgenic setting (Torti et al., 2012).
Tissue-sampling is also a problem when homologous organs or tissues that are being studied
are morphologically very different. Therefore, careful consideration of developmental stages
and tissues is crucial to be able to identify primary differences in developmental gene
regulation, which ultimately result in morphological diversification. Besides changes in
transcriptional regulation, modifications in posttranscriptional regulation, for example linked
to changes in micro-RNA target genes, can contribute to developmental regulatory network
evolution. Also at this regulatory level, genome-wide approaches can be used for a
comparison between species (Pasquinelli, 2012).

Which levels in the gene-regulatory hierarchy are most informative?

Developmental regulatory networks have a complex ‘hierarchical’ structure (Figure 2), with
multiple feedback and feedforward loops that enable stable developmental decisions
(Davidson and Erwin, 2006; Kaufmann et al., 2010a). Not all levels in the regulatory hierarchy
are equally likely to contribute to morphological diversification, and they evolve at different
speeds (Davidson and Erwin, 2006). Mutations that affect general ‘upstream’ regulators
(usually highly connected nodes in a network) of developmental or cellular gene expression
are more likely to have pleiotropic effects, therefore these mutations tend to reduce fitness
(Stern and Orgogozo, 2009). By contrast, genes that execute cellular responses downstream
of the so called input—output genes (also called ‘intermediate regulators’) (Figure 2) often act
together with other genes in a concerted fashion in basic cellular functions. The expression of
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Table 1: Genome-wide methods for the characterization of developmental regulatory networks.

ChiP-
seq

RNA-
seq
SELEX

DNAse
I-seq

Characterization of TF
binding sites and other
DNA-binding proteins in
vivo

Expression level analysis
by sequencing;
Characterization of organ-
and/or tissue-specific
transcriptomes and gene
expression levels

Does not require a full
genome sequence

In vitro assay for the
characterization of DNA-
binding specificity of TFs
and CRE prediction using

genome sequence
information

Characterization of
chromatin accessibility in
vivo using high
throughput sequencing
Footprinting of protein-
DNA interactions

Requires antibody against native protein (or a
transformable species)

Technically challenging

Requires substantial amounts of plant material

Association of binding events with transcriptional response
requires additional information (-> combine with RNA-seq)
No direct information about underlying regulatory
mutations resulting in changes in gene expression between
species

Reflects the combined effect of transcriptional and
posttranscriptional regulation

For cell specific transcriptome analysis, additional methods
such as INTACT or laser microdissection may be needed
Generation of realistic DNA-binding models can be
challenging

Some of the predicted DNA binding sites may be
inaccessible in vivo due to chromatin structure (-> combine
with DNAse | seq)

Association of binding events with transcriptional response
requires additional information (-> combine with RNA-seq)
No direct indication on relevance for transcriptional
regulation

No information on the nature of the TFs that bind in an
accessible region (-> combine with SELEX or ChIP-seq)

Not all TF binding sites may be in ‘accessible’ chromatin
Method not yet frequently used in plants

1 Limitations of individual methods can be overcome by combining different methods

(Kaufmann et al.,
2010b)

Chapter 2

(Wang et al., 2009)

(Moyroud et al., 2011)

(Wang et al., 2011)

(Degner et al., 2012)

(Pique-Regi et al.,
2011)

several of those genes needs to be modulated in a coordinated manner. These response
modules are under combined control of input—output genes, which usually encode TFs (Stern
and Orgogozo, 2008). By changing the expression of input-output genes, organ morphologies
can be modulated in a specific context.

It has been proposed that input—output genes represent hotspots for evolution (Stern and
Orgogozo, 2009). In line with this, some types of TF were repeatedly (although not exclusively)
recruited to modify organ morphologies in a certain manner in plants. One example is the
heterotopic expression of KNOX TFs resulting in dissected leaf development (Bharathan et al.,
2002; Hay and Tsiantis, 2006, 2010). Another example is the recurrent recruitment of CYC-
type TCP TFs in generating monosymmetric flowers across distant eudicot lineages (Busch and
Zachgo, 2009), which might be linked to an ancestral dorsal expression domain in floral
meristems that was selectively expanded and/or switched to later stages of organ
development in monosymmetric taxa (Preston and Hileman, 2009; Busch et al., 2012).
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Other, more general
factors: pleiotropic TF,
hormones, intercellular
signalling cascades

Homeotic master regulators

Figure 2: The hierarchical structure of gene regulatory networks, illustrated for floral organ
development. Floral organ identities are specified by floral homeotic master regulatory TFs, which
directly modulate the expression of hundreds of genes in order to generate floral organ morphologies.
TF genes are overrepresented among the direct targets. According to this model, many of these TF
genes represent intermediary ‘input—output’ genes, which in turn control the formation of specific
organ morphologies. Given the high number of direct target genes of the homeotic master regulators
(MADS-box TFs) in floral organ development, they may also participate directly in the regulation of
genes at the lowest level of the regulatory hierarchy (not shown here for simplification).

Because input—output genes are targets of developmental master regulatory TFs,
understanding the evolutionary dynamics of the direct target gene repertoire of the ‘masters’
will be particularly informative for understanding the evolution of gene-regulatory networks
underlying morphological diversification. At the subsequent level in the hierarchy, the
divergence in target genes of input—output genes will be interesting to assess for a full
understanding of regulatory network divergence (see Busch and Zachgo (2007)) for an
example).

Flower development is one of the best characterized developmental processes in
plants. Although floral organs can have different morphologies, the basic organ ‘types’ and
the molecular mechanisms controlling specification of floral organ identities are largely
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conserved (Theissen and Melzer, 2007). According to the ABCE model, floral organ identities
are specified by the combinatorial action of A-, B-, C- and E- class TFs. These master-regulatory
TFs have thousands of DNA-binding sites in the genome, and directly regulate the expression
of a variety of regulatory genes that are important for growth, shape and structure of different
organs (Kaufmann et al., 2009; Kaufmann et al., 2010c). Given the tight link between organ
identity and organ morphology, we propose that the wide variety of flower morphologies seen
in nature might be linked to changes in direct targets of the ABCE TFs during flower evolution.
The fact that a floral homeotic mutant in a species can be complemented with an ABCE factor
from another species makes it indeed possible that evolutionary diversification of floral organ
morphologies occurs ‘downstream’ of the master regulators. This hypothesis can be tested by
future comparative regulatory genomics approaches.

Macroevolution of regulatory networks and the origin of novel plant morphologies

Not every modification in a developmental regulatory network is equally likely to contribute
to ‘macro-evolutionary’ creation of body plans or novel organ types with distinct
morphologies. In addition to cis-regulatory mutations, the evolution and diversification of TF
families with key roles in plant development suggest that specific changes in protein functions
also contributed to the elaboration and diversification of plant development. TF gene
duplications followed by protein diversification increase the functional ‘repertoire’ of an
organism. That mutations in the DNA-binding domain play a role in TF evolution across long
evolutionary time periods has been exemplified in studies on LEAFY protein function in land
plants (Maizel et al., 2005). Understanding how TFs changed their functional specificity during
evolution, and how these changes contributed to the recruitment of regulatory modules and
networks to novel functions over longer evolutionary time-scales, is another major open
question, which also should be addressed in the future by comparative regulatory genomics
approaches.

To address the question of how apparently novel organ types originated during
evolution, gene expression can provide support for homology to other organs. For example,
expression of meristem identity TFs suggests that tendrils in grapevine (Vitis vinifera)
originated from reproductive meristems (Calonje et al., 2004). At genome-wide level,
transcriptome profiling can be used to reveal more general evolutionary relationships in
developmental programs of different organs or developmental stages; for example, testing
the ‘hourglass’ model of animal embryo development (Domazet-Loso and Tautz, 2010; Kalinka
et al., 2010; Brawand et al., 2011). In the plant field, gene expression profiles of floral organs
in angiosperms and a non-flowering seed plant (a cycad) were used to test homology between
different organ types, addressing the question of the origin of the angiosperm flower
(Chanderbali et al., 2010). In another study, comparison of floral organ transcriptomes from
the basal eudicot Eschscholzia californica and A. thaliana revealed (with the exception of
MADS-box genes) extensive variation in the expression of genes with roles in flower
development between the two species (Zahn et al., 2010). In the future, it will be interesting
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to discern the molecular changes in developmental regulatory networks that contributed to
generate new morphological structures, such as flowers.

In summary, we strongly believe that comparative regulatory genomics approaches
will greatly contribute to our understanding of the molecular complexity underlying
morphological evolution in plants on short and long evolutionary time-scales.
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Abstract

Flower development is controlled by the action of key regulatory transcription factors of the
MADS-domain family. The function of these factors appears to be highly conserved among
species based on mutant phenotypes. However, the conservation of their downstream
processes is much less well understood, mostly because the evolutionary turnover and
variation of their DNA binding sites (BS) among plant species have not yet been experimentally
determined.

Here, we performed comparative ChIP (Chromatin-ImmunoPrecipation)-seq experiments of
the MADS-domain transcription factor SEPALLATA3 (SEP3) in two closely related Arabidopsis
species: A. thaliana and A. lyrata which have very similar floral organ morphology. We found
that binding site conservation is associated with DNA sequence conservation, the presence of
the CArG-box BS motif and on the relative position of the BS to its potential target gene.
Differences in genome size and structure can explain that SEP3 BSs in A. lyrata can be located
more distantly to their potential target genes than their counterparts in A. thaliana. In A.
lyrata, we identified transposition as a mechanism to generate novel SEP3 binding locations
in the genome. Comparative gene expression analysis shows that the loss/gain of BSs is
associated with a change in gene expression. In summary, this study investigates the
evolutionary dynamics of DNA BSs of a floral key-regulatory transcription factor, and explores
factors affecting this phenomenon.
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Introduction

Plant development is controlled by transcription factors (TFs), which form complex gene-
regulatory networks (Kaufmann et al., 2010a). Genome-wide TF DNA-binding studies revealed
that these factors have several thousands of binding sites in the Arabidopsis genome, and may
regulate the expression of many genes directly, likely in combination with other TFs (for
review, see Pajoro et al. (2014a)). Given the important role of developmental processes in
environmental adaptation of plants, there is a need to understand the molecular basis of
natural variation at the level of developmental gene regulation.

Until now, estimation of TF DNA binding sites (BSs) across plant species was done indirectly
using DNA sequence conservation studies, since the only in vivo genome-wide profiles of TF
DNA BSs were available for A. thaliana. Recent studies have focused on identifying conserved
noncoding sequences (CNSs) among distantly related flowering plant species (Hupalo and
Kern, 2013), within the Brassicaceae family (Haudry et al., 2013), among eudicots (Baxter et
al., 2012; Van de Velde et al., 2014) and in more targeted species comparisons (see Haudry et
al. (2013) for additional references). While the study by Haudry et al. (2013) resulted in the
recovery of the highest number of TF binding sites based on genome-wide TF DNA-binding
data in A. thaliana, Van de Velde et al. (2014) showed a higher specificity of BS recovery.
However, the fraction of recovered BSs varies widely between different TFs. For example,
approximately 34%, 15% and 8% of all BSs of the Arabidopsis MADS-domain TFs PISTILLATA,
APETALA1 and APETALAS3, respectively, were successfully predicted in the study of Van de
Velde et al. (2014). Haudry et al. (2013) found that although most Brassicaceae genomes
contained homologs for more than 75% of the A. lyrata CNSs identified by Haudry et al. (2013),
the early branching A. arabicum genome had homologs for only 38%, and outside
Brassicaceae, conservation of these CNSs was very low, ranging from 0.8% in O. sativa to 3.4%
in Carica papaya, which suggest that their A. lyrata CNSs show a high turnover rate outside
the Brassicaceae lineages. However, as noticed by the authors, an important fraction (75-fold
enrichment) of these CNSs seems to represent small noncoding RNAs, not only TF DNA BSs.

Recent studies in mammals and insects have characterized the conservation of TF DNA BSs
across different species using ChlP-seq approaches (see Villar et al. (2014) for a review). This
offers a direct way to experimentally measure TF DNA BS turnover. Although the number of
species and TFs studied are very limited at this moment, it appears that the turnover rate of
BSs seems to be different depending on the group of species studied. Developmental TF BSs
show higher conservation between Drosophila species compared with mammals when
considering similar evolutionary distances (Villar et al., 2014). In Drosophila species, it seems
that there is a stronger association between BSs conservation and regulatory function (Biggin,
2011; He et al., 2011) than in mammals (Schmidt et al., 2010; Stefflova et al., 2013).

Evolutionary mechanisms that drive regulatory diversification are poorly understood.
Theoretical models show that BSs can arise on relatively short time-scales upon accumulation
of base-pair substitutions (Stone and Wray, 2001). However, recent TF ChIP-seq comparative
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studies indicate that sequence changes in the TF binding motif only provide an explanation for
a minority (12-40%) of TF BS variation (Villar et al., 2014). This proportion increases when
sequence changes in BSs of interacting TFs within close distance of the motif are considered.
For example, whereas 40% of mice strain-specific PU.1 binding can be linked to a sequence
change in their DNA binding sequence, an additional 15% can be explained by mutations in
proximal CEBPa or AP-1 binding motifs (Heinz et al., 2013). This suggests that the conservation
of DNA-binding of a given TF is also affected by disruption of the binding motifs of other TFs
belonging to the same complex.

Besides mutation, another mechanism to create new TF BSs is transposition. The contribution
of transposition to BS variation seems to depend on the species studied. In mammals, there
are clear examples of BSs that were copied/moved by transposons (e.g. (Johnson et al., 2006;
Schmidt et al., 2012), while in Drosophila, an association between transposon activity and BS
variation has not been detected yet (Ni et al., 2012). This can be related with the fact that
mammalian genomes are rich in transposable elements (TEs) (de Koning et al., 2011), while
Drosophila genomes have a much lower content of these elements (Lynch et al., 2011). In
plants, E2F BS may have been amplified by transposon activity in Brassicaceae species (Hénaff
etal., 2014).

Although computational prediction of TF BSs allows estimating the extent of regulatory
divergence between species, the evolutionary turnover of TF BSs among plant species has not
yet been experimentally determined on a genome-wide basis. This is important as many
examples are known where changes in cis-regulation are causal for organismal diversity
(reviewed in Rodriguez-Mega et al. (2015)). To understand the evolutionary dynamics of TF BS
at a genome-wide scale, we therefore need in vivo experimental approaches to study TF BSs
in different species.

In contrast to animals, plants underwent frequent polyploidization events, resulting in a high
level of duplication in plant genomes. Duplications are normally followed by genomic re-
arrangements, frequent gene loss and plant lineage-specific functional gene diversification
(see, e.g. (Airoldi and Davies, 2012; Moghe and Shiu, 2014)). For example, the A. thaliana
genome has gone through two rounds of whole genome duplication after divergence from C.
papaya 70 million years ago (Proost et al., 2011). How polyploidization affects cis-regulatory
evolution is still largely unexplored. For the reasons mentioned above, we performed the first
comparison of BSs of a developmentally important TF at genome-wide scale between the two
closely related plant species A. thaliana and A. lyrata.

A. lyrata is a member of the Brassicaceae family and a close relative of the model plant species
A. thaliana. The two species diverged about 10 million years ago (Hu et al., 2011). The genome
of A. lyrata has a size of around 200 Mb (close to the family average; N=8), and is therefore
significantly larger (60%) than that of A. thaliana (~125 Mb; N=5) (Bennett et al., 2003; Hu et
al., 2011) . The A. thaliana genome size reduction can be largely attributed to deletions in non-
coding DNA and transposons, whereas the number of protein-coding genes is only 20% higher
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in A. lyrata than in A. thaliana (A. lyrata: 32,670; A. thaliana: 27,025). An overall sequence
identity of 80% allows alignment of the two genomes, and orthologs can be readily identified
due to the largely syntenic gene arrangements (Hu et al., 2011).

Although the overall morphology of flowers is similar between A. thaliana and A. lyrata,
specific differences exist that are linked to the different mating strategies (A. lyrata —
outcrossing, insect-pollinated; A. thaliana — selfing). Moreover, petals are larger in A. lyrata
and produce benzenoids (Abel et al., 2009).

We were interested in how differences in genome size and floral organ morphologies between
A. thaliana and A. lyrata are reflected in the evolution of gene regulation. Therefore, we chose
to compare DNA-binding sites of the floral MADS-domain TF SEPALLATA3 (SEP3) at genome-
wide scale in these two species using ChIP-seq experiments. SEP3 is a key mediator of higher-
order protein complex formation of floral homeotic MADS-domain TFs, and therefore an
important master regulator of flower development (Pelaz et al., 2000; Honma and Goto,
2001). We also quantified floral gene expression variation between the two species using
comparative mRNA-seq. We analyzed the impact of speciation on the evolutionary
conservation of SEP3 DNA-binding sites and potential direct target genes.

Results
Identification of SEPALLATA3 DNA-binding sites in two Arabidopsis species.

The protein sequences of the A. thaliana and A. lyrata SEP3 orthologs are identical in the DNA-
binding part of the MADS-domain, and also show a high level of identity in other parts of the
protein (Figure 1A). This allowed us to use a previously generated antibody against A. thaliana
SEP3 (AthSEP3) for chromatin immunoprecipitation (ChIP) experiments (Kaufmann et al,,
2009). The heterologous expression of an A. lyrata SEP3 (AlySEP3) promoter::gene fragment
fused to GFP was highly similar to that of the AthSEP3 GFP reporter gene fusion, supporting
the conservation of SEP3 gene functions in the two species (Figure 1B). As DNA-BSs of SEP3
may vary between tissues and developmental stages (Pajoro et al., 2014b), we performed a
staging of A. lyrata flower development using scanning electron microscopy, similar to a
previous study on A. thaliana (Smyth et al., 1990). The results showed that meristem and early
organ development in A. lyrata is similar to the development of A. thaliana as previously
reported (Smyth et al., 1990) (Figure S1), allowing us to harvest tissue with similar composition
for our ChIP experiments. We found that petal growth was enhanced after stage 11 of A. lyrata
flower development, resulting in enlarged petals in A. lyrata compared to A. thaliana (Figure
1C). Also the relative growth of anthers and carpels differs to some extent, especially during
later stages of flower development. Anthers in A. lyrata are larger compared to A. thaliana.

43

Chapter 3



Chapter 3

A B

AthSEP3
AthSEP3_ v E A SS 60
AthSEP3_
AlySEP3

AthSEP3 1 SSMLRTLERYQKCNYGAPEPNVPSREALA-E
AthSEP3_2 SSMLRTLERYQKCNYGAPEPNVPSREALAVE
AthSEP3_3 SSMLRTLERYQKCNYGAPEPNVPSREALAVELSSQC
AlySEP3  SSMLRTLERYQKCNYGAPEPNVPSREALAVE.

KRRk kKA R kAR AR AR AR AR Ak k kA Ak 3 kAR kAR R KRRk Ak

AthSEP3_1 I QLD: QIRALRTQ QLNDLQ MLTET GYQ 179
AthSEP3 2 GPLSTKELESLERQLDSSLKQIRALRTQF M ADGYQ 180
ELE SLK RTQF GYQ 166
ELE : GYQ 180

P

AthSEP3_3
AlySEP3

AthSEP3_1 MPLQLNPNQEEVDHYGRHHHQQQQHSQAFFQPLECEPTLQTGYQGQQDGMGAGPSVNNYM 239
AthSEP3_2 MPLQLNPNOEEVDHYGRHHHQQOOHSOAFFQPLECEPILQIGYQGQODGMGAGPSVNNYM 240
AthSEP3_3 MPLQLNPNQEEVDHYGRHHHQQQQHSQAFFQPLECEPTLQTGYQGQQDGMGAGPSVNNYM 226
AlySEP3 MPLQLNPNQEEVDHYGRHH----QHSQAFFQPLECEPILQIGYQGQQDGMGAGPSLNNYM 236

AthSEP3_1 LGWLPYDTNSI 250
AthSEP3_2 LGWLPYDTNSI 251
AthSEP3_3 LGWLPYDINSI 237
AlySEP3 LGWLPYDTNSI 247

C 9,00

M A thaliana

8,00 T
A lyrata
7,00

6,00

E
E 5,00

g e AthSEP3

3,00

2,00

1,00

0,00

sepals petals stamen anther carpel

Figure 1: SEP3 protein sequence and expression conservation. A: Multiple sequence alignment of
AthSEP3 splice forms and AlySEP3. Species-specific differences are indicated in bold. The MADS-domain
is labelled in red; the K-domain is marked blue. B: Maximum projection confocal images of inflorescence
and young floral meristems of A. thaliana plants harbouring either pAlySEP3::AlySEP3-GFP or
PAthSEP3::AthSEP3-GFP constructs. C: Sizes of mature floral organs in both species.

Inflorescence material with floral buds up to stage 10-11 was harvested from A. lyrata, in order
to use tissues that are morphologically as comparable as possible to the ones that we
previously used in A. thaliana SEP3 ChIP-seq experiments. ChIP-seq was performed as
described previously for A. thaliana (Kaufmann et al., 2009; Kaufmann et al., 2010b) in two
biological replicates, using a mock-IP (pre-immune serum) as control. Analysis of the two
biological replicates showed high level of reproducibility measured as number (logio) of
mapped reads per 1-kb window (R=0.84), as well as proportion of common BSs compared to
the other replicate (Figure S2). This reproducibility is in the same range as other comparative
ChlP-seq studies (He et al., 2011). For example the proportion of common BSs among different
D. melanogaster replicates was 74% when considering the top 3,488 Twist BSs (He et al., 2011)
which is comparable to 62% when using the top 3488 SEP3 BSs. For further analysis we focused
on the replicate with higher statistical power, as measured by the number of BSs detected.
Previous SEP3 ChIP-seq experiments from A. thaliana (Kaufmann et al., 2009) were re-
analyzed using the same approach and the most up-to-date genome version.
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ChIP-seq data analysis by CSAR (Muifio et al., 2011) revealed a slightly larger number (1.2 x)
of SEP3 BSs in the A. lyrata genome (2,784; FDR<0.01) compared with the A. thaliana genome
(2,276; FDR<0.01) (Table 1) which could be explained by the larger mappable genome size of
A. lyrata (1.2 x). With the parameters used for read mapping during the ChIP-seq analysis, the
length of the mappable nuclear genome used was 109 Mb for A. thaliana and 133 Mb for A.
lyrata. However, A. thaliana shows a larger number of potential SEP3 target genes (3,979;
FDR<0.01) than A. lyrata (2,831; FDR<0.01). We considered a gene as potential target of SEP3
when a SEP3 BS (FDR<0.01) is located within the 3 kb upstream and 1 kb downstream region
of that gene. The larger number of potential target genes in A. thaliana is related to the fact
that A. thaliana has a more compact genome, with an average distance of 3,334 bp between
the start of genes, whereas A. lyrata shows a larger average distance (6,186 bp); therefore, a
given BS in A. thaliana is more likely to be in proximity of more than one gene. SEP3 BSs in A.
lyrata are located more often in intergenic regions (defined as regions not overlapping with
the 3 kb upstream and 1 kb downstream of any gene) than in A. thaliana (Figure 2A,B),
suggesting that cis-regulatory regions in A. lyrata may be found more distal from the start of
the gene than in the compact A. thaliana genome.

Table 1: Number SEP3 BSs and potential target genes identified by ChIP-seq
Total number of BSs (potential target genes) for different FDR thresholds

FDR < 0.05 FDR < 0.01 FDR < 0.005
A. thaliana 3233 (5466) 2276 (3979) 2043 (3622)
A. lyrata 4167 (4184) 2784 (2831) 2137 (2198)
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Figure 2: SEP3 binding relative to genomic features in Arabidopsis thaliana and A. lyrata. (A, B)
Enrichment of SEP3 BSs within promoters (black line, up to 3 kb upstream of gene start) and
downstream regions (green, up to 1 kb downstream of end of gene) with the increase of the ChIP-seq
score threshold used. BSs within genes (red line) and peaks in intergenic regions without any
neighbouring gene (blue line) are also shown in the graph. Dotted vertical lines indicate FDR 0.05, 0.01
and 0.001, respectively. C: Distance of SEP3 BSs to the start of the closest gene in A. lyrata (red) and A.
thaliana (black).
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Even within promoters (which we define as regions up to 3 kb upstream of the start of the
gene), BSs in A. lyrata are located at larger distances to the start of the closest gene than in A.
thaliana (Figure 2C).

To be sure that these results are not an artefact of the potentially different quality of the gene
annotation used for each species, we created a new, ab initio, gene annotation using our
inflorescence RNA-seq gene expression data (see Material & Methods). Comparing this new
annotation with the TAIR10 and Aralyl gene annotations, some differences in the position of
the start of the gene were found. For A. lyrata, 11% of the genes among the targets of SEP3
showed a difference in the start position of the gene larger than 500 bp, for A. thaliana this
proportion was 6%. However, these differences do not affect the general results obtained with
the TAIR10 and Aralyl gene annotation that are reported in Figure 2 (see Figure S3).

Evolutionary turnover of SEP3 DNA-binding sites

To study the evolutionary history of individual SEP3-bound genomic regions and to get an
estimate of the global BS turnover, we identified pairs of orthologous genomic regions in A.
lyrata and A. thaliana. For this, we made use of the aligned genomes of the two species (Frazer
et al., 2004; Dubchak et al., 2009) and used only alignments identified as orthologous regions
(total size, 80 Mb). In total, 98% (2,229/2,276) of all SEP3-bound regions in A. thaliana and 83
% (2,313/2,784) of SEP3-bound regions in A. lyrata reside in detected orthologous genomic
regions between both species. To study the level of evolutionary BS turnover between the two
species, we focused on BSs located in alignable genomic regions, and took into account the
level of reproducibility between independently generated biological replicates. Analogous to
the comparative Drosophila ChiP-seq study by (He et al., 2011), we compared overlap of SEP3
BSs between biological replicates and between the two Arabidopsis species depending on the
ChlP-seq score threshold (Figure 3).
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Figure 3: Proportion of conserved SEP3 BSs between and within species. The plots show the proportion
of common BSs between the best AlySEP3 replicate and the top 3,000 BSs of other ChlP-seq datasets
(A), and the proportion of common BSs between the best AthSEP3 replicate and the top 2,000 BSs of
the other ChiP-seq datasets (B). Only BSs located in regions that are alignable with the other species
were considered.
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We found that at FDR 0.01, the overlap between biological replicates was limited, but reached
levels greater than 80% (A. lyrata) and greater than 90% (A. thaliana) at higher score
thresholds. This confirms a good reproducibility between the biological replicates (see also
Figure S2). Similarly to He et al. (2011), in order to correct for the different numbers of BSs
that were identified in the datasets at any FDR threshold, we compared the proportion of
common BSs using a fixed number of total BSs. For example, for the AlySEP3 replicate with
the largest statistical power, we detected near 3,000 BSs at FDR<0.01 (Table 1). Therefore, we
calculated the proportion of common BSs compared with the top 3,000 BSs identified in the
other AlySEP3 biological replicate (Figure 3A), and with the top 3,000 BSs identified in each
AthSEP3 replicate. We found that only maximal 35% of the AlySEP3 BSs are conserved within
any of the two A. thaliana replicates. This fraction is significantly lower than the reproducibility
between biological replicates in A. lyrata (Figure 3A). In particular, at FDR<0.01 the proportion
of common BSs between species was, on average, 26%, while among AlySEP3 replicates it was
60%. If we consider a threshold at which the proportion of common BS between replicates is
90%, we obtained a proportion of conservation of 21% between species. Similar conservation
ratios are obtained if the top 2,000 BSs are used instead of the 3,000 top BSs. For example, at
a proportion of common BSs of 90% between replicates, we obtained a proportion of
conservation of 20% between species.

In a similar manner, we studied the BS reproducibility and conservation using the best AthSEP3
ChlP-seq replicate as reference (Figure 3B). As the number of BSs that was detected was
approximately 2,000 at FDR<0.01, we estimated the proportion of conservation with the top
2,000 BSs in the other samples. Here, we found that at FDR<0.01 the proportion of common
BSs between species was, on average, 18%, and among AthSEP3 replicates was 75%. If we
consider a higher threshold, with 90% of common BSs between replicates, then we obtain a
proportion of conservation of 21%.

We then looked at the function of genes located in the vicinity of the common 529 BSs (at
FDR<0.01). Among the potential target genes, there was an enrichment (BINGO, (Maere et al.,
2005)) of gene ontology (GO) terms related to the main function of SEP3 when compared with
all potential target genes near the 2,229 AthSEP3 BSs. In particular, “negative regulation of
developmental process”, “post-embryonic organ development”, “stamen development”,
”androecium development”, and “floral organ development” (p<7 x 10~°) were the top five GO
categories enriched (Table S1). Regarding TF families, MADS-box, GRAS and TCP families were
the only families significantly enriched (hypergeometric test; p<0.05, only families with more
than two members were considered) among the targets of the common 529 BSs when
compared with all AthSEP3 targets (Table S2). The BS turnover is as low as 62 % (36 out of 58)
when we only consider AthSEP3 BSs near a MADS-box, GRAS or TCP TF gene. This is
significantly lower (p<0.012, Chi-Square test) than when considering all AthSEP3 BSs (76%).
Therefore, our data indicate a high turnover of SEP3 BSs in general, but BSs near target genes
potentially related to the core function of SEP3 show a lower turnover. Indeed, SEP3 BSs near
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major homeotic and other flower developmental key-regulatory loci are largely conserved

(see Figure 4 for some examples).
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Figure 4: Conservation of SEP3 DNA-binding and potential direct target genes between A. lyrata and
A. thaliana. SEP3 BSs in several homeotic and other key-regulatory gene loci are shown in the aligned
genomes. The respective genomic locus of each TF gene in A. lyrata is indicated. The horizontal dotted
line indicates the FDR<0.01 threshold.

DNA sequence and binding site conservation

Next, we studied the relationship between DNA sequence conservation and SEP3 BS
conservation. To test how well the general level of DNA sequence conservation correlates with
conservation of TF binding, we used PhastCons scores as a measure of conservation. The score
of a given region represents the probability of belonging to a conserved element and ranges
between 0 and 1. We obtained the PhastCons scores from nine Brassicaceae genomes from
(Haudry et al., 2013). We found that the average PhastCons scores were significantly higher in
genomic regions that were commonly bound by SEP3 in A. thaliana and A. lyrata than in
regions that were bound specifically in either A. lyrata or A. thaliana (Figure 5A). We found an
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enrichment (Figure 5B) in regions defined as conserved non-coding sequences (CNSs) by
Haudry et al. (2013) among the conserved SEP3 BSs compared with the A. thaliana-specific
BSs (p<0.0001 Fisher’s exact test) or compared to the A. lyrata-specific BSs (p<0.0001 Fisher’s
exact test) (Figure 5B). The presence of a CArG-box motif in the bound region in both species
is also associated with BS conservation (Figure 5C-D). The CArG box sequences of A. thaliana-
specific BSs contain more mutations, deletions, and insertions in their “orthologous”
nonbound sequences in A. lyrata than CArG-boxes in BSs that are conserved between both
species (Figure S4A and D). Previously, it has been described that the length of the A-tract
region inside of the CArG-box motif is important for SEP3 DNA binding (Muifio et al., 2014).
Indeed, the length of the A-tract inside of the CArG motif was more often maintained in
conserved BSs than in species-specific BSs (Figure S4C).
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Figure 5: SEP3 binding conservation vs. DNA sequence conservation. A: Average PhastCons
conservation score in SEP3-bound regions that are commonly bound in A. thaliana and A. lyrata, as well
as in species-specifically bound regions. B: Proportion of common and species-specific SEP3 BSs
overlapping with a conserved non coding sequence (CNS) defined by (Haudry, et al. 2013). C-D:
Proportion of genomic regions with conserved or species-specific SEP3 binding that contain sequences
matching the ‘perfect’ CArG box consensus (CC[A/T]sGG) or (CC[A/T],G). E: Proportion of regions that
are bound in A. thaliana out of the regions that are significantly bound (FDR<0.01) or not-bound
(FDR>0.01) in A. lyrata (continuous line vs. dash line), depending on the PhastCons score. F:
Quantitative changes in SEP3 binding levels depending on the PhastCons score in regions with a BS in
at least one species. Regions with low PhastCons scores show larger quantitative changes in the SEP3
ChiIP-seq score between both species than regions with higher PhastCons scores. Graphs E and F were
calculated using moving average (window size 0.05). abs = absolute.
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The distribution of mutations along the CArG-box region is not uniform. The C/G nucleotides
on the border of the motif, as well as some positions within the [A/T] rich core and certain
surrounding positions are more often mutated in the A. thaliana-specific BSs than in the
common BS regions (Figure S4B). Quantitative changes in SEP3 occupancy levels are
associated with differences in PhastCons scores (Figure 5F; Pearson’s r=-0.21; p<2.2 x 1076),

Genomic position and DNA binding site conservation

Prompted by the observation that the distribution of SEP3 BS position relative to their
potential target genes was different in A. thaliana compared to A. lyrata, we studied how BS
“relocation” may affect BS conservation. To our surprise, we detected a high variability in the
position of SEP3 BSs relative to their potential target genes. Even when we considered only
the 529 SEP3-bound regions common to both species at FDR 0.01, the relative positions

to their potential target genes show a large variation (Figure 6A). Conserved AthSEP3 BSs
located in promoter regions tend to be located further upstream in A. lyrata (-1.5 kb on
average), meanwhile the ones located downstream the start of a gene tend to be located
further downstream in A. lyrata (707 bp on average) (Figure 6A, Figure S5).

Our data show that BS conservation depends on the conservation of the location relative to
the start of the target gene. When the BS was located originally in the core promoter region
(1 kb upstream; Figure 6B, green line), the BS conservation measured as proportion of
AthSEP3 BSs conserved in A. lyrata inversely depends on the extent to which their position
has changed in A. lyrata (Pearson’s r = -0.92; p<0.0002).
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Figure 6. SEP3 BS conservation vs. position conservation. A: AthSEP3 BS relative position to their target
gene compared to their orthologous regions in Arabidopsis lyrata when the BS is conserved. We only
considered the BSs that were common to both species. For different scale of the y-axis, see Figure S4.
B: Proportion of AthSEP3 BSs that is conserved with A. lyrata depending on the location of the AthSEP3
BS relative to the start of the gene and depending on the distance to the AthSEP3 BS. The x-axis shows
the distance between the AthSEP3 BS to its orthologous region in A. lyrata; O indicates that both regions
are located in the same position relative to the TSS of their gene, a value of, for example 500 bp means
that the orthologous region in A. lyrata is 500 bp upstream of the A. thaliana region relative to the
gene.
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However when the AthSEP3 BS is located further upstream, changes in relative position to the
target gene seem not to significantly affect BS conservation (Pearson’s r = -0.16 p<0.64 for the
region 1-2 kb, and r=0.09 p<0.80 for the region 2-3 kb) (Figure 6B). This suggests that in the
case of BSs that are located in the core promoter, the position plays an important role in
functionality, for example, due to required direct interactions with the basic transcriptional
machinery. More distant SEP3 BSs seem to be more flexible in position.

Generation of new SEP3 DNA-binding events by transposition

Given that many SEP3 binding locations were species-specific, we were interested in potential
mechanisms by which BSs may arise during short periods of evolutionary time. Although BSs
can originate de novo by DNA sequence mutations, this is a slow process. It has been estimated
that the time for a particular 10 bp motif to emerge de novo by mutation in a 1 kb promoter
to be between 2 x 10%° and 4 x 10'° generations (Behrens and Vingron, 2010). An alternative
mechanism is transposition of BS regions; transposons that harbor TF BSs can, potentially,
‘amplify’ their particular sequence to generate cis-regulatory elements in new locations. Later,
these cis-regulatory elements can evolve to regulate nearby genes, although only few studies
so far have demonstrated such a mechanism for the origin of novel ‘functional’ TF binding
sites (de Souza et al., 2013). Recent ChIP-seq experiments on stem-cell regulatory TFs in
humans and mice support this idea (Kunarso et al., 2010). The genome of A. lyrata shows a
high number of transposons and transposon activity. About 50 % of the genomic sequence
that is not present in A. thaliana encodes transposons (Hu et al., 2011). Despite our stringent
mapping approach of the sequence reads, which discards reads that map to several genomic
locations, we identified 307 AlySEP3 BSs for which the maximum ChIP-seq score position
resides in TEs or other repetitive sequences. In contrast, only 16 AthSEP3 BSs reside in these
elements. In A. lyrata, the BSs are specifically overrepresented in some types of elements,
such as the super-families of DNA/MuDR and DNA/hAT transposons (p<0.005;
hypergeometric test), as well as an uncharacterized repeat element family (rnd-6_family-174,
hereafter abbreviated ‘6-174’) (Table $S3). Because of the particularly strong enrichment (89
out of 169 elements containing a SEP3 BS), we investigated the family 6-174 further. We found
that sequences of this family are tightly associated with Long Terminal Repeat (LTR)/Copia
retrotransposons in the genome: 96 out of 169 6-174 members are directly adjacent to such
a transposon, and all but 7 are located within a distance of less than 200 bp to an LTR/Copia
type transposon. Multiple, largely conserved CArG boxes are frequently identified in
sequences of the 6-174 family (Figure S6). 72 % of all 6-174 sequences that have a significant
SEP3 BS possess at least one perfect CArG box of the consensus CC[A/T]6GG, whereas only 54
% of all those sequences without a SEP3 BS possess a CArG box. CArG box sequences of type
CC[A/T]+G are not enriched in 6-174 sequences with SEP3 BSs. In A. thaliana there are only
nine 6-174 elements. None of them shows a SEP3 BS in our data, neither do they contain a
perfect CArG-box motif (CC[A/T]6GG or CC[A/T];G). The outgroups Capsella rubella and C.
papaya have none of these elements in their genomes. This indicates that the creation of
these new BSs by the element 6-174 was a recent process and specific to A. lyrata. When
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studying the genes that are associated with transposons or other repetitive elements that
have SEP3 BSs compared with genes associated with transposons or other repetitive elements
without SEP3 BSs, we found an overrepresentation of genes involved in ‘embryo
development’, ‘meristem structural organization’, and ‘anatomical structure arrangement’
among others (Table $4; p<0.05).

Among all genes with a TE inserted in their 3 kb upstream region in A. lyrata, 21% were
significantly (FDR<0.05; foldchange > 0) more highly expressed in A. lyrata compared with A.
thaliana inflorescences, whereas 16% were more highly expressed in A. thaliana (FDR<0.05;
foldchange < 0). When we only consider TEs carrying a SEP3 BS, the proportions significantly
change (p<0.032; Chi-square test) to 12% (more highly expressed in A. lyrata) and non-
significantly change (p<0.45; Chi-square test) to 17% (more highly expressed in A. thaliana),
which indicates that TEs containing a SEP3 BS may have a different effect in gene expression
than TEs without any SEP3 BS. However, more experimental data are needed to assess the
impact of SEP3 BSs located in the transposons on gene regulation.

Protein sequence evolution vs. DNA-BS conservation

Following Susumu Ohno (Ohno, 1970), after a duplication event, the retained duplicates may
1) diverge in function (neofunctionalization), and therefore one of the duplicated genes will
retain the ancestral function, whereas the other duplicated gene may be relieved from
purifying selection, allowing it to develop a novel function; 2) different functions or regulatory
patterns of an ancestral gene might be split over the different paralogs (subfunctionalization);
and 3) duplication may preserve the ancestral function in both duplicates, thereby introducing
redundancy and/or increasing activity of the gene (gene dosage). Using the information from
the SEP3 ChIP-seq data, we wanted to study the relation of TF regulation conservation and
functional conservation of proteins (measured by the strength of purifying selection) in this
context.

To approach this question, we only considered AlySEP3 target genes with one ortholog and at
least one paralogin the A. thaliana genome (395 A. lyrata genes). when the A. thaliana paralog
has a SEP3 BS, we observed that the presence of a SEP3 BS in the A. thaliana ortholog
negatively depends on the strength of the purifying selection of protein sequences
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Figure 7. SEP3 binding conservation vs divergence time and the impact of purifying selection of
associated genes. A: Distribution of the K, / Ks values for orthologous genes in Arabidopsis thaliana
and A. lyrata. B: Proportion of orthologous genes with conserved BS depending on their K, / Ks values
when at least one A. thaliana paralog has conserved regulation (continues line) or not (dashed line). To
estimate this proportion, a moving average was employed using overlapping windows of size 0.2. Only
AlySEP3 target genes with orthologs in A. thaliana and at least one paralog in the A. thaliana genome
were considered.

of the orthologous genes (Figure 7B, black line). Specifically, when the A. thaliana paralog has
a SEP3 BS, only 32% (8/25) of A. thaliana orthologs with Ka/Ks < 0.1 also have a SEP3 BS,
whereas this proportion significantly increases to 57% (23/40) for orthologs with Ks/Ks > 0.1
(P <0.039, Fisher’s exact test). On the other hand, when the A. thaliana paralog does not have
a SEP3 BS, the presence of a SEP3 BS in the A. thaliana ortholog is independent of purifying
selection (Figure 7B, red line). Specifically, when the A. thaliana paralog does not have a SEP3
BS, 30% (31/102) of A. thaliana orthologs with Ks/Ks < 0.1 have a SEP3 BS, and this proportion
does not change significantly (P<0.21, Fisher’s exact test) for orthologs with Ka/Ks >0.1 (25%,
58 of 228 have a BS). In summary, considering A. lyrata genes with a SEP3 BS, there is a
tendency to have less purifying selection at the level of protein sequence when both the A.
thaliana ortholog and its paralog have a BS (potential regulatory conservation), compared
with the situation when only one of them (the ortholog or the paralog) has a SEP3 BS (potential
regulatory divergence).

Cross-species comparison of floral transcriptomes and potential direct target genes

To compare the gene expression levels of developing flowers in the two species, we generated
directional mRNA-seq data of the same type of tissues as was used for the ChlP-seq
experiments in A. thaliona and A. lyrata. Datasets were generated in three biological
replicates, and showed a high level of reproducibility (Figure S7 R = 0.98). Quantitative
comparison of the floral transcriptomes from the two species showed that the majority of
orthologous gene pairs showed similar levels of expression. 2,454 out of 18,166 (14%) gene
pairs were significantly differently expressed (FDR<0.05; abs(log2ratio)>1.5) among the floral
transcriptomes of the two species. Combined with expression data from leaves generated

53

Chapter 3



Chapter 3

with the same directional mRNA-seq protocol, we found that differences in expression of
orthologous genes between tissues of the same species are higher than the changes in the
same tissues of two closely related species. In contrast, paralogs show higher expression
differences between species than between tissues (Figure 8A). This suggests that orthologous
gene pairs are evolutionarily constrained to maintain their tissue-specific expression patterns,
whereas paralogs can evolve lineage-specific expression patterns (and possibly lineage-
specific functions). This trend is enhanced for genes with SEP3 binding sites (3 kb upstream of
the start to 1 kb downstream of the end of the gene) in both species: orthologs show less
expression differences, whereas paralogs tend to be more differentially expressed (Figure S8).

Next, we studied changes of gene expression associated with loss or gain of SEP3 BSs. We
found that orthologous genes with SEP3 BSs in both species tend to have a conserved
expression (Figure 8B). In contrast, orthologs with species-specific BSs have a slightly higher
proportion of differentially expressed genes (Figure 8B). Genes with higher occupancy levels
of SEP3 in A. thaliana tend to be more strongly expressed in this species (Figure S8). These
data suggest that loss or gain of SEP3 BSs can be associated with changes in gene expression,
and they support the idea that SEP3 mainly acts as an activator of gene expression (Kaufmann
et al., 2009). Nevertheless, most orthologous genes (irrespective of whether they have a SEP3
BS) have a more similar expression level in the two species based on our data than when
comparing different tissues of the same species.

Finally, we were interested in the functional annotation of genes that were commonly or
species-specifically bound by SEP3. Among the target genes that had at least one BS in both
species, we found that various GO categories related to floral organ development,
meristematic growth and hormonal responses were enriched (Table S5). This suggests that
the core-regulatory functions of SEP3 in the two species are conserved. However, we also
found that specific GO categories were enriched in a species-specific fashion. Among the GO
categories that are specifically enriched for A. lyrata-specific SEP3 target genes, there are
several categories related to cell wall morphogenesis, cell wall modifications, pollen tube
growth and pollination. Among the GO categories enriched for A. thaliana-specific SEP3 target
genes, there are several categories related with RNA interference (Table S5), as for example
with genes such as DEFECTIVE IN MERISTEM SILENCING 3, ARGONAUTE 10 and KRYPTONITE.
Whether differences in SEP3 binding to specific target gene promoters are causal to
phenotypic divergence of the two species requires future investigation.
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Figure 8. Evolution of gene expression versus changes in SEP3 binding. A: Overall gene expression
comparison in leaves and inflorescences of Arabidopsis lyrata, and in inflorescences of A. thaliana vs.
A. lyrata. The analysis was done for orthologous genes and for paralogous genes. B: Proportion of genes
with common or species-specific SEP3 BSs that have a higher expression either in A. lyrata or in A.
thaliana inflorescences.

Discussion

In this work, we compare the DNA binding landscapes of the floral master regulatory TF SEP3
in two closely related plant species as a first step to experimentally study the evolutionary
dynamics of functional cis-regulatory elements in plants. We found that the level of SEP3 BS
conservation between the species considered was on average 21%, around four times lower
compared with the level of conservation between biological replicates when considering a
ChlP-seq threshold in such a way that the proportion of common BSs between biological
replicates was 90%. BS conservation was estimated only from the proportion of the genome
that can be aligned between both species. Non-aligned regions represent regions present only
in one species, or regions with a DNA sequence that is too divergent to be aligned. BSs in such
regions (2% for AthSEP3 BSs, and 17% for AlySEP3 BSs) are therefore likely to be not
conserved, suggesting that the true genome-wide proportion of conserved BSs may be slightly
lower than our estimate. On the other hand, differences in tissue sampling or spatiotemporal
variation of SEP3 binding in the two species could lead to an overestimation of BS variation.

Arabidopsis lyrata and A. thaliana diverged approximately 10 million years ago (Hu et al.,
2011), which is in a similar time range of D. melanogaster and its closest relatives (~2.5-30
million years ago), or of human and macaque (~20 million years ago). The variation of BSs
detected between A. lyrata and A. thaliana is negatively correlated with DNA conservation
and the conserved presence of perfect CArG-boxes. Not all positions of the motif seem to have
the same importance (Figure S4). However, many BSs are occupied in a species-specific
manner despite presence of a conserved CArG box in the other species (Figure 5C, D and
Figure S4A). This could be related to the fact that DNA sequence residues outside the core
CArG box can contribute to BS functionality, and that binding of other (cooperatively acting)
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TFs or chromatin structure is perturbed in the other species, as has been indicated by studies
in animals (for review, see Villar et al. (2014)). Variability of BSs is affected by transposon
activity. The possibility that TF BSs can be generated by transposition has been described
previously (Feschotte, 2008). For example, there is evidence of CTCF and REST BS amplification
in mammals associated with TEs (Johnson et al., 2006; Schmidt et al., 2012). The importance
of this mechanism seems to be dependent on the group of species studied, since for example,
in Drosophila, no examples of association between transposon activity and BS variation have
been identified yet (Ni et al., 2012). This could be related to the fact that mammalian genomes
are rich in TEs (de Koning et al., 2011), while Drosophila genomes have a much lower content
of these elements (Lynch et al., 2011).There is also evidence that TEs can move the BSs of cell-
cycle and developmental regulator E2F in plants (Hénaff et al., 2014). Therefore, transposition
in A. lyrata could explain part of the observed A. lyrata-specific BSs. We detected a much
higher proportion of BSs located in transposons in A. lyrata than in A. thaliana, supporting the
idea that in A. lyrata transposition is a more important mechanism creating new BSs than in
A. thaliana, which is in line with the fact that transposon activity is much higher in A. lyrata
than in A. thaliana (Wright et al., 2001; Hollister et al., 2011).

The difference in genome size between A. lyrata and A. thaliana is not only due to the
deletion/insertion of large genomic regions, but mostly due to small deletions/insertions
(indels) (Hu et al., 2011). These indels may change the position of cis-regulatory elements
relative to their potential target gene. Indeed, we observed a significant variation (Figure 6B)
in the relative position of orthologous BSs to their orthologous candidate target gene. We also
observed that a change in the relative position is negatively associated with the conservation
of the BS, when the BS is originally located in close proximity to the start of the gene (0 to 1
kb upstream region). This may be one mechanism for creating gene regulatory diversity in
plants, where, in contrast to mammals, genome expansion and reduction events are relatively
frequent (Bennetzen et al., 2005; Dehal and Boore, 2005; Hawkins et al., 2009).

But how can a low level of SEP3 BS conservation agree with functional conservation?
Interestingly, BS conservation is not uniform across the genome. One of the main functions of
SEP3 is to control the specification and development of floral organs. Potential direct target
genes involved in floral organ development (and related ontology terms; see Results section)
show higher BS conservation than genes with other functions. This can explain how the plant
can tolerate the low BS conservation: essential target genes for the function of the TF are
often conserved, but there is a higher rate of BS turnover in other regions that are not essential
for the (main) function of the TF. It is also possible that many BSs are without any regulatory
function, but are rather a byproduct of evolution, non-functional at this moment in the
context of gene regulation. Based on previous results, it is known that usually only for a subset
of genes with BSs of floral MADS-domain TFs, a regulatory function based on gene expression
profiling experiments can be identified (Kaufmann et al., 2010c; Wuest et al., 2012;
O’Maoiléidigh et al., 2013; Pajoro et al., 2014b). In fact, this is a common phenomenon and
may result from a combination of experimental limitations (e.g. range of tested conditions),
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and lack of regulatory activity of certain BSs. For example, a recent study on knockdowns of
59 TFs in human cell culture found that the global effect on gene expression was very low, as
the median proportion of potential target genes with altered expression was 9.2% among the
59 TFs studied (Cusanovich et al., 2014).

We found that the relative position of the BS to its candidate target gene affects the
conservation of the BS. However, this correlation was only significant for BSs located in the
proximal promoter regions (up to 1 kb upstream start of the gene; Figure 6). BSs located in
distal promoter regions (1 to 3 kb upstream) did not show a significant correlation. This
indicates that BSs located up to 1 kb upstream of the start of the gene depend on some type
of interaction with the TSS in order to exert their role in gene regulation. On the other hand,
BSs located 1-3 kb upstream of the start of the gene do not show this correlation, suggesting
that their function seems to be independent of their relative position to the start of the gene.
The classical definition of enhancers identifies these elements as insensitive to changes in
position and orientation relative to the start of the gene (Maston et al., 2006). Therefore, the
BSs which are independent in their position relative to the start of the gene can be considered
as being located in enhancer elements, whereas the ones that depend on their relative
position to the start of the gene will be located in the core promoter.

The possibility that TF BSs can be generated by transposition has been described previously
(Feschotte, 2008). For example, there is evidence of CTCF and REST BS amplification in
mammals associated with transposable elements (Johnson et al., 2006; Schmidt et al., 2012).
But how gradual or fast is this process? We found that the family of repetitive elements ‘rnd-
6_family174’ alone has contributed to the creation of 89 new SEP3 BSs in A. lyrata. This family
of repetitive elements is highly amplified specifically in the A. lyrata genome where 169
locations of this family can be identified in the genome, in contrast to 9 in the A. thaliana
genome, and none in Cap. rubella and C. papaya genomes. Therefore, the most likely model
to explain this observation is that there was a ‘burst’ of LTR/Copia transposition events that
amplified this family of repetitive elements at some moment after the divergence of A.
thaliana and A. lyrata, which led to the amplification of SEP3 BSs in the A. lyrata genome.
Indeed, the evolution of repetitive families follows a ‘burst and decay’ model (Maumus and
Quesneville, 2014) with the proliferation of identical copies that with time accumulate
mutations and deletions until they are distinct in sequence from the original copies. When the
repetitive element carried a cis-regulatory element, this mechanism of multiplication has the
consequence of increasing the number of BSs, and therefore the regulatory diversity, in a short
period of time, which could be advantageous for the plant to adapt to new conditions.

In our study, we found evidence of the importance of subfunctionalization in the evolution of
SEP3 binding after duplication of its target genes. When both paralogs conserved the SEP3
binding there are low levels of purifying selection acting on the protein sequence of the target
gene, and likely this will allow for functional diversification of the proteins
(neofunctionalization). When only one of the paralogs conserved the ancestral SEP3 binding,
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there is higher purifying selection and likely the paralogs will keep similar protein function,
although their regulation and perhaps their tissue specificity may vary (subfunctionalization).
This is in line with the study of (Castillo-Davis et al., 2004) in Caenorhabditis elegans that
reports that selection can act independently on gene regulation and protein sequence for
duplicated genes, while prior to a duplication event the selection on gene regulation and
protein sequence is weakly coupled. An important difference between A. thaliana and A.
lyrata is the phenotypes associated with the reproduction strategy. Evolutionary transition
from outcrossing to selfing is usually linked with smaller flower size, closer opening angles of
petals, lower pollen-to-ovule ratio, reduced separation between anthers and stigma
(herkogamy), and less nectar and scent production (Sicard and Lenhard, 2011). The molecular
basis of the correlated evolution of these floral phenotypes is still unclear. Most interestingly,
it is unknown whether there is a common molecular mechanism that explains this co-
evolution of floral characteristics. Because SEP3 is a master regulator of floral development, it
is possible that there is an association between changes in its target gene networks and the
co-evolution of the phenotypes associated with the mating strategy. Among the A. lyrata-
specific targets, we detected an interesting enrichment in GO terms: cell wall loosening (which
can be associated with organ growth), pollen tube growth and pollination among others (see
Table S5; Results section). Among the genes that are involved in pollen tube growth and
pollination are genes such as POLLEN DEFECTIVE IN GUIDANCE 1 (POD1) (Li, et al. 2011) as
well as ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 3 (RIC3) and ROP1 ENHANCER 1
(REN1), which have functions in ROP1 Rho GTPase-dependent pollen tube growth (Guan et
al., 2013). In future research, it will be interesting to study to which extent the observed
differences in SEP3 binding are causally associated with the alternative mating systems in the
two species.

Material and methods

Plant growth

A. lyrata ssp. lyrata plants were grown on soil under standard long-day conditions. After germination
the plants were vernalized for 7-10 weeks at 8 °C, and then transferred to 20 °C, standard long-day
conditions. Alternatively, plants were vernalized for 7 weeks at 8 °C /4 °C day/night under short day
(12h day, 12h night), and then transferred to 20 °C, standard long-day conditions. Arabidopsis thaliana
plants were grown on rock-wool in a growth chamber with standard long-day conditions (16h day, 8h
night).

Reporter GFP construct of AlySEP3 promoter and genomic locus

AlySEP3 with upstream region was amplified using primers Fw 5’-CTTGACTAGCCCACAACACTTC-3’ and
R 5-AATAGAGTTGGTGTCATAAGGTAACC-3'. The polymerase chain reaction fragments were cloned
into the GATEWAY vector pCR8/GW/TOPO from Invitrogen and transferred through LR reaction into
the destination vector AM884381 (pGREEN-GW-eGFP; (Zhong et al., 2008). Expression vector was
introduced into A. thaliana ecotype Col-0 by floral dip transformation. Transformant plants were
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selected on MS medium with BASTA. For comparison, we used previously generated pSEP3::SEP3-GFP
plants (4.1 kb promoter, (Smaczniak et al., 2012b).

Confocal scanning laser microscopy

GFP tagged protein localization was observed trough CSLM on Leica SPE DM5500 upright microscope
using a ACS APO 40x/1.15 oil lens and using the LAS AF 1.8.2 software. GFP was excited with the 488-
nm line of an Argon ion laser. Confocal image acquisition was performed essentially as described in
(Urbanus et al., 2009), with the GFP emission filtered with a 505-530 nm band pass filter, and
chloroplast autofluorescence with a bandwidth of 650 nm (long pass filter). Image processing and
three-dimensional projections were performed using the LAS AF 1.8.2 software package.

Scanning electron microscopy

The SEM procedures were essentially as in (Caris et al., 2006). Plant material was fixed in FAA (40%
formalin, acetic acid, 70% alcohol, 5:5:90) and buds were dissected in 70 % ethanol under a stereo-
microscope. Dehydration was through a series of 70 % ethanol, a mixture (1:1) of 70 % ethanol and
DMM (dimethoxymethane) each for 5 min. and pure DMM for 20 min. The samples were critical point
dried using liquid CO, in a BAL-TEC CPDO030 (BAL-TEC AG, Balzers, Liechtenstein). The material was
mounted onto stubs and gold-coated with a sputter coater (SPI Supplies, West Chester, Pennsylvania,
USA). Observations were made using a JEOL JSM-6360 microscope at the Department of Biology,
KULeuven.

ChIP-seq data generation and analysis

Publically available AthSEP3 ChiIP-seq data (Kaufmann et al., 2009) was downloaded from GEO
(GSE14600). In particular, SRR016810 was as IP sample (first replicate), SRR016813 as IP sample
(second replicate), and SRR016812 as control sample. Generation of ChIP samples and
preparation of Illumina sequencing libraries were performed on A. lyrata inflorescences
essentially as described previously (Kaufmann et al., 2010b). Sequencing libraries for AlySEP3
ChIP-seq were generated using Genome Analyzer llx, HiSeq2000 or Miseq, see Table S6 for a
summary of number reads generated. Low-quality reads from libraries sequenced with Hiseq2000
were removed as this is not done automatically as for the Genome Analyzer IIx. The sequence
datasets were submitted to Gene Expression Omnibus (GEQ) (accession number GSE63464).
Sequences in FASTQ format were mapped to the unmasked A. thaliana genome (TAIR10) or to
the A. lyrata genome (Aralyl) depending of the origin of the library using SOAPv2 (Li et al., 2009).
A maximum of two mismatches and no gaps were allowed, and reads were iteratively trimmed
from the 5" end until mapped or their length fell below 31 nt. Only uniquely mapped reads were
retained. Sequence reads mapping to the plastid and mitochondrial genomes were eliminated.
For A. lyrata, only reads mapping to the 9 longest scaffolds were retained (scaffold length > 1Mb).
The R package CSAR was used for peak calling for each biological replicate independently with
default parameter values except for backg, which was set to 5 for all the analyses except AlySEP3
ChlIP-seq replicate 1 which was set to 14. A value of 5 for the parameter backg indicates that
regions having less than 5 reads mapped in the control were set to 5 to avoid false-positive results
due to the low coverage of the control in some regions. We set the value of backg in AlySEP3
ChlP-seq replicate 1 analysis to 14 because the higher coverage of these libraries (see Table S6).
FDR thresholds were estimated by permutation of reads between IP samples and controls using
CSAR for each biological replicate independently and using default parameter except backg which
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was set to 5. Reproducibility of the biological replicates was estimated taking counting number
of mapped reads (log2) in non-overlapping windows of size 1kbp it gives a high Pearson
correlation coefficient for A. lyrata (r=0.842). Only the biological replicate showing a higher
enrichment on BSs near start of the gene was used for further analysis. Candidate target genes
were defined as genes containing a significant (FDR<0.01) binding event in the region between 3
kb upstream and 1 kb downstream of the annotated gene. Gene annotation was obtained from
Phytozome v8.0, only annotation denoted as “mRNA” was used, and only these loci defined as
primary transcripts.

RNA preparation for RNA-seq

RNA was prepared from A. lyrata tissue samples using the Invitrap spin plant RNA mini kit
(Stratec) according to the manufacturer’s instructions. RNA concentrations were determined
using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific).

RNA-seq analysis

Directional RNA-seq libraries were generated and sequenced in triplicates for A. thaliana
inflorescences, and A. lyrata inflorescences and leaves (Table S6). For each library independently reads
were mapped to the transcriptome sequence of corresponding organism. We downloaded the
sequences of  the primary  transcript  from Phytozome version 8.0, file:
“Athaliana_167_TAIR10.transcript_primaryTranscriptOnly.fa” for A. thaliana and
“Alyrata_107_transcript_primaryOnly.fa” for A. lyrata. Read mapping was done with SOAPv2 with
default parameter values. Reads mapping to more than one transcript or to the mitochondrial or
chloroplast transcriptomes were discarded. Only reads mapping to the forward strand of the transcript
were used for further analysis. Because orthologous genes may have different length in A. thaliana
compared to A. lyrata, read count values were normalized by transcript length (as number of reads per
kilobase). After that, transcripts with normalized by transcript length count values lower than 10 were
set to 10 to avoid any false positive due to the low number of counts (close to zero) in some transcripts.
Later, the R package Deseq (Anders and Huber, 2010) was used with default parameters to detect
differential expression.

Gene re-annotation of A. lyrata and A. thaliana genomes

Because the gene annotation of A. lyrata and A. thaliana may be of different quality, we have re-
annotated ab initio these two genomes using our RNA-seq expression data. In particular, we
mapped the three inflorescence RNA-seq biological replicates to their corresponding genome
using TopHat (version 2.0.14; (Kim et al., 2013)), the previous gene annotation of each genome
was not used for the mapping. Later, we used StringTie (version 1.0.2; (Pertea et al., 2015)) to
reconstruct ab initio the transcriptome of both genomes, this is, without use the previous
information about the gene annotation. For A. thaliana 23,739 transcripts were detected ion the
nuclear genome, meanwhile for A. lyrata 30,793 transcript were detected in scaffold 1 to 9.

Linking A. thaliana and A. lyrata genomic data

To link A. thaliana and A. lyrata genes, we download pairs of homologous A. thaliana-A. lyrata genes
together with their estimated Ks and K, values from the Plant Genome Duplication Database (PGDD;
http://chibba.agtec.uga.edu/duplication), homologous with Ks; =-1 were removed. A K value= -1

means that no estimation of Ks was possible to obtain. This information was used to link the expression
values of genes that after will be tested for differential expression between A. lyrata and A. thaliana.
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This information was also used to link candidate target genes of SEP3 in both plant species. Lists of
orthologous gene pairs obtained by the method “Best-Hits-and-Inparalogs family” were downloaded
from PLAZA dicot 3.0 (Proost et al., 2015). We consider as paralogous pair of genes, these homologous
pairs of genes obtained from PGDD that were not classified as orthologous gene pairs. To link binding
events between both species, we downloaded whole genome alignments of A. lyrata and A. thaliana
from the VISTA software (2/12/2013). We only use dual monotonic alignments, this is, alignments of
orthologous (best bidirectional hits) regions (Dubchak et al., 2009). Using the position and strand of
the alignments in both organisms, we can calculate the genomic position of a given A. thaliana
nucleotide in A. lyrata and vice versa, when an alignment covers the region of interest. We use this
property to translate the ChlP-seq score values for one organism to the other and vice versa at single
nucleotide position, and therefore to generate ChIP-seq profiles in wig format that could be
represented in one desired genome. We also used this property to translate the position of significant
BSs from one species to the other. Then, we linked A. thaliana candidate BSs to their A. lyrata
counterpart when the position of the maximum ChiIP-seq score value between both BSs was less than
300 bp. When no BS was found in A. lyrata, it was reported as missing in A. lyrata using the value NA.
The same method was applied to link A. lyrata candidate BSs to A. thaliana regions. Both lists were
added together and only one pair of thaliana—lyrata BSs were kept when found to be duplicated.

DNA sequence and CARG-box motif conservation

PhastCons scores were obtained from (Haudry et al., 2013), the Phastcons score of a given region
represents the probability of belonging to a conserved element and therefore ranges between 0 and
1. They were calculated by (Haudry et al., 2013) from the whole-genome alignments of nine
Brassicaceae genomes. We associated PhastCons score to a given BS region as the average phastCons
score on the +/-100bp region around the position of the maximum ChIP-seq score value of the
significant BS.

We identify a BS as containing a CARG-box motif, if the region 250 bp around the position of the
maximum ChIP-seq score value contains the motif CCWGG without any mismatch.

Gene ontology term enrichment analysis

BINGO version 2.44 was used to detect GO term enrichment. Because the gene annotation and
ontologies used by default by BINGO date from August 2010, we have updated our version of BINGO
with annotation and ontology files downloaded from www.geneontology.org (on 6/25/2014)

Transposon analysis

A database of TE insertions from A. thaliana and A. lyrata was obtained from (Hu et al., 2011). It
contains assembled parallel datasets of TE insertions from A. thaliana (TAIR8) and A. lyrata (Aralyl)
genome using RepeatModeler (Smit 2008-2010). This follows in the identification of 1,152 repeat units.
We used this library to annotate A. thaliana (TAIR10) and A. lyrata (Aralyl) using RepeatMasker version
4.0.3 (Smit 1996-2010). Simple repeats were discarded from further analysis.
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Supplementary material

Figure S1: Scanning electron microscopy images of early flower developmental stages in A. lyrata. A:
Transverse view of the apex of an inflorescence in which the oldest flower has reached stage 7-8. B:
Inflorescence meristem (IM) and early floral meristems up to stage 4. C-E: Flowers of stages 8/9 to 12.
At stage 12, the petal length exceeds that of the long stamens, in contrast to A. thaliana.
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Figure S2: Reproducibility of AlySEP3 ChiP-seq replicates. A: Scatterplot of number of mapped reads
(logio) for each biological replicate using non overlapping windows of size 1 kb. Only scaffolds 1 to 9
were considered. B: Proportion of AlySEP3 BSs identified in replicate 1 that are in common with AlySEP3
replicate 2, for different ChiP-seq score thresholds. Vertical dashed line indicates ChlP-seq score
threshold for FDR<0.01 (2,784 BSs identified at this threshold).
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Figure $3: SEP3 binding relative to genomic features in A. thaliana and A. lyrata using the gene
annotation generated in this manuscript A, B: Enrichment of SEP3 BSs within promoters (black line, up
to 3 kb upstream of gene start) and downstream regions (green, up to 1 kb downstream of end of gene)
with the increase of the ChIP-seq score threshold used. BSs within genes (red line) and peaks in
intergenic regions without any neighbouring gene (blue line) are also shown in the graph. Dotted
vertical lines indicate FDR 0.05, 0.01 and 0.001, respectively. C: Distance of SEP3 BSs to the start of the
closest gene in A. lyrata (red) and A. thaliana (black), when using the TAIR10 and Aralyl annotation
(continuous line), and the gene annotation generated in this manuscript (discontinuous lines). In Figure
S3A-C, for TAIR 10 and Araly1 gene annotation, only gene models that overlap a minimum of 1bp with
genes identified by the annotation generated in this manuscript were used (see Material and Methods).
We notice that, as average, the distance of SEP3 BSs to the start of the gene is shorter when using the
RNA-seq based annotation than when using the TAIR10 and Aralyl annotation, the most likely
explanation is that RNA-seq based annotation is able to detect the 5" UTR more easily that a sequence
homology based gene annotation.
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Figure S4: Mutations within CArG box sequences of conserved and non-conserved SEP3 BSs. The
analysis was performed for the canonical CArG boxes of type CCWsGG and CCW;G in orthologous
positions in the A. thaliana and A. lyrata genomes based on genome alignment. A: Proportion of
nucleotide positions with one or more nucleotide substitutions in the core CArG box sequences within
conserved and A. thaliana-specific SEP3 BSs. CArG boxes with insertions and deletions were not
considered here. B: Proportion of mutated nucleotides in each position of the central CArG box core
and neighboring nucleotide positions. The three most mutated positions in A. thaliana-specific BSs
compared to common BSs are indicated by +++, ++ and + in decreasing order; CArG boxes with
insertions and deletions were not considered here. C: Conservation of A-tract length in the central [A,T]
rich core of the CArG box in common and in A. thaliana-specific BSs in the A. lyrata genome. An A-tract
element was defined with the motif A, T,, where n+m>3; only CArG boxes with an A-tract (n+m>3) were
considered. D: Proportion of CArG box sequences with different numbers of inserted (1) and deleted (D)
nucleotides (nt) in common and A. thaliana-specific SEP3 BSs.
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Figure S5: Relative position of AthSEP3 BSs to their target gene compared to their orthologous regions

in A. lyrata when the BS is conserved. We only considered the BSs that were common to both species.
Related to Figure 5, but a different scale was used here for the Y axis for alternative visualization.
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Figure S6: Alignment of selected region of 6-174 repetitive sequences with several CArG-box-like
sequence motifs. An alignment of the 89 transposon sequences containing a SEP3 binding site was
generated using Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/). A: Overview of this alignment
(made with JProfileGrid2; http://www.profilegrid.org). B: Parts of the alignment containing CArG-

boxes, with CArG-boxes outlined in red (visualized in Jalview; http.//www.jalview.org/). C: Motifs of
these CArG-boxes (generated by Jalview).
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Figure S7: Reproducibility of RNA-seq replicates. The graphs represent raw counts of reads (logs)
before normalization.
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Figure S8: A: Proportion of generally differentially expressed genes (black line), genes with higher
expression in A. thaliana (red line) and genes with higher expression in A. lyrata (green line) depending
on the ratio of ChiP-seq scores of [thaliana]/[lyrata]. In A we only consider orthologous gene pairs. B:
Proportion of differentially expressed genes pairs depending on Ks. Quantitative changes in ChlP-seq
scores in homologous genes were calculated as the maximum ChiP-seq score in the 3kb upstream 1kb
downstream region of the gene. Later, these scores were normalized using quantile normalization
between A. lyrata and A. thaliana genes The different lines indicate: all genes with SEP3 BSs in at least
one of the species (black), genes with a quantitative ChIP-seq score log2 fold-change bigger than 1.5
(red), and genes a quantitative ChlP-seq score log2 fold-change smaller than 0.1 (green). As a control,
the proportion of differentially expressed genes with a SEP3 BS in at least one species between A. lyrata
leaves and inflorescences is shown (blue line).

Supplementary tables S1-S6 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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Abstract

The (A)BCE-model of floral development is well-known and widely conserved among flowering
plants. However, we know less about the pathways downstream of the transcription factors
that underlie this model. Even though we start to identify downstream targets, we do not
know yet how these targets of the major floral transcription factors evolve and contribute to
generate natural variation. A first study on the evolution of binding sites showed a large
amount of transcription factor binding site divergence for the floral regulator SEPALLATA3
between two closely related Arabidopsis species.

Here, we studied the level of binding site divergence within a species. We performed ChlIP-seq
experiments for SEP3 in different A. thaliana ecotypes. Our results show that there is a large
overlap between the binding sites observed in these two ecotypes. This overlap was
substantially larger than the binding site conservation found between A. thaliana and A.
lyrata. Furthermore, peak intensity of the ecotype-specific binding sites we found was lower
than that of the common binding sites, and showed less sequence conservation. In addition,
we performed DNAse-seq assays to obtain profiles of open chromatin regions, and confirm
previous findings indicating that the accessibility of chromatin may influence binding site
selection.
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Introduction

Complex Gene Regulatory Networks (GRNs) underlie plant development (Kaufmann et al.,
2010a). These networks are expected to have evolved in species-specific ways to
accommodate changes in floral morphology. In floral development, the (A)BCE-model of floral
development is widely conserved, but little is known about the downstream targets and
pathways. Although in a few model species (primarily in A. thaliana) these targets start to be
elucidated (Kaufmann et al., 2009; Kaufmann et al., 2010c; Wuest et al., 2012; O’Maoiléidigh
et al., 2013; Pajoro et al., 2014b), little is known about the molecular processes generating
variation in the regulation of these targets during flower development.

How gene regulation evolves has mainly been investigated indirectly through sequence
conservation studies. Several studies looked at conserved non-coding sequences in plants and
tried to identify cis-regulatory elements (Baxter et al., 2012; Haudry et al., 2013; Hupalo and
Kern, 2013; Van de Velde et al., 2014). However, none of these studies is capable of correctly
predicting all transcription factor binding sites (TFBSs). The study by Haudry et al. (2013)
recovered the most TFBSs on a genome-wide scale, as their CNSs cover 35% of TFBSs, when
compared with a set of ChIP-seq data from 13 A. thaliana TF. Another study recovered a lower
amount of TFBS (25%) when compared with ChlP-seq data, but did achieve higher specificity
(Van de Velde et al., 2014). The results are depending on the transcription factor (TF) analyzed
though; for instance they recovered 35% of the binding sites for the MADS-domain TF
PISTILLATA, but only 8% of the APETALA3 binding sites (Van de Velde et al., 2014). These
analyses indicate that TF binding is not determined by DNA sequence only. That TFBS selection
is not only depending on sequence is also shown experimentally. Determination of TFBSs in
different developmental stages of flower development showed differences in bound genes
between developmental stages (Pajoro et al., 2014b). A large amount of TFBS divergence was
also found in a comparison between closely related Arabidopsis species. The binding profiles
of the MADS-domain TF SEPALLATA3 (SEP3), a major regulator of flowering, revealed a
substantial number of species-specific binding events between A. thaliana and A. lyrata. These
species-specific binding events could not be fully explained by divergence of DNA sequence
(chapter 3) (Muifio et al., 2016).

TFs often do not act on their own, but instead are part of bigger protein complexes, which
may influence the selection of their binding sites (Slattery et al., 2011; Smaczniak et al., 2012b;
Bemer et al., 2017). Another factor influencing TF binding is the local organization of the DNA.
DNA is tightly packed into chromatin, which may make some potential binding sites physically
unavailable. Therefore, including data on the chromatin state in TFBS prediction models could
improve the accuracy of these models. Chromatin state has been interrogated by mapping of
different epigenetic modifications, such as DNA methylation and histone modifications
(Roudier et al., 2011). Another method to discover regions of open chromatin is DNAse-seq
(Hesselberth et al., 2009). This method relies on open chromatin being accessible for DNAse |
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digestion, and sequencing of small digested fragments leads to a chromatin accessibility
profile.

We previously analyzed evolution of TFBSs between the two closely related Arabidopsis
species A. thaliana and A. lyrata, which proved to differ substantially in TFBSs of SEP3 (Chapter
3) (Muifio et al., 2016). Although A. thaliana and A. lyrata diverged only 10 MYA, they do
exhibit substantial differences in their genome. With 200 Mb the genome of A. lyrata is larger
than the genome of A. thaliana (125 Mb) (Bennett et al., 2003; Hu et al., 2011). This is largely
due to small deletions in non-coding sequences, although the two species also differ in
number of genes, with A. lyrata possessing 20% more genes than A. thaliana (A. lyrata: 32,670;
A. thaliana: 27,025) (Hu et al.,, 2011). The two species also show different genome
organization, as is clear from the difference in chromosome numbers; A. thaliana has five
chromosomes whereas A. lyrata has eight chromosomes, which is the ancestral state in
Brassicaceae. These differences between the genomes of A. thaliana and A. lyrata are
substantial, and may play a role in the divergence of SEP3 TFBS between these species.

A. thaliana is widespread throughout the northern hemisphere , and harbors a large amount
of natural variation. Sequencing the genomes of 1,135 natural inbred lines revealed
10,707,430 biallelic SNPs and 1,424,879 small-scale indels (up to 40 bp), an average of one
genome variant (SNPs or small indels) every 10 bp. This means that most genes contain at
least one sequence variant, which likely changes protein function, with 17,692 having at least
one high-impact variant. On average 440 genes per accession were predicted to harbor a
sequence variant leading to inactivation of the gene. However, this is likely an overestimation,
as it does not take into account compensatory mutations (Gan et al., 2011; Long et al., 2013).
This analysis of 1,135 accessions showed that besides a group of accessions with extreme pair-
wise divergences (termed relicts), the accessions are clustered broadly corresponding to
geographical origin (Consortium et al., 2016).

To study SEP3 TFBS within a species, we focused on A. thaliana ecotypes. We chose to
compare the widely used accession Col-0 with the accession Agu-1. Agu-1 was sampled from
the Iberian Peninsula, a region in which A. thaliana accessions show a high percentage of
region- and accession-specific SNPs (Cao et al., 2011). In contrast to Col-0, Agu-1 needs a
vernalization period before flowering. In addition, Agu-1 has darker leaves and numerous
axillary inflorescences. The flower and inflorescence phenotypes however, are
indistinguishable from Col-0.

Here, we evaluated the extent of TFBS divergence by analyzing SEP3 binding profiles in two
different A. thaliana ecotypes, Col-0 and Agu-1. We find that, although there are differences
in TFBS between Col-0 and Agu-1, the TF binding profiles of these A. thaliana ecotypes strongly
resemble each other. We also assessed whether DNA accessibility plays a role in TFBS selection
by analyzing the open (active) regions of DNA during flower development. We find that the
state of the chromatin may be associated with the divergence of TFBSs between A. thaliana
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and A. lyrata, but that it is negligible between the two ecotypes of A. thaliana (Col-0 and Agu-
1).

Results

Transcription factor binding sites of SEP3 in different A. thaliana ecotypes

We compared TFBS profiles of the major floral regulator SEPALLATA 3 (SEP3) between two
different A. thaliona ecotypes by chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-seq). ChIP-seq experiments were performed on inflorescence
tissue with floral buds up to floral stage 10-11 of the two ecotypes Col-0 and Agu-1.
Experiments were performed in two biological replicates for each ecotype, and a mock-ChIP
(pre-immune serum) dataset was generated as control. The biological replicates show good
reproducibility, as shown by Spearman correlations of mapped reads (p=0.98 for Col-0, p=0.97
for Agu-1), as well as overlap in number of peaks between replicates (Figure S1, S2). Previously
generated A. lyrata SEP3 ChlP-seq data (Muifio et al., 2016) were reanalyzed in the same way.
This analysis shows that A. lyrata and A. thaliana differ substantially in SEP3 TFBS, whereas,
as expected, the SEP3 binding profiles of A. thaliana ecotypes are more similar to each other
(Figure S2). For the remainder of the analyses, we used the replicate with the highest
statistical power for each sample (measured by the number of significant TFBS).

As threshold for each dataset we used a peak height where the overlap between replicates
starts to plateau, while creating datasets with a similar number of TFBS (see Figure S2). Using
this threshold, we obtain 5339 peaks for Col-0, and 5449 peaks for Agu-1. We observe around
70% common SEP3 binding sites between the two ecotypes, and a similar overlap in genes
linked to these TFBSs (Figure 1A, 1B). The TFBSs show a similar distribution over genomic
features for both ecotypes. Most TFBSs are positioned in the intergenic region (40-45%, half
of which are located in the 1 kb upstream of genes), followed by the 5 UTR and the coding
sequence. In contrast, the SEP3 binding events in the A. lyrata genome are clearly located
more distal from the genes; ~70% of TFBSs in A. lyrata are located in intergenic regions, and
almost half of the total number of TFBSs are located more than 1 kb upstream of the closest
gene (Figure 1C).

Although the overlap in SEP3 binding sites between ecotypes is substantially higher than
between A. thaliana and A. lyrata, we still observe only about 70% overlap. However, just
looking qualitatively at numbers seems to exaggerate the differences between the two
ecotypes. We analyzed peak scores, and found that SEP3 peaks common for both ecotypes
are on average higher than ecotype-specific peaks (Figure 2A), indicating stronger binding of
the common binding sites. Read densities show the same pattern, with higher read density for
peaks common between the ecotypes (Figure 1D). It must be noted that in ecotype-specific
binding peaks an increase can be found in read density in the other ecotype. This indicates
that at least some of the ecotype-specific peaks might be present in the other ecotype, but
that these peaks fall below the significance threshold (Figure 1D). Together, these data
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indicate that the common binding sites between the ecotypes are stronger bound, and
therefore more likely to result in changes in gene expression.

There is extensive sequence variation between A. thaliana accessions (Consortium et al.,
2016). We therefore examined whether sequence variation might underlie differences in
TFBSs, by analysis of the presence of SNPs and small insertions/deletions (indels). There are
indeed less SNPs in the commonly SEP3 bound regions than in the ecotype-specific binding
events (Figure 2B). However, the sequence underlying common TFBS also contains variation,
and the difference in SNP density between common and ecotype-specific peaks, although
significant, is small. When we analyzed whether there are differences in underlying CArG-
boxes, the binding motif of MADS-domain TFs, we did not find any significant difference
between the common and ecotype-specific peaks (Figure S3).
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Figure 1: Comparison of ChiP-seq data of two A. thaliana ecotypes. A: Overlap of ChIP-seq peaks in
Col-0 and Agu-1. B: Overlap in potential SEP3 target genes between the Col-0 and Agu-1 ecotypes. C:
Genomic distribution of SEP3 ChIP-seq peaks. Promoter is defined as the 1 kb upstream of the TSS. distal
regions are all other intergenic regions D: Sequence read intensity around the peaks present in the
merged dataset Col-0 and Agu-1 peaks.
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Figure 2: Peak score and density of SNPs in peak regions. A: Peak height of the common peaks and
the ecotype-specific peaks in each sample. B: Density of SNPs/indels under the ChIP peaks, shown as
density of SNPs/indels per basepair.

DNAse-seq assays

To analyze whether there are other factors that may influence TF binding, we assessed the
accessibility of the chromatin (Pajoro et al., 2014b). To identify open regions of DNA, we
performed DNAse-seq assays on inflorescences of the A. thaliana ecotypes Col-0 and Agu-1,
and of A. lyrata. Inflorescences with floral buds up to stage 10-11 were harvested, to obtain
tissue similar to that used for the SEP3 ChIP-seq experiments. Nuclei extraction was performed
to obtain the chromatin. Subsequently, this chromatin was digested with a range of DNAse
concentrations, and then the sample with optimum digestion was selected. For optimum
digestion, we aim for a smear of small DNA fragments, whereas the majority of the DNA is still
intact (Figure 3A).

Besides this optical quantification of DNAse digestion, we also analyzed the degree of
digestion by qPCR. Quantification of DNAse digestion by qPCR is performed using markers on
regions of DNA known to be open during floral development (positive markers), and known
closed regions of DNA (negative markers). The sample with the optimal amount of digestion
will be the sample where the open regions are digested as much as possible (lower values in
the gPCR compared to the undigested sample), whereas the closed regions are not digested
vet (qPCR markers for closed regions remain similar to the value for the undigested sample).
To normalize the data, we used one of the negative qPCR markers with a very small amplicon
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size compared to the other markers (Figure 3B, C). Using these quantification assays, we
selected the optimal digestion for each sample. We performed the DNAse-seq assays in
triplicate for A. lyrata and both A. thaliana ecotypes, Col-0 and Agu-1. Purified DNA was
digested as a control for sequence bias of the DNAse | enzyme. After library preparation, the
fraction of the libraries with insert sizes between 50-150 bp was selected for high-throughput
sequencing.
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Figure 3: Analysis of amount of digestion in our DNAse-seq assays. A: Digestion of chromatin with
different amounts of DNAse, ranging from 0 to 80 units. B: qPCR analysis on the differential digested
samples. The different samples are digested with different amounts of DNAse units. For this sample,
5U of DNAse was selected to be sequenced, as this sample showed substantial digestion for one of the
positive controls. The SHP1 gPCR was used to normalize the other values. C: The length of the amplicons
obtained for each qPCR marker. SEP3 and AP3 amplification is used as positive controls for open
chromatin regions.

Sequencing data

High-throughput sequencing resulted in 4-24 million mapped reads per replicate (see table S1
for a summary of the sequencing and mapping data). As there was good reproducibility
between the replicates (see Figure S4), we pooled the replicates, resulting in 25-45 million
reads per sample. We calculated the Signal Proportion Of Tags, or SPOT scores (Sullivan et al.,
2015), for each replicate as well as the merged samples (Figure 4). SPOT scores are a measure
of how many reads fall within DNAse hypersensitive sites (DHSs), and are therefore a measure
of the signal to noise ratio. For our datasets, the SPOT scores are between 0.46 and 0.6. This
is higher than some of the scores for existing datasets and within the same range of some
other datasets (Sullivan et al., 2014; Sullivan et al., 2015). However, our control data,
consisting of digested naked DNA, also show high SPOT scores (0.25-0.41). This is unexpected,
as the assumption is that naked DNA is digested randomly by DNAse | and should have very
low SPOT scores.
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Figure 4: Signal-to-noise ratio in the different DNAse-seq samples. SPOT scores for all our DNAse-seq
samples. Col-0 and Agu-1 samples are mapped onto the Arabidopsis thaliana Col-0 genome (TAIR10);
the A. lyrata samples are mapped onto the lyrata genome (JGI v1.0).

To further assess the quality of our data, we examined the distribution of reads along the
chromosomes. DHSs are expected to be correlated with open chromatin; therefore the
centromers, being tightly packed regions, are expected to be devoid of DNAse-seq reads. This
is indeed what was seen in previous data (Zhang et al., 2012b; Zhang et al., 2012a; Pajoro et
al., 2014b; Cumbie et al., 2015) (Figure S5). In our dataset however, we do not see a clear dip
in sequencing reads around the centromers (Figure 5). Although our Agu-1 dataset shows a
slight depletion in reads around the centromer, this pattern is not clearly present in our Col-0
dataset (Figure 5). This analysis is not possible for our A. lyrata data because we cannot map
reads to the centromeric region (Figure S6) due to the poor assembly of the A. lyrata genome
in these regions.

This unusual distribution of reads along the chromosome led us to investigate the position of
reads relative to genes.
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Figure 5: Chromosomal distribution of DNAse-seq reads (DHS). Centromers are indicated with a red
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line (centromer position taken from Zhang et al.(Zhang et al., 2012a)).
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Strangely, the majority of the reads can be found in the gene body, increasing in intensity
towards the 3’ end of the gene, and there is a depletion of reads at the Transcription Start Site
(TSS) and the Transcription End Site (TES) (Figure 6A, B, C). This distribution is different from
previously generated data in our lab, where the majority of the signal is at the TSS and the TES
(Figure 6D). Other published datasets also show most of the signal located around the TSS
(zhang et al., 2012a; Sullivan et al., 2014; Cumbie et al., 2015). Remarkably, the same pattern
we observe for our samples is also present in the control datasets (digested naked DNA),
where we expect an even distribution over the whole genic region. This indicates that our
control samples may not have been completely devoid of proteins.

Next, to take a closer look at our data, we inspected the regions around some selected genes
(Figure 7) and compared our data with other datasets of DHSs in inflorescences and floral
developmental stage-specific tissues (Zhang et al., 2012a; Pajoro et al., 2014b). This analysis
indicates that for some genes, the DHS landscape of our data (blue) is similar to the published
datasets (in green and red)(see in Figure 7A, B). However, for other genes (see Figure 7C, D),
our dataset appears very different from the published data. Taken together, the distributions
of reads, as seen at the chromosomal and gene level, raise doubts about the quality of our
DNAse-seq assays.
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Figure 6: Gene centered distribution of reads. It can be seen that our data and our control data are
very similar. Left is control, right is sample. A: Agu-1. B: Col-0. C: A. lyrata. D: Data from Pajoro et al.
2014 (Pajoro et al., 2014b), showing very little enrichment in the control sample. TSS=transcription start
site; TES=transcription end site.
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Figure 7: Examples of DHS Iandscapes. Shown are the obtained reads from the different samples (not
normalized with the control) From top to bottom: our Agu-1 inflorescence dataset (blue), our Col-0
inflorescence dataset (blue), different stages of development (day 0 and day 8) of Pajoro et al.
(green)(Pajoro et al., 2014b) and the A. thaliana Col-0 whole inflorescence dataset of Zhang et al. (red)
(Zhang et al., 2012a). All datasets were re-analyzed in the same way. The gene itself is highlighted with
yellow. A: SEPALLATA3 B: AGAMOUS C: PISTILLATA D: APETALA3.

Regions of open chromatin

Next, we performed peak calling on our DNAse-seq samples to obtain DNAse Hypersensitive
sites (DHSs). As we had doubts about the quality of our control samples, peak calling was
performed using two different methods: HOTSPOT without using the control dataset, and
MACS2 using the control. Peak calling was done for each of the replicates, as well as the
merged sample of all three replicates. The number of peaks found with each method are listed
in Table S2.The final datasets consisted of peaks that were present in the merged dataset as
well as in one of the replicates. Interestingly, MACS2 and HOTSPOT gave vastly different
numbers of peaks for each of the samples. Hotspot (without the control) resulted in the most
peaks for our Agu-1 sample, whereas for Col-0 and A. lyrata substantially more peaks were
found with MACS (with control). We therefore decided to combine the datasets found with
each method to obtain the final set of peaks for each sample, see Table 1.

We obtained 12987 significant DHSs for our Col-0 dataset, whereas our datasets for Agu-1 and
A. lyrata consisted of 9270 and 10129 DHSs, respectively. We also linked each DHS with the
gene positioned closest to it for further analyses (Table 1).

79

Chapter 4



Chapter 4

Table 1: Final peak numbers and associated genes. Each peak 3kb upstream to 1kb downstream of a
gene is linked to that gene. Peaks were called with an FDR of 0.01 using MACS and HOTSPOT.

Number of DHSs DHS associated genes
A. thaliana Col-0 12973 11864
A. thaliana Agu-1 9270 7594
A. lyrata 10129 9205

Even though the overall read density shows a depletion of signal around the TSS (Figure 6),
when we analyzed the distribution of the significant DHSs relative to genes, they are
positioned close to the TSS, where DHSs are expected (Figure 8A). This distribution does not
depend on which peak-calling method was used, as both methods gave similar results (Figure
S7). This indicates that although the raw data (mapped reads) show an unexpected
distribution, the final distribution of our DHSs seems to be similar to published datasets and
to what is expected for DHSs. Taking a more detailed look, we found that the majority of peaks
in all three samples are positioned in the 1 kb upstream promoter region, with 68-78% found
in this region (Figure 8B). However, there are differences between the three samples. The
distribution of DHS among different genomic components in our Col-0 data is very similar to
previously published data, even though those data originate from different types of tissue (see
Figure S8)(Pajoro et al., 2014b). However, the DHSs from both Agu-1 and A. lyrata show a
different distribution. For the A. lyrata sample, we find DHSs on average further away from
the TSS than in the A. thaliana samples. This is also seen by the larger number of DHSs in more
distal regions of the genome. As A. lyrata has a larger genome with larger intergenic regions,
this was expected. Surprisingly however, Agu-1 also seems to have less DHSs in the 1 kb
upstream promoter of the genes compared to Col-0, with 68% of the Agu-1 peaks found in
this region compared with 78% of the Col-0 DHS. Instead, a larger fraction of DHSs in Agu-1
are found in the region 1-3kb upstream of the gene. This is unexpected as ecotypes are
supposed to be very similar in genome size (Johnston et al., 2005). That changes in the genome
sequence underlie these differences is unlikely, because both Agu-1 and Col-0 DNAse-seq
samples were mapped to the same A. thaliana Col-0 reference genome. Possibly, differences
in quality of the datasets may cause at least some of these differences.

Correlation of DHSs with gene expression data

DHSs are linked to transcriptional activation, and are therefore expected to correlate with
expression levels. This is indeed what we saw in data previously generated in our lab
(unpublished data (Pajoro et al., 2014b)), as well as what was seen in a published study
performed in rice (Zhang et al., 2012b). Therefore, we calculated the correlation of previously
obtained RNA expression data (of A. thaliana Col-0 and A. lyrata (Muifio et al., 2016)) with our
DHS datasets as a quality control. This analysis shows moderate correlation between our
DNAse-seq datasets and expression levels (Figure 9A, B, D), with higher correlations for Col-0
and A. lyrata (Pearson’s r of 0.67 and 0.5, respectively) than for Agu-1 (Pearson’s r=0.26).
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Figure 9: Correlation of DHSs with RNA expression levels. Scatter plot comparing gene expression and
chromatin accessibility. Genes were binned into percentiles (N=100) based on their expression level,
and the mean gene expression level (x-axis) and mean DHS peak score (y-axis) of each bin were plotted.
A: Col-0; B: Agu-1; C. published data from Zhang et al; D: A. lyrata with A. lyrata expression data. In A,
B and C, the DHSs were correlated with expression data from Col-0.
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The differences in correlations most likely indicate differences in data quality. However, it
needs to be noted that both Agu-1 and Col-0 DHSs are compared with expression data from
Col-0, neglecting possible differences in gene expression between these ecotypes. As a
comparison, we performed the same analysis for a published A. thaliana inflorescence dataset
(zhang et al., 2012a) with our RNA-seq data. This analysis gave a correlation between DHSs
and expression of Pearson’s r= 0.79 (Figure 9C). This is higher than the correlations we
obtained, indicating that our DHS data might not be of optimal quality.

Overlap with published data

As a last quality control, we compared our DHS peak dataset for Co/-0 with published datasets.
We find that between 70-86% of our Col-0 peaks are also present in those published datasets
(Table 2). Unsurprisingly, the overlap with these published Col-0 datasets is lower for Agu-1,
being only 59-64% (Table S3). Those percentages are in a similar range as published
comparisons of DNAse-seq data, which found that 70-74 % overlap was found between
DNAse-seq datasets of A. thaliana inflorescences in different labs (Zhang et al., 2012a; Cumbie
et al., 2015). However, that study required 80% of a peak to overlap with a peak from the
other dataset, whereas our analysis required only 1 bp. Another consideration is that our
dataset contains substantially less DHSs than the datasets we are using as comparison. Indeed,
the percentage of overlap between our dataset and the published dataset seems to be mainly
dependent on the amount of DHSs in the other dataset. Although the sample that should be
most similar to our data (inflorescence (Zhang)) shows the highest percentage of overlap with
our data, this dataset also contains the highest number of DHSs (Table 2).

In conclusion, it seems that our datasets (in particular the Agu-1 and A. lyrata datasets) are of
less quality than the published DHS datasets for A. thaliana Col-0. Nevertheless our datasets
allow a comparison of DHSs between different ecotypes and different species.

Table 2: Comparison between the Col-0 DHS data generated here with published DNAse-seq data
(Zhang et al., 2012a; Pajoro et al., 2014b). Our Col-0 dataset contains 12973 DHSs.

number of peaks of number of peaks of our
total peaksin dataset presentin our |col-0 data presentin
dataset dataset col-0 data

leaf (Zhang) [F 00 26 [T

I 19054
I 15646
16334
N e

% peaks of our col-0 data
present in this dataset

ogsgll |76.0%
go7gll T 69.2%
9362 72.0%
9wl 75.6%

inflorescence day 0 (Pajoro)
inflorescence day 2 (Pajoro)
inflorescence day 4 (Pajoro)
inflorescence day 8 (Pajoro)

Comparison of DHSs between ecotypes and species
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A pairwise comparison of DHS profiles shows more overlap between the two A. thaliana
ecotypes than between the A. thaliana ecotypes and A. lyrata (Figure 10A). This pattern is also
visible for the genes that are linked to these DHS (Figure 10B). A comparison between all three
samples indeed shows that the overlap between the A. thaliana ecotypes is larger than
between either A. thaliana ecotype and A. lyrata (Figure 10C, D). This is expected, as ecotypes
should be more similar to each other than to a different species. Interestingly, even though
the overlap between ecotypes is larger than the overlap between A. thaliana and A. lyrata,
there are some DHSs that are shared between A. lyrata and only one of the A. thaliana
ecotypes. This overlap is larger between A. lyrata and Col-0 than between A. lyrata and Agu-
1. As our Col-0 dataset has 40% more DHSs than our Agu-1 dataset, this is partially due to the
difference in size of our datasets. Differences in data quality between the samples may also
cause some of the differences. There is also a significant portion of sample-specific DHSs,
varying from 21% (Agu-1) to 54% (A. lyrata).

Next, we analyzed whether the differences in chromatin accessibility that we observed
between ecotypes can be linked to divergence in underlying DNA sequence. We first used
published PhastCons scores that were generated using nine Brassicaceae species (Haudry et
al.,, 2013). PhastCons scores are a measure of DNA sequence conservation, which range
between 0 (no conservation) and 1 (complete conservation). Unexpectedly, the Agu-1 specific
DHSs have higher PhastCons scores than DHSs that are common between both ecotypes
(Figure 11A). When we look at the distribution of PhastCons scores associated with our DHS
data we see that, although the Agu-1 scores are significantly higher, they do show a large
range of values (Figure 11B). We assessed sequence divergence with a second method, using
A. thaliana SNP data (Consortium et al., 2016). Only SNPs/indels between Col-0 and Agu-1
were considered in this analysis. Analysis of the density of SNPs under the DHSs shows no
significant difference in SNP density between the common DHSs and Agu-1 specific sites. In
contrast, the DHSs specific to Col-0 are higher in SNP density (Figure 11C). As species-specific
DHS would be expected to show higher sequence variation, it is surprising that the Agu-1 DHSs
do not show a higher SNP density than the common DHSs. Two factors may contribute to this
surprising result. First, we seem to have differences in data quality between our datasets. A
second factor to consider is the method of data analysis. Both Col-0 and Agu-1 samples were
mapped onto the Col-0 reference genome. Although two mismatches were allowed, it may
still be that we missed some Agu-1 DHSs that are located in regions with very diverged
sequences.
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Figure 10: The fraction of conserved peaks between the different samples. Pairwise comparisons
between DHSs (A) and linked genes (B); the top row is compared to the A. lyrata dataset, the middle
row is against the Col-0 dataset and the bottom row is against the Agu-1 dataset. C: Venn-diagram of
overlap in peaks of all thee DHS datasets. Overlapping peaks are defined as having at least one bp in
common. D: Venn-diagram of overlap in DHS-linked genes between our three samples.
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and the common DHSs. C: Density of SNPs/indels under the DHS peaks.
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Finally, to examine whether our observed differences in SEP3 binding sites could be associated
with differences in DNA accessibility, we correlated the SEP3 ChIP-seq data with the DHS data.
This analysis shows which percentage of the ChIP-seq peaks falls within a DHS (Table 3), and
reveals that there is a correlation between SEP3 binding sites and DHSs, as the overlap of A.
lyrata SEP3 BS is higher with the A. lyrata DHSs then with the A. thaliana DHSs. Similarly, the
A. thaliana SEP3 binding sites overlap better with the A. thaliana DHSs than with the A. lyrata
DHSs. Interestingly, this analysis does not show any significant differences between Agu-1 and
Col-0: SEP3 binding sites of either ecotype show a very similar overlap with each DHS dataset.
The overlap between SEP3 binding and our Col-0 DHS dataset is significantly higher than with
our Agu-1 DHS dataset. However, this difference can be explained by the different size of the
DHS datasets (our Col-0 DHS dataset contains ~40% more DHSs than our Agu-1 DHS dataset),
as well as differences in quality between our DNAse-seq datasets. Remarkably, a significant
fraction of SEP3 binding sites does not overlap with any DHS. This is not unexpected, as MADS-
domain TF binding outside of DHS has been reported before (Pajoro et al., 2014b). It is unclear
whether MADS-domain TFs do not need open chromatin to bind, or whether this can be
explained by a dilution of signal as a result of using samples consisting of mixed tissues.

Table 3: Correlation of DHS data with SEP3 binding sites. Shown is the percentage of SEP3 binding
sites that overlaps with a DHS. For the A. lyrata data, the peaks were converted to A. thaliana
genome coordinates. DHS and ChIP peaks are defined as overlapping when they share at least 1 bp.

Agu-1DHS Col-0 DHS A. lyrata DHS
Col-0ChlIP 39.19% 62.06% 29.77%

Agu-1ChIP . 41.74% . k2.27% I:I 30.86%
A. lyrata ChIP I] 16.01% l] 28.28% .—_—I 42.81%
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Discussion

In this work, we analyzed whether there is variation in binding sites of SEP3, a regulator of
flower development, between A. thaliana ecotypes. We found a substantial level of overlap
in SEP3 binding sites between the A. thaliana ecotypes Agu-1 and Col-0, which share 70% of
their SEP3 TFBS. However, there are indications that this may be an underestimation of the
similarity of the SEP3 binding profiles between these ecotypes. We found that SEP3 binding
sites that are common to both ecotypes are on average higher than TFBSs specific for one of
the ecotypes. In addition, when we analyzed the read density under the ecotype-specific
bound regions, we found indications that a large fraction of these TFBSs might be present in
the other ecotype as well, but remains below the threshold. We show that SEP3 TFBSs that
are conserved between ecotypes are slightly more conserved in underlying DNA sequence,
which was expected. Previously, we performed a comparison of SEP3 TFBS profiles between
A. thaliana (Col-0) and A. lyrata, which showed substantial TFBS divergence (Chapter 3)(Muifio
etal., 2016). Here, our analyses show that SEP3 TFBS profiles are substantially more conserved
between A. thaliana ecotypes than between A. thaliana and A. lyrata.

Our comparison between A. thaliana ecotypes, as well as a previous study between A. thaliana
and A. lyrata show that some variation in SEP3 TFBSs can be explained by divergence of the
underlying DNA sequence (Muifio et al., 2016). To assess other factors that might underlie
TFBS evolution, as well as to gain more insight into the evolution of gene regulation at
different evolutionary timescales, we analyzed chromatin accessibility. Open regions of
chromatin during floral development were examined by DNAse-seq assays in the A. thaliana
ecotypes Agu-1 and Col-0, as well as in A. lyrata. When we inspected the overlap of DHSs with
SEP3 bound genomic regions, we found that there is better overlap of the SEP3 binding
pattern with the DHS data generated in the same species, than with the DHS dataset of the
other species. For instance, the DHS dataset from A. lyrata shows a higher overlap with the
SEP3 TFBS profile found in A. lyrata than the SEP3 TFBS profile of A. thaliana. Interestingly, we
do not see this pattern for the A. thaliana ecotypes, indicating that chromatin accessibility
does not have a strong impact on SEP3 TFBS divergence between ecotypes.

Further analysis of the DHS profiles showed that, as expected, A. thaliana ecotypes resemble
each other more closely than A. thaliana and A. lyrata do. Interestingly however, we also find
overlap between A. lyrata and a single A. thaliana ecotype, as well as a substantial amount of
lineage-specific DHSs, even within A. thaliana. We investigated whether sequence divergence
could contribute to this DHS divergence between ecotypes. Unexpectedly, the common DHS
were not more conserved in sequence than the ecotype-specific DHSs; instead, Agu-1 specific
DHSs are as conserved (SNPs) or even more conserved (PhastCons scores) in sequence than
the DHSs common to both ecotypes. However, these conclusions have to be treated with
caution, as there are some concerns about the data quality of our DHS datasets. First, our
control sample of digested purified DNA does not show the expected random digestion
pattern, but instead resembles our samples in distribution of sequencing reads. Even though
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the controls showed this unexpected pattern, they were still used to normalize the data in one
of the peak-calling methods (MACS2). This means that the control samples did influence the
final results. To obtain our final DHS datasets, we used two methods of peak-calling, and
merged the obtained datasets. This unusual strategy of merging the datasets obtained with
different peak-calling methods was performed to obtain datasets with comparable numbers
of DHSs. This was necessary as the used peak-calling methods gave vastly different numbers
of DHSs for our different samples, with HOTSPOT (without the control) obtaining more DHSs
for Agu-1, and MACS2 (using the control) generating larger numbers of DHSs for Col-0 and A.
lyrata. Our final datasets show the expected genomic distribution, a substantial correlation
with expression data and 70-85% overlap with published DHS datasets. However, the issues
with our raw data, as well as our unusual peak-calling strategy call for caution in interpreting
our obtained DHS profiles.

One explanation for our unexpected distribution of read density could be that, although we
carefully assessed the amount of digestion in each sample, we did not obtain the most optimal
level of DNAse digestion to detect open chromatin regions. Our protocol for DNAse treatment
involves digestion of the DNA, followed by selection of small fragments, library preparation,
and sequencing. In this protocol, the right amount of digestion is particularly important; if
over-digested, the most open regions of the chromatin will be completely digested (and
therefore not sequenced). Instead, you might get peaks in less open regions or no peaks at all.
Under-digestion will lead to a large portion of open chromatin regions remaining intact or
poorly digested. These fragments will therefore be too long, and will be selected against in
the size-selection step, resulting in less signal from these regions (see Figure 12 for a visual
representation). The fragment size-selection step is another critical component of our
protocol. We aimed for open regions of DNA, devoid of nucleosomes. To ensure we would not
sequence DNA fragments that were occupied by nucleosomes, we selected for insert-sizes
between 50-150 bp. However, it may be that either our DNAse digestion or our selected
fragment size was not optimal, and therefore we did not obtain optimal data quality.

To circumvent the problems of determining optimal digestion and size-selection, a different
protocol may be used. In this protocol, after DNA-digestion, a biotin adapter is ligated to all
obtained DNA fragments. Subsequently, the DNA is cut with Mmel, for which the restriction
recognition site is present in the primer, and which cuts several base pairs into the DNA
fragment. This Mmel digestion is followed by the ligation of the second adapter (Song and
Crawford, 2010; Zhang et al., 2012a; Cumbie et al., 2015). This method assessed chromatin
accessibility by a single DNAse cut, instead of requiring two cuts within a certain distance, like
our protocol. Although this might lead to some false positives due to random shearing of the
DNA, this method is more robust to variation in level of digestion. An additional advantage is
that this method circumvents the size-selection step, eliminating one parameter influencing
quality of DNAse-seq data. Another method to analyze accessibility of the DNA is ATAC-seq
(Assay for Transposase Accessible Chromatin using sequencing). ATAC-seq uses Tn5
transposase to cut the DNA and simultaneously ligate sequencing adapters to the obtained
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DNA fragments. Because Tn5 will preferably target open regions of DNA, sequencing the
obtained fragments gives the DNA accessibility profile (Buenrostro et al., 2013).

We observed a high level of TFBS conservation between two ecotypes of A. thaliana for the
developmental regulator SEP3. However, not all TFBSs are conserved between these
ecotypes. It would be interesting to elucidate which genes contain an ecotype-specific SEP3
BS in their promoter, and whether these binding sites cause a difference in expression level of
these genes. For this analysis expression data from Agu-1 would be needed. SEP3 binding
profiles and expression data from other A. thaliana ecotypes would also help to elucidate how
much ecotype-specific binding there is. Whereas we observe a large overlap between SEP3
binding in A. thaliana ecotypes, SEP3 binding sites are quite diverged between A. thaliana and
A. lyrata (Muifio et al., 2016). It would be interesting to analyze whether this large divergence
is due to the many genome rearrangements A. thaliana went through after diverging from A.
lyrata. A. thaliana and A. lyrata have different genome sizes (125 vs 200 Mb) and a different
number of chromosomes (N=5 vs N=8) (Bennett et al., 2003; Hu et al., 2011). In contrast, there
are other Brassicaceae species that, although more distant to A. lyrata, share a more similar
genome. Examples are Capsella rubella and Cardamine hirsuta. Both of these species share a
very similar genome structure with A. lyrata (both N=8; genome size of 220 and 225 Mb
respectively) (Johnston et al., 2005; Slotte et al., 2013). To examine whether the differences
in genome between A. thaliana and A. lyrata are partially responsible for the large divergence
in SEP3 binding, it would be interesting to compare the A. lyrata SEP3 binding profile with
SEP3 binding profiles in these Brassicaceae species.
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Figure 12: The amount of digestion is critical for the success of the DNAse-seq assay. A: Under-
digestion will lead to a low number of peaks, as many open chromatin regions will be poorly digested,
and therefore not sequenced. B: The optimal level of digestion will release small-size DNA fragments
from open chromatin regions, while leaving the surroundings sequences intact. C: Over-digestion will
digest the open regions into fragment sizes smaller than our selected size-range. Regions of chromatin
that are slightly less open might be digested to fall in our selected fragment size. This leads to a different
pattern of peaks, where the most open regions of chromatin might not be detected anymore.
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Materials and methods

Plant material

Col-0 for inflorescences were grown under standard long-day conditions on soil (16h/8h) at
20 °Cday/16 °C night. Agu-1 (Aguaron-1 (N76409)) and A. lyrata plants were grown under long
day (16h/8h) at 20 °C day/16 °C night, vernalized for 8 weeks (4 degree during the night, 8
during the day, 12/12h), afterwards back to long days and 20 °C day/16 °C night.

ChlIP-seq experiments

Generation of SEP3 ChIP samples of A. thaliana Col-0 and Agu-1 inflorescences was
performed essentially as described previously (Kaufmann et al., 2010b), with one
modification. Instead of fixing the tissue immediately following harvesting, material was
frozen immediately and fixed after grinding of the tissue. Fixation was performed using
20ml MC buffer including 0.5% formaldehyde. Material was incubated with fixative for 5
min on ice. Fixation was stopped 2.5M glycine before continuing with the nuclei isolation.
Libraries were prepared with the Rubicon Genomics Thruplex® DNA-seq kit, following the
manufacturer’s instruction. Libraries were sequenced on the lllumina HiSeq2000.

DNAse-seq experiments

DNAse treatment was done as in (Pajoro et al., 2014b). 0.6 g of tissue was used for A. thaliana
Col-0, Agu-1 and A. lyrata inflorescences. Three biological replicates were done for each
ecotype/species. As control, gDNA was treated with DNAsel in the same way as the other
samples (1X control per species). 50-300 bp fragments were selected from agarose gel, and
this fraction was used for library preparation. Libraries were made with the Rubicon Genomics
Thruplex® DNA-seq kit, following the manufacturer’s instruction. Following library
preparation, the samples were size-selected (200-300 bp) from gel and purified using the
Qiagen Minelute gel extraction kit. Libraries were sequenced on the llllumina HiSeq2000.

ChIP-seq data analysis

We followed the ChIP-seq data analysis guidelines (Landt et al., 2012; Bailey et al., 2013)
recommended by the ENCODE project and have developed an analysis pipeline consisting of
quality control, read mapping, peak calling, assessment of reproducibility among biological
replicates, and peak annotation to reprocess all raw data in a standardized and uniform
manner (Chen and Kaufmann, 2017). Specially, the quality of the raw data (FASTQ files) was
evaluated with the FastQC program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were then mapped to
the A.thaliana genome (TAIR10) using Bowtie (version 1.1.2) with parameters “--threads 8 -n
2 -m 10 -k 1 --best --chunkmbs 256 -g”. Redundant reads were removed using Picard tools
(v2.60; http://broadinstitute.github.io/picard/). Peak-calling was performed using MACS2
(version 2.1.0). Duplicated reads were not considered (--keep-dup=1) during peak calling in
order to achieve a better specificity (Bailey et al., 2013). The “--mfold” parameter was set as
“2-20” to build the model. A relaxed threshold of p-value (p-value < 1le-2) was suggested in
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order to enable the correct computation of IDR (irreproducible discovery rate) values (Landt
et al., 2012). Following the recommendations for the analysis of self-consistency and
reproducibility between replicates
(https://sites.google.com/site/anshulkundaje/projects/idr, (Li et al., 2011)). Peaks across
replicates with an IDR < 0.1 were retained. ChlIP-seq data were visualized in the WashU
Epigenome Browser (Zhou et al., 2011).

Wiggle tracks were generated using deepTools (Ramirez et al. 2014); read coverage was
normalized to 1x sequencing depth (also known as reads per genomic content, RPGC).

DNase-seq data analysis

Potential peaks (called DNase | hypersensitive sites, DHSs) were called using Hotspot without
providing an input file, and MACS2 for which an input file was provided. For MACS2, the
parameters “--nomodel --shift -100 --extsize 200” were used. Data obtained with MACS2 and
Hotspot were merged. Peak calling was performed for each of the replicates, as well as the
merged sample of all three replicates. The final dataset consisted of peaks that were present
in the merged dataset as well as in one of the replicates.

Peak analysis
All the peak-based analyses (including peak overlapping, merging and summary) were
performed using BEDTools (v2.25.0) (Quinlan and Hall 2010).

Statistical analysis and data visualization
If not specified, all statistical analyses and data visualization were done in R.
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Supplementary material
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Figure S1: Reproducibility of read counts for our SEP3 ChiP-seq experiment. Reproducibility is
calculated using Spearman correlations for non-overlapping windows of 10 kb. A: Our newly generated
Col-0 and Agu-1 SEP3 ChiIP-seq data. B: Newly analyzed A. lyrata ChlP-seq data from (Muifio et al.,
2016).

‘Agu-1 SEP3 Rep1 Col-0 SEP3 Rep1 A lyrata SEP3 Repl
7 el 7 e 7
2 i 1 |
| |
o | |
1 ° 1
a R |
< - t .
] ) g 3 |
d 3 1 1
: w ! | : i
5 | 5 5 | g ol j
£ 3 i g3 | £
8 ! 8 ! 8 !
B | K ! 2 o |
o B ol
// 5
| s e s I —— Pp—
N I RERRr T csne Ty R TR T Gunr Timim . P
s j o i < iy e 2
T f T T T T T T T T T T T T T : T T T T T
o a0 w0 so w0 1w o m a0 we  so o0 2w o w0 a0 w0 w0 om0
Py— — Soors treshlds
Agu-1 SEPS Rep2 Col0 SEP3 Repz A lyrata SEP3 Rep2
7 R i
| | 2
- B
° 4
1 i i
§ § =4 §
g, g S £ o
I £ £
8 8 8
= = =
o o -]
° I
|
1= S 4
24 ‘l - o= Lyrata_SEP3_pooled 24 X 24
T : T - - - T - - T - T - T T T T T T T T
o a0 w0 e w0 1w o a0 w0 w0 w0 o o ae a0 e w0 1w
- Soorshrshalds F—

Figure S2: Overlap in number of peaks depending on peak height.
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Figure S3: SNPs/indels in CArG-boxes underlying our SEP3 ChiP-seq binding sites.

Table S1: Sequencing/mapping of DNAse-seq data. Data are shown for each replicate, as well as the
merged sample.

T e | Raw | Mappecusea

Col-0 replicate 1 20,534,172 5,845,703 28.47%

Col-0 replicate 2 28,475,081 14,407,135 50.60%

Col-0 replicate 3 69,917,571 23,558,077 33.69%

Col-0 merged 118,926,824 43,810,915 36.84%

Arabidopsis thaliana Col-0 control 42,618,606 17,513,673 41.09%
(TAIR 10) Agu-1 replicate 1 17,970,796 4,817,783 26.81%
Agu-1replicate 2 45,636,924 17,912,740 39.25%

Agu-1replicate 3 35,165,000 14,043,180 39.94%

Agu-1merged 98,772,720 36,773,703 37.23%

Agu-1 control 36,528,152 12,449,515 34.08%

A. lyrata replicate 1 11,046,273 4,164,389 37.70%

A. lyrata replicate 2 30,938,855 6,588,333 21.29%

a‘;"lb";‘:f’:)"" e A. lyrata replicate 3 37,702,315 14,416,913 38.24%
A. Lyrata merged 79,687,443 25,169,635 31.59%

A. Lyrata control 45,624,101 17,439,276 38.22%
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Figure S4: Reproducibility of DNAse-seq data. Spearman correlation coefficients were calculated
between samples, using non-overlapping windows of 5 kb. Pairwise comparisons are shown in the
heatmap.

Figure S5: Chromosomal distribution of DNAse-seq data from Pajoro et al 2014 (Pajoro et al., 2014b).
The data were reanalysed in the same way as our dataset. The centromer is indicated with a red bar.
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Figure S6: Chromosomal distribution of A. lyrata DNAse-seq reads. As centromeric sequences are
largely missing from the reference genome, it is not possible for sequences to be mapped to those

regions.
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Table S2: Called DHS peaks in each replicate and merged sample with different peak-calling methods.

6099 6284

Col-0 replicate 1 3626 94.76% 52.07%
Col-0 replicate 2 6006 12572 12661 98.52% 42.94%
Col-0 replicate 3 4975 11453 11708 94.87% 37.22%
Arabidopsis thaliana Col-0 merged 7766 13672 14021 95.51% 48.20%
(TAIR 10) Agu-1 replicate 1 6528 6325 7644 79.76% 74.02%
Agu-1replicate 2 6405 7472 8993 76.22% 60.49%
Agu-1replicate 3 6397 3711 7351 43.08% 69.79%
Agu-1 merged 12159 4572 11996 38.89% 93.18%
A. lyrata replicate 1 1501 2675 2920 83.68% 40.93%
Arabidopsis lyrata A lyrata replicate 2 2437 7019 7167 93.93% 29.51%
(Gl v1.0) A. lyrata replicate 3 2455 8555 8816 89.37% 23.50%
A. lyrata merged 3580 15629 15951 91.01% 19.21%
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Figure S7: Genomic distribution of DHS peaks. Both peak calling methods (MACS and HOTSPOT) found
the same localization close to the TSS. Shown are the distribution for MACS (), HOTSPOT () as well as
the final dataset (blue).
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Figure S8: Distribution of DHS peaks in Pajoro et al 2014, data at different time points (Pajoro et al.,
2014b). All three timepoints resemble each other closely.
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Table S3: Comparison between the Agu-1 DHS data generated here with published DNAse-seq data
(zhang et al., 2012a; Pajoro et al., 2014b). Our Agu-1 dataset contains 9270 DHSs.

number of peaks of

number of peaks of our

% peaks of our Agu-1
data present in this

dataset Agu-1 data this dataset dataset
leaf (Zhang) [l 20926[0 | 53920 | sa2(lll 59.1%
inflorescence (Zhang) .:| ses0[l | 5974/ 64.4%
inflorescence day 0 (Pajoro) .:I 5520 | s7alllE 61.9%
inflorescence day 2 (Pajoro) [l 15646[0 | 52030 | s3csflll 57.8%
inflorescence day 4 (Pajoro) [ 163340 | 541100 | 5573 (D 60.1%
inflorescence day 8 (Pajoro) ﬂasz 5357 .:I 5581 t 60.2%

Acknowledgments

This work was supported by EpiGeneSys with a grant for a small-scale collaborative project, and by a

Sofja-Kovalevskaja project (KK).

96




CHAPTERS
Evolution of PISTILLATA

paralogs In Tarenaya hassleriana

Suzanne de Bruijn
Tao Zhao
Jose M. Muino

Johanna Muschner

Gerco C. Angenent

Kerstin Kaufmann



Chapter 5

Abstract

In angiosperms, floral development is specified by the fairly conserved (A)BCE-model. This
model describes how three classes of MADS-domain proteins act in a combinatorial way to
specify the four floral organ types. However, there is still a remarkable amount of diversity in
floral morphology. One of the mechanisms suggested to contribute to this diversity is
duplication of floral MADS-domain transcription factors. Although gene duplication is often
followed by loss of one of the copies, sometimes both copies are retained. If both copies are
retained they will initially be redundant, providing the freedom for one of the paralogs to
change function. This way, gene duplication can lead to subfunctionalization or
neofunctionalization.

One duplication of the floral regulator PISTILLATA (PI) occurred by transposition at the base of
the Brassicales. This led to two P/ paralogs, the original copy, which is conserved in genomic
position in most of the angiosperms, and the transposed copy. Interestingly, some Brassicales
species, such as the Brassicaceae, only retained the new, transposed copy, whereas others,
such as species in the Cleomaceae, retained both copies of PI.

Here, we examined both of these P/ paralogs in the Cleomaceae species Tarenaya hassleriana.
We find that the two ThPI paralogs have very similar expression patterns. However, they may
have diverged in function, as only one of these ThPI proteins was able to act heterologously
in the first whorl of A. thaliana flowers. In addition, we observed differences in protein
complex formation between the two paralogs, and there are subtle differences in the DNA-
binding specificity of the two ThPI paralogs. Sequence analysis shows that most of the
sequence divergence between the two paralogs seems to have emerged in a common
ancestor of the Cleomaceae and the Brassicaceae. It is tempting to speculate that the
duplication of PISTILLATA lead to different properties in the Brassicaceae-specific PI, which
may contribute to the typical cross-like flower morphology observed in Brassicaceae.
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Introduction

Gene duplication is a basis for evolutionary novelty, because selection pressure is temporarily
less after a duplication event, allowing one or both of the duplicates to evolve in function.
Following a gene duplication event, there are several scenarios for the fate of the newly
obtained paralogs. Often, one of the paralogs is quickly lost (Lynch and Conery, 2000). In the
case that both paralogs are retained, they might either divide the original function between
the two paralogs (subfunctionalization) and/or obtain new functions (neofunctionalization)
(Ohno, 1970; Force et al., 1999). Different molecular mechanisms have been proposed to
explain how this is achieved (Conant and Wolfe, 2008; Andersson et al., 2015). These different
mechanisms are not mutually exclusive, and often several mechanisms are acting upon a
paralogous pair of genes simultaneously or consecutively (He and Zhang, 2005; Conant et al.,
2014).

In plants, whole genome duplications (WGDs) are a common phenomenon, and all
angiosperms have undergone at least one WGD (Lawton-Rauh, 2003; Cui et al., 2006; Soltis et
al., 2014). WGDs are implied as a driving force behind the huge increase in the number of
plant species (Moore and Purugganan, 2005; Tank et al., 2015). Crucially, several key
innovations, such as seeds and flowers, coincided with WGDs (Jiao et al., 2011; Li et al., 2015;
Soltis and Soltis, 2016). Interestingly, gene loss after WGDs is not uniform, with some classes
of genes being preferentially retained, among which transcription factors (TFs) (Blanc and
Wolfe, 2004a; Conant and Wolfe, 2008; Paterson et al., 2010). One of the families of TFs that
have seen a preferential retention of its genes is the family of MADS-domain TFs (lIrish, 2003;
Geuten et al., 2011). Members of this family of TFs are involved in virtually all stages of plant
development (Smaczniak et al., 2012a) and are well-known for their crucial roles in flower
development (Causier et al., 2010a). They specify the identity of the four different floral organ
types, according to the combinatorial (A)BCE model (Haughn and Somerville, 1988; Coen and
Meyerowitz, 1991; Theissen, 2001; Causier et al., 2010a). This model and the proteins that
fulfil the A-, B-, C- and E-function are generally conserved throughout the angiosperms
(Smaczniak et al., 2012a). However, many plant lineages retained multiple copies of these
genes after duplication events (Vandenbussche et al., 2004; de Martino et al.,, 2006;
Mondragon-Palomino and Theissen, 2008; Geuten and Irish, 2010; Sharma and Kramer, 2013).

The first floral MADS-box gene paralogs studied in detail were PLENA (PLE) and FARINELL/
(FAR) from Antirrhinum majus. PLE is the C-function gene in Antirrhinum, with mutants
showing homeotic conversions of stamen to petal, and carpel to sepaloid organs, as well as
loss of floral determinacy (Bradley et al., 1993). The closely related FAR gene was expected to
have a floral C-function as well based on gene sequence, expression pattern and protein-
protein interactions. However, the only phenotype far mutants exhibit is partial male sterility.
Nevertheless, the double far ple mutant has a more severe phenotype (more complete
homeotic conversions, and more organs inside the 4" whorl) than single ple mutants,
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indicating that FAR is partially redundant with PLE. These data suggest that PLE and FAR have
subfunctionalized (Davies et al., 1999).

Arabidopsis also retained paralogous pairs from the C-, as well as the A- and E-classes of
MADS-box genes. The paralogous gene pairs show different degrees of divergence. The
paralogs of the C-class gene AGAMOUS (AG), the SHATTERPROOFs (SHP1 and 2), are not
involved in flower development, but play a role in fruit development instead (Liljegren et al.,
2000). In contrast, the four SEPALLATA paralogs (SEP1-4, E-class) are largely redundant (Pelaz
et al., 2000; Ditta et al., 2004).

The B-function is fulfilled by two genes, APETALA3/PISTILLATA (AP3/Pl) and
DEFICIENS/GLOBOSA (DEF/GLO) in the model species Arabidopsis thaliana and Antirrhinum,
respectively. These two genes are closely related, resulting from a duplication before the
origin of the angiosperms (Kramer et al., 1998). Within the angiosperms these genes
underwent additional duplications. Although A. thaliana has only one copy of each B-class
gene lineage, several other plant lineages have retained paralogs of the B-class genes after
duplication (Kramer et al., 1998; Stellari et al., 2004; Viaene et al., 2009). For example, all
Solanaceae species have two AP3-like genes (AP3 and TM6), as well as two GLO paralogs.
These paralogs have subfunctionalized in species-specific ways (Vandenbussche et al., 2004;
de Martino et al., 2006; Geuten and Irish, 2010). A similar pattern is seen in the asterids, where
a duplication in the basal asterids led to two P/ paralogs that show species-specific differences
in expression patterns (Viaene et al., 2009).

B-class genes do not only specify petal and stamen identity, but can also be involved in
determining the morphology of these organs. For instance, in Petunia hybrida a Pl paralog is
required for the fusion of stamens to the corolla tube (Vandenbussche et al., 2004). Another
example of involvement of B-class genes in morphology is provided by orchids. Orchids
possess a perianth that consists of three morphologically distinct types of tepals, and it has
been shown that these different tepal morphologies are specified by different combinations
of the three/four DEF paralogs that are present in orchids (Mondragon-Palomino and
Theissen, 2009; Mondragdn-Palomino and Theilen, 2011).

B-class genes might even be able to specify novel floral organs. An example is presented by
Aquilegia, a basal eudicot that displays an additional type of organ in a whorl between the
stamens and carpels, called the staminodia. The specification of this new organ is linked to
duplications in the AP3 lineage (Kramer et al., 1998; Kramer et al., 2003; Kramer et al., 2007;
Sharma and Kramer, 2013).

The position of a gene within the genome can be biologically relevant, as genes are dependent
on their genomic context for expression. Gene expression is regulated by cis-regulatory
elements (CREs), which can be dispersed over long distances, even spanning several genes.
Epigenetic marks also play a role in regulating gene expression, and as these marks are often
deposited in big “blocks”, the epigenetic state of a gene might be dependent on its position in
the genome (Dewey, 2011). Interestingly, several studies have shown that after gene
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duplication, the original gene is more evolutionary constrained in sequence than the copy
(Dewey, 2011). For these reasons, exceptionally strong conservation of gene order could
indicate that the genomic context of a gene is important for its function and/or regulation
(Duran et al., 2009), and is often used as a proxy for the conservation of gene function (Dewey,
2011).

This preservation of gene order in different species is called synteny (Drillon and Fischer, 2011;
Irimia et al., 2013; Tekaia, 2016). Synteny can be maintained across hundreds of millions of
years, with 90% of the genome being syntenic between human and mice (90 MYA) (Mudge et
al., 2005). However, in plants synteny is generally less conserved than in animals. This is due
to the fact that in plants several rounds of WGD have occurred and the subsequent process of
gene loss and genome rearrangements has blurred syntenic relationships (Timms et al., 2006;
Tang et al.,, 2008; Irimia et al., 2013). Still, extensive genome collinearity can be found between
closely related species, and plant species that are more diverged still show microsynteny of
small genomic regions (of several genes) (Yan et al., 2004; Timms et al., 2006; Lescot et al.,
2008).

In comparative genomics, synteny is used to elucidate true orthologs from other homologous
genes. Therefore, synteny can provide information about the evolution of gene families. One
family for which synteny analysis has helped unravel its evolutionary history is the family of
MADS-box genes (Ruelens et al., 2013; Zhao et al., 2017). One MADS-box gene that displays
very conserved synteny is the floral B-class gene PISTILLATA (Pl). The synteny of this gene is
retained between the sister species of all angiosperms, Amborella and almost all other
angiosperm species, with the notable exception of the Brassicaceae family (Cheng et al., 2013;
Zhao and Schranz, 2017).

Tarenaya hassleriana belongs to the Cleomaceae, which is a sister family to the Brassicaceae
(Hall et al., 2002). T. hassleriana is interesting for comparative studies, as the genome is
available, and this species diverged from the Brassicaceae relatively recently (35 million years
ago) (Chengetal., 2013). This means that T. hassleriana is relatively closely related to the well-
established model species A. thaliana. In contrast to the cross-like Brassicaceae flowers,
different Cleomaceae species exhibit quite diverse floral morphologies (Patchell et al., 2011).
T. hassleriana’s basic floral bauplan (4 sepals, 4 petals, 6 stamens and 2 fused carpels) is similar
to A. thaliana, but in contrast to the radially symmetric Arabidopsis flowers, the flowers of
Cleomaceae species are monosymmetric (Patchell et al., 2011; Cheng et al.,, 2013). T.
hassleriana has two paralogs of the B-function gene P/ (Cheng et al., 2013). These Pl paralogs
are probably derived from the At-B-duplication at the origin of the Brassicales, ca. 70 MYA
(Ming et al., 2008; Cheng et al., 2013).

We questioned whether the genomic location of P/ could influence floral morphology, as the
synteny of Pl is conserved throughout the angiosperms, with the exception of the
Brassicaceae. T. hassleriana has two Pl paralogs, and this species is closely related to A.
thaliana, and therefore may be an evolutionary intermediate between the Brassicaceae and
the other eudicots. Here, we investigated how these two Pl paralogs in T. hassleriana diverged
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from each other focusing on expression patterns and several functional features of the two
TFs. To test for functional divergence, we performed heterologous expression experiments,
and tested both proteins for their specificity in interacting with DNA as well as with other TFs.
Although the two paralogs did not diverge in expression pattern, we did observe differences
in the biochemical properties of the two paralogous genes. The paralogs are not equally
competent in acting heterologously as B-class genes in Arabidopsis. Protein interaction studies
indicate that although the two PI paralogs behave similar in dimer formation, they have
different affinities for interaction partners in the floral quartet model. This model suggests
that the MADS-domain TFs underlying the (A)BCE-model exert their function as tetramers
(Theissen and Saedler, 2001). These data indicate that both Pl paralogs diverged from each
other in their biochemical properties, which could imply divergence in gene function. This
might have interesting implications for the functional evolution of P/ genes in the
Brassicaceae.

Results

Phylogenetic analysis shows that one of the Tarenaya PI paralogs clusters with the
Brassicaceae

Previously, it was found that T. hassleriana possesses two copies of each B-class gene,
APETALA3 and PISTILLATA (Cheng et al., 2013). Interestingly, the P/ paralogs are in different
genomic environments. One of the ThPI paralogs shares conserved synteny with the
Brassicaceae-specific PIs (ThPI-1), whereas the other Pl paralog (ThPI-2) is syntenic with the
other eudicots (Figure 1 (Cheng et al., 2013)). The two P! paralogs, ThPI-1 (215 AA) and ThPI-
2 (214 AA), are highly divergent in sequence, sharing only 62% protein sequence identity (68%
at the nucleotide level) (Figure 2A). Here we present a more detailed phylogeny of PI (Figure
2B), which shows that the ThPI paralog that is syntenic with the Brassicaceae Pl genes clearly
clusters with the Brassicaceae Pl-clade. The other paralog, ThPI-2, is positioned between the
Brassicaceae-clade and the eudicots-specific clade. The phylogenies shown are made with
Maximume-likelihood, but the Neighbor-Joining algorithm produced similar results. ThPI-1
clusters with the Brassicaceae, indicating that ThPI-1 resembles the Brassicaceae P/ genes in
sequence. This means that a substantial part of the sequence divergence observed between
ThPI-1 and ThPI-2 arose in ThPI-1 before the split between the Brassicaceae and Cleomaceae.
That ThPI-1 evolved in sequence in a common ancestor of the Brassicaceae and Cleomaceae
is also seen in the C-terminal part of the sequence. It has been shown that the N-terminal part
of the PI motif (see Figure 2) contains signature amino acids able to distinguish between the
Brassicaceae and eudicot-specific Pls (Lange et al., 2013). Like the Brassicaceae Pl orthologs,
ThPI-1, but not ThPI-2, misses the first 2 AA of the Pl motif. In addition, ThPI-1 (but not ThPI-
2) also resembles the Brassicaceae Pl proteins in having a C-terminal extension of six amino
acids compared to other eudicot Pls (Lange et al., 2013).
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A Brassicaceae PISTILLATA orthologs B non-Brassicaceae PISTILLATA orthologs
and T. hassleriana PI-1 including T. hassleriana PI-2
A. lyrata M. truncatula

M. truncatula
A. thaliana
v — o —
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C. rubella
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PI-1

A. trichopoda

Figure 1: Synteny of both Pl paralogs of T. hassleriana. Pl paralogs are shown with an orange
(Brassicaceae) or red (non-Brassicaeae) trace. Other syntenic genes are linked in grey. A: Synteny of
ThPI-1 with the Brassicaceae Pl orthologs. Shown are the Brassicaceae type | genera Arabidopsis (A.
lyrata and A. thaliana) and Capsella (C. rubella and C. grandiflora); the Brassicaceae type Il species
Eutrema salsugineum, Arabis alpina, Brassica oleraceae (3 paralogs), the basal Brassicaceae
Aethionema Arabicum and PI-1 of T. hassleriana. B: Synteny of ThPI-2 with non-Brassicaceae
angiosperms. Shown are 7 rosid species (Medicago truncatula (2 paralogs), Prunus persica, Ricinus
communis, T. hassleriana, Theobroma cacao, Citrus sinensis and Vitis vinifera), 3 asterid species
(Solanum lycopersicum, Solanum pennelli and Coffea canephora), one Caryophyllales (Beta vulgaris)
and the sister species to all other angiosperms, Amborella (A. trichopoda).

Once again, this indicates that these changes to the protein sequence of Pl occurred before
the Brassicaceae-Cleomaceae split, when there were two paralogs of Pl present in the genome
of the common ancestor of these families. Interestingly, both paralogs of P/ are also retained
in the Cleomaceae species Gynandropsis gynandra, hinting that both copies might be
functional (Figure 2A, B). In contrast, the two AP3 paralogs of T. hassleriana originate from a
tandem duplication that is thought to be recent (Cheng et al., 2013), as the two paralogs are
highly similar (Figure 2C, D, S1). We found that this tandem duplication is not present in G.
gynandra, which supports the idea that this tandem duplication happened recently, as the
Gynandropsis-Tarenaya split is no more than 13.7 MYA (van den Bergh et al., 2014).

The two ThPI paralogs did not diverge in expression pattern

It is known that the genomic context of a gene may have an influence on its expression. As the
T. hassleriana Pl paralogs have different genomic environments, we investigated whether they
diverged from each other in expression pattern. It was previously shown that both P/ paralogs
in T. hassleriana are expressed during flower development (Cheng et al., 2013). Here, we
investigate the expression patterns of these genes in more detail, using RNA in situ
hybridization.
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Figure 2: Phylogenetic and sequence analysis of the T. hassleriana B-class genes. A: Alignment of Pl
orthologs from several species. B: Maximume-likelihood phylogeny of Pl orthologs. The Pl orthologs
belonging to Brassicaceae species are indicated in beige, the Cleomaceae Pl orthologs in blue. C:
Maximume-likelihood phylogeny showing the position of the ThAP3 paralogs. D: Alignment of ThAP3
paralogs with AtAP3. The MADS-domain, the K-domain and the lineage-specific C-terminal motifs are
indicated in A and D. Abbreviations: Ath=A. thaliana; Aly=A. lyrata; Cru=Capsella rubella;
Aab=Aethionema Arabicum; Tha=T. hassleriana; Ggy=G. gynandropsis; Cpa=Carica papaya;

AtAP3 161
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Tca=Theobroma cacao; VWi=Vitis vinifera; Ptr=Populus trichocarpa.
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We designed probes for ThAP3, ThPI-1 and ThPI-2. The ThAP3 probe cross-hybridizes with
transcripts from both ThAP3 paralogs, because the extremely high similarity between these
genes did not allow for the design of specific probes (see Figure S1). The ThAP3 probe covered
part of the K-domain and the C-terminus of the mRNA, as well as the 3" UTR. The probes for
the PI paralogs only cover the C-terminal part of the mRNA and the 3’UTR (which we
determined using 3'RACE), not the K-domain. Although these two P/ probes share only 65 %
similarity at nucleotide level (longest continuous stretch of identical sequence is 14 bp), we
cannot exclude some cross-hybridization with mRNA from the other paralog.

Early during development, when only sepal primordia are present (comparable to A. thaliana
floral stage 3-4 (Smyth et al., 1990)), ThAP3 was found expressed in the cells that will give rise
to whorl two and three (Figure 3A and 3l), and at later developmental stages, when primordia
of all organs are formed, expression of AP3 is specific to petal and stamen primordia (Figure
3E and 3M). The expression patterns of ThPI-1 and ThPI-2 resemble each other closely. During
early stages, expression of both genes can be seen in cells that will give rise to whorl two and
three (Figure 3B, C, J and K) and, later during development, expression is seen in developing
petal and stamen primordia (Figure 3F, G, H and O). These data show that ThPI-1 and ThPI-2
are both expressed in petals and stamens, with no detectable differences in expression
pattern between the two paralogs. It seems therefore that both P/ paralogs did not diverge in
spatial and temporal expression patterns. They are however reported to differ in their level of
expression, the expression of ThPI-2 being lower than the expression of ThPI-1 (Figure
S5)(Cheng et al., 2013; Kulahoglu et al., 2014).

Heterologous expression of ThPI paralogs in A. thaliana gives different phenotypes

Although the two ThPI paralogs do not seem to have diverged in expression pattern, they did
diverge quite substantially in sequence. We therefore hypothesized that they might have
evolved in their function. As a first test for protein function, we expressed both ThPI paralogs
constitutively in wildtype A. thaliana. As a control, we also created lines with AtP/
overexpression. Constitutive overexpression of the native Pl in A. thaliana has been reported
to lead to partial conversion of sepals to petals, due to low expression of AP3 in the outer
whorl (Krizek and Meyerowitz, 1996b). We analyzed twelve 35S:AtPI lines, and obtained sepal
to petal conversion for three of these lines (Figure 4B). Expression studies indicated that lines
showing a modified phenotype had the highest level of transgene expression (Figure S2A). For
ThPI-1, the paralog that is most similar to the Brassicaceae P/, the two lines with the highest
transgene expression level (out of 13 lines) displayed homeotic conversions of sepals, very
similar to the 35S:AtP! lines (Figure 4C, S2B). This indicates that ThPI-1 is capable of performing
similar functions as AtPI in the first whorl of A. thaliana. For ThPI-2, although we analyzed 14
35S:ThPI-2 lines, we did not observe an aberrant phenotype in any of these lines (Figure 4D).
This could indicate that ThPI-2 is unable to specify petals in the first whorl of A. thaliana,
suggesting that ThPI-2 is functionally different from AtPI. As ThPI-1 did induce a phenotype, it
can be concluded that the two T. hassleriana proteins are biochemically different. However,
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it cannot be ruled out that the transgene expression levels in our 14 lines were not high
enough to induce a homeotic transformation of the first whorl organs (Figure S2C, D), even
though we analyzed a similar number of lines for 355:ThPI-2 as we did for 35S:AtP/ and

35S8:ThPI-1.

ThAP3

y Yo y | | :
Figure 3: Expression patterns of T. hassleriana B-class genes. Expression patterns of the ThAP3
paralogs (A, E, L, M), ThPI-1( B, F, J, N) and ThPI-2 (C, G, K, O) as determined by RNA in situ hybridization.
Expression was determined in early developmental stages before organ primordia were formed (A-C, I-
K) as well as later during development (E-G, M-0). Schematics of the different developmental stages
and planes are shown in (D, H, longitudinal) and (L, P, cross). Scale bar=1mm.
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Figure 4: Heterologous expression of the ThPI paralogs in A. thaliana. A: a wildtype (WT) A. thaliana
flower. B: a 35S::AtPI flower, which shows the phenotype obtained by constitutive expression of the
native Pl. Note the change in orientation of the first whorl organs. C: a 35S::PI-1 flower, showing
homeotic conversion of sepals to petals. D: a 355::ThPI-2 flower, showing no aberrant phenotype. Top
row shows whole flower, bottom row shows dissected sepals (top) and petals (bottom).

The ThPI paralogs differ in their ability to form protein-protein interactions

The heterologous expression assay indicates that the ThPI paralogs might be functionally
different. We therefore studied the properties of the encoded proteins in vitro. As MADS-
domain TFs function as part of protein complexes (Pellegrini et al., 1995; Theissen and Saedler,
2001; Smaczniak et al., 2012b), we tested whether the two ThPI paralogs have different
capabilities to form DNA-binding protein complexes. Differences in protein complex formation
can be relevant, as divergence in protein-protein interactions may lead to divergent gene
regulation. TFs need to bind DNA to exert their function, therefore DNA-binding protein
complexes were analyzed using Electrophoretic Mobility Shift Assays (EMSAs), a well-
established method to study DNA-binding MADS-domain protein-complexes (Trobner et al.,
1992; Riechmann et al., 1996b).

Initially we analyzed interactions between the two ThAP3 and the two ThPI proteins. We could
not detect DNA-binding by homodimers of any of the four B-class proteins (Figure 5A). This is
not surprising, as AP3 and Pl form obligate heterodimers in the majority of the eudicots
(Riechmann et al., 1996b; Winter et al., 2002; Melzer et al., 2014). We did detect all four
possible ThAP3-ThPI heterodimers (Figure 5A), indicating that there has been no
subfunctionalization at the dimerization level. Interactions between B-class paralogs have
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been studied in more species. Whereas in some species subfunctionalization at the
dimerization level has not been observed (Roque et al., 2013; Gong et al., 2016; Roque et al.,
2016), in other species, for instance in the Solanaceae, only specific B-class dimer
combinations are possible (Leseberg et al.,, 2008; Geuten and Irish, 2010). As the ThAP3
paralogs are highly similar to each other, it is not surprising that we did not find
subfunctionalization at the dimerization level. Interestingly, ThPI-2 containing dimers migrate
slower through the gel than ThPI-1 containing dimers, even though they have similar
molecular masses (24.72 vs 24.95 kDa) and charges (Table S1).

Although there are no apparent differences between ThPI-1 and ThPI-2 in their ability to form
heterodimers with ThAP3 paralogs, it is possible they have different abilities to form larger
protein complexes. According to the floral quartet model, B-class proteins act in tetramers
with other MADS-domain TFs (Honma and Goto, 2001; Theissen and Saedler, 2001). To
determine whether the ThPIl paralogs differ in higher order complex formation, we
investigated their ability to form complexes with members of other homeotic protein classes.
According to the floral quartet model, we expect the B-class proteins to interact with a
SEPALLATA (SEP) protein and APETALA1l (AP1) in petals, whereas a complex with one
AGAMOUS (AG) and one SEP protein should specify stamens. T. hassleriana has one AG gene
and two genes each for SEP1/2, SEP3 and SEP4 (Cheng et al., 2013). Focusing on the stamen-
specific complex, we analyzed whether the ThPI paralogs interact differently with ThAG and
the two ThSEP3 paralogs. SEP3 was chosen as the SEPALLATA protein, as it is suggested to be
the most active SEP in A. thaliana, based on the number of different protein-interactions it is
forming (Immink et al., 2009). First we compared complex formation for all four different B-
class heterodimers. As expected, the two ThAP3 paralogs behaved similar in these
experiments (Figure S3A). However, for the two ThPI paralogs differences in complex
formation were observed. Whereas one higher-order complex (beside a dimer complex) was
observed for combinations containing ThPI-1, two tetrameric complexes were observed when
ThPI-2 was present. This pattern was found for both ThSEP3 paralogs (Figure S3A). We studied
the composition of these different complexes in more detail for one of the ThSEP3 paralogs
(Th1528) (Figure 5B, S3B, C). Using dropout experiments, it could be concluded that the single
tetrameric complex observed with ThPI-1 consists of ThAP3/ThPI-1/ThAG/ThSEP3, which is
the expected complex for stamen-specification. A similar complex (ThAP3/ThPI-
2/ThAG/ThSEP3) was observed with ThPI-2 (Figure 5B, marked with an asterisk). However,
when ThPI-2 is present, a second tetrameric complex (upper band) is observed. This other
complex does not contain any B-class proteins, but instead consists of only ThSEP3 and ThAG.
The fact that a ThAG/ThSEP3 tetramer is formed in addition to a ThAG/ThSEP3/ThAP3/ThPI-2
complex suggests that a fraction of ThSEP3/ThAG dimers bind to each other, instead of to a
ThAP3/ThPI-2 dimer. Although we did not test for differences in protein levels, these data
indicate that there are differences between the two ThPIs in affinity to form a complex with
ThAG and ThSEP3. The affinity of ThAG/ThSEP3 for ThPI-2 is lower than for ThPI-1, because
for ThPI-1 all ThAG/ThSEP3 dimers are incorporated into a ThAG/ThSEP3/ThAP3/ThPI-1
complex.
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Figure 5: Ability of T. hassleriana B-class genes to form DNA-binding protein-complexes. In (A),

incubations of homo- and heterodimerization of AP3 and Pl with DNA probe. B: Complexes formed with
ThAG, ThSEP3 (Th01528), ThAP3-1 and either of the two ThPI paralogs. The figure shows only the higher
order complexes (tetramers); in the figure at the right this part compared to the whole gel is indicated.
In (C), EMSA for protein-complex formation with ThAG and a ThSEP4 paralog (Th21984). (D, E, F)
EMSASs testing the interaction of the B-class dimers with a ThAP1 paralog (Th13754) and different ThSEP
paralogs: ThSEP3 (Th1528) (D), ThSEP1/2 (Th2854) (E), and ThSEP4 (Th21984) (F). For all experiments,
a promoter fragment from the A. thaliana SEP3 promoter was used as probe (Smaczniak et al., 2012a).
The control is an empty-vector control, in which no protein production is expected.

Summarizing, both ThPI paralogs are capable of forming a complex with ThAG and ThSEP3.
However, the data suggest that they do so with different affinities, as ThPI-1 shows a higher
affinity for this complex than ThPI-2.

We next investigated if ThPI-2 has a lower affinity than ThPI-1 to form tetramers in general,
or whether it is specific for certain protein combinations. We therefore first analyzed tetramer
formation with ThAG and a different ThSEP paralog. Interestingly, a single tetrameric complex
was observed for both of the ThPI paralogs when a ThSEP4 paralog (Th21984) was used (Figure
5C). This indicates that the lower affinity to form a ThAG/ThSEP/ThAP3/ThPI complex with
ThPI-2 than with ThPI-1 may not be a general feature for ThPI-2.

Next, we studied combinations of the B-class proteins with one ThSEP and one of the ThAP1
paralogs, a combination that is expected for petal formation (Figure 5D, E, F). interestingly,
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using ThSEP3, we see a single complex when ThPI-1 is present, whereas two complexes are
formed when ThPI-2 is present. Similar to what we have seen for combinations with ThAG, it
seems that the higher complex observed for combinations with ThPI-2 may not contain the B-
class proteins, as it runs at the same height as ThAP1 homotetramers. When we tested the
interaction of the B-class paralogs with ThAP1 and ThSEP4, we obtain a single complex for
either of the ThPI paralogs, again indicating that there is no difference in complex formation
with ThSEP4. When we examine combinations of the B-class proteins with ThAP1 and another
SEP, ThSEP1/2, we observe a single complex for each protein combination. However
complexes containing ThPI-1 show a different gel shift than combinations with ThPI-2.
Differences in gel shift indicate that these complexes will likely have a different protein
composition, but we did not study these differences in detail.

From these experiments it can be concluded that ThPI-1 and ThPI-2 are biochemically
different, as they show differences in their affinities to form higher-order complexes. ThPI-2
has a lower affinity for certain higher order complexes than ThPI-1. However, this does depend
on the interaction partners, as different ThSEP paralogs gave different results. We can
conclude that the ThPI paralogs (as well as the ThSEP paralogs) are diverged in their ability to
form protein-protein interactions.

DNA-binding specificity

In the EMSA experiments a single DNA probe is used and the interaction of this probe with the
various protein complexes can be tested. However, it is also possible that the two ThPI
paralogs differ in their binding specificity and/or affinity to certain DNA sequences. To analyze
this, we used SELEX-seq (Systematic Evolution of Ligands by EXponential enrichment followed
by deep sequencing) (Jolma et al., 2010) to test whether there are any differences in DNA-
binding specificity between the two ThPI paralogs. We performed SELEX-seq experiments on
ThAP3/ThPI heterodimers using a custom-made A. thaliana AP3 antibody, which recognized
the T. hassleriana AP3 paralogs (see Figure S4).

Good enrichment of bound sequences was obtained for the heterodimers ThPI-1/ThAP3-1 and
ThPI-2/ThAP3-1, in SELEX round 8 and 5 respectively, as shown by EMSAs (Figure 6A, B). We
sequenced these SELEX rounds, and obtained ~0.3 million reads for PI-1/AP3-1 and ~30 million
reads for PI-2/AP3-1, with a percentage of perfect CArG-boxes (CC[A/T]6GG) of 12,6% and 14%
respectively, indicating that we indeed have good enrichment of ThAP3/ThPl bound
sequences. We calculated relative affinities of the heterodimers for each 10 bp sequence (k-
mer), and compared these between the two different ThPI heterodimers. This shows that
there are differences in DNA-binding specificity between the two different ThPI proteins
(Figure 6C). For each heterodimer, we used the top 0.1% of K-mers with the highest affinity to
perform a motif search using MEME. For both ThPI paralogs we find a motif resembling a
CArG-box (Figure 6D). For each heterodimer, the motif shows two conserved cytosines in the
beginning of the motif, whereas at the 3’ end the first guanine is less conserved than the
second. However, the motifs are slightly different from each other. The A-rich stretch in the
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middle is slightly different for both motifs. In addition, although both motifs show an
extension of the motif 3’ of the CArG-box, these are slightly different, with the extension of
the ThPI-1 motif consisting of two adenines, whereas for ThPI-2 this motif is a thymine
followed by two adenines. Taken together, these data suggest that there might be subtle
differences in DNA-binding specificities between the two different ThPI paralogs.
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Figure 6: DNA-binding specificities as determined by SELEX-seq. (A, B) EMSAs showing enrichment of
bound sequences in different SELEX rounds. C: Dotplot comparing the relative affinities between ThPI-
1/ThAP3-1 and ThPI-2/ThaP3-1. D: Motifs obtained for each of the PI/AP3-1 heterodimers. Motif
discovery was performed on the most recurring 40N sequence for each of the 0.1% k-mers with the
highest affinity.

Discussion

T. hassleriana has two P/ paralogs that probably resulted from the B-duplication around 70
million years ago at the base of the Brassicales (Figure 1, (Ming et al., 2008; Cheng et al,,
2013)). These two paralogs share 62% protein identity. This amount of sequence divergence
falls within the range observed for functional B-class paralogs in other species. In the
Solanaceae, the GLO paralogs have 63-70% protein identity (around 108 million years old
(Bremer et al., 2004; Viaene et al., 2009)), and the paralogs MtPI and MtNGL9 in Medicago
truncatula share 73% protein identity (duplication occurred around 39 million years ago)
(Benlloch et al., 2009; Roque et al., 2016). The basal eudicot Aquilegia has three paralogs of
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AP3, which share about 60% protein identity. These paralogs originated from two
duplications, of which the older one is estimated to be around 120 MYA (Kramer et al., 2003;
Kramer et al., 2007; Moore et al., 2007; Sharma and Kramer, 2013).

Pl paralogs diversified biochemically

We analyzed whether both ThPI paralogs diverged in expression pattern, but did not find any
difference in their spatiotemporal expression patterns. It was reported however, that these
genes differ in their level of expression (Cheng et al., 2013).

Although the ThPI paralogs did not subfunctionalize in expression pattern, we did find
functional differences between the two proteins. In our heterologous expression experiment
in A. thaliana, only ThPI-1, but not ThPI-2, was able to homeotically transform sepals into
petaloid structures. This indicates that the proteins may have different functions, although
this only was tested in a heterologous system so far. Subsequently, we performed two in vitro
assays to determine whether the TF protein properties are different: EMSA to determine
protein complex specificity and SELEX-seq to investigate the DNA binding specificity. The
EMSA results show that ThPI-1 has a higher affinity for some tetrameric complexes than ThPI-
2. However, this does not only depend on the Pl paralog, as we obtain different results
depending on the interaction partners, most importantly the different ThSEP paralogs.
Although SEP genes show extensive redundancy, in some species they display differences in
expression patterns and protein-protein interactions, and examples of non-redundant roles
for SEP genes in flower development have been reported (Ferrario et al., 2003; Malcomber
and Kellogg, 2005; Cui et al., 2010; Ruokolainen et al., 2010; Pan et al., 2014). Whether the
differences we found between both ThPI paralogs in interactions with the ThSEP paralogs
could be significant for flower development depends on whether the expression of these ThP/
and ThSEP genes overlap. Although we were able to isolate all six T. hassleriana SEP genes
from inflorescences (we cloned all six SEP coding sequences), and know that there are
differences in expression level in mature flowers (Figure S6 (Kulahoglu et al., 2014)), we do
not have detailed spatiotemporal expression information of the different SEP genes
throughout floral development. To evaluate whether the observed differences in protein-
protein-interactions could make a difference in planta, it would be informative to elucidate
expression patterns of all SEP paralogs. According to the Floral Quartet-model (Theissen and
Saedler, 2001), a specific tetramer is formed in each type of floral organ, which binds to two
adjacent binding sites in regulatory regions of target genes. The composition of the tetramer
determines in part the specificity for a particular target sequence. If however target genes are
also controlled by heterodimers alone, then the specificity of the AP3/PI dimers for DNA
should be different between the two PI paralogs, to be able to regulate different genes.

We determined DNA-binding specificity for the T. hassleriana AP3-1/PI-1 and AP3-1/PI-2

heterodimers in vitro using SELEX-seq, and found slightly different binding motifs for the two
AP3-1/PI heterodimers. Both PI/AP3-1 heterodimers bind to CArG-boxes, as expected for
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MADS-domain proteins. As far as we know, these are the first in vitro DNA-binding data for an
AP3/PI dimer of any species. The only available in vitro data is a study in which they studied
binding affinity of A. thaliana AP3/PI to different DNA probes using EMSAs (Riechmann et al.,
1996a), The only DNA-binding motif for AP3/PI which is published is determined using ChIP-
seq of the A. thaliana AP3/PI heterodimer (Wuest et al., 2012). The motifs we obtained for
the T. hassleriana Pl paralogs are more similar to each other than to this A. thaliana motif,
with especially the cytosine on position 1 and 2 of the CArG-box being more conserved in our
T. hassleriana motifs than in this published A. thaliana motif. However, these differences
between the A. thaliana motif and our T. hassleriana motifs might be due to differences in
methods used to obtain these motifs. SELEX determines the DNA-binding specificity of the
heterodimer to unmethylated DNA in vitro. In contrast, ChIP-seq is an in vivo method, where
sequences might be bound indirectly, DNA might be methylated, and the AP3/PI heterodimer
is likely part of a larger protein complex. Both DNA methylation and interaction with cofactors
can influence DNA-binding specificity of TFs (Slattery et al., 2011; O’Malley et al., 2016).
Interestingly, we did see subtle differences in specificity between two T. hassleriana ThAP3-
1/ThPI heterodimers. This may indicate that these paralogs could regulate different targets.
That paralogous TFs can exhibit differences in binding specificity has also been shown for
another plant TF, LEAFY (LFY). LFY is an important regulator of floral identity, and is present as
a single-copy TF in most plant species, with the exception of the gymnosperms. Gymnosperms
have two paralogs, LFY and NEEDLY (NLY). SELEX-seq experiments on these paralogous
proteins from Welwitschia mirabilis showed that LFY and NLY have different, although
overlapping DNA-binding specificities (Moyroud et al., 2017).

The differences we observed in DNA-binding specificity should be experimentally validated.
This could be done in vitro, for instance with quantitative EMSAs. To determine whether these
differences are relevant in vivo, it would be interesting to perform ChIP-seq experiments with
these ThPI paralogs, to determine whether they bind to different sites in the genome.

Although we found differences between the ThPI paralogs in protein-protein interactions and
in DNA-binding specificity, we did not investigate whether these TF properties between the
ThPI paralogs lead to divergence in function. Published data from PI duplications in other
species show a range of evolutionary possibilities. In some cases, the genes are redundant, as
is the case for the petunia and tomato P/ paralogs. In Nicotiana benthamiana, the situation is
slightly different as both P/ genes are necessary for petal and stamen specification
(Vandenbussche et al., 2004; Geuten and lIrish, 2010). In the Solanaceae species Physalis
floridiana, as well as in Medicago truncatula, the paralogs diverged more substantially, as only
one of the P/ paralogs seems necessary for petal and stamen specification (Benlloch et al.,
2009; Zhang et al., 2014; Zhang et al., 2015; Roque et al., 2016). However, at least for the
Medicago truncatula Pl paralogs, it was shown they were both still under purifying selection,
arguing against one paralog being in the process of becoming a pseudogene (Roque et al.,
2016).
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To elucidate how the ThPI paralogs evolved in function, functional studies need to be done in
T. hassleriana. In the absence of mutants, this type of functional data can be obtained using
Virus Induced Gene Silencing (VIGS). A first attempt, using Tobacco Rattle Virus (TRV) as vector
failed, possibly because T. hassleriana is not a good host. Alternatively, transformation could
be used to generate CRISPR/CAS9 mutants, however, transformation protocols first need to
be developed for T. hassleriana.

Importance of synteny

The synteny of the ThPI paralogs is interesting: generally, the genomic location of P/ is
conserved throughout the angiosperms. However, the duplication that led to the ThP/
paralogs transposed one of the P/ copies into a different genomic location. Whereas ThPI-2
shares very conserved synteny with P/ orthologs from the rest of the eudicots, ThPI-1 is
situated in a different genomic location, which it shares with the Brassicaceae. Whether or
not this transposition of ThPI-1 influenced the regulation or function of the gene is an
interesting question.

Although closely related plant species show extensive genome colinearity (Consortium, 2005;
Cannon et al., 2006; Timms et al., 2006; Lescot et al., 2008; Jung et al., 2009; Hu et al., 2011),
plant species that are more diverged do not show large amounts of synteny conservation.
However, microsynteny of small genomic regions (of several genes) can be found between
distant plant lineages, with examples found even between rice and Arabidopsis (diverged 200
Mya) (Yan et al., 2004; Mudge et al., 2005; Timms et al., 2006). Interestingly, conservation of
microsynteny is not uniform over the genome (Gebhardt et al., 2003; Yan et al., 2004; Mudge
et al., 2005). This might indicate that synteny is more important for certain genomic regions,
and possibly certain genes. A published example of conserved synteny is the ovate gene
(important for fruit shape in tomato), of which the synteny has been conserved for at least
125 million years, between coffee, tomato and grape (Guyot et al., 2012). Although this
conservation was stronger than expected, the functional importance of this observation has
not been proven. Both B-class genes show extreme synteny conservation. Pl is conserved in
synteny in most angiosperms, except the Brassicaceae. The Cleomaceae are an intermediate
form, having one PI paralog that is syntenic with most other angiosperms, and the other one
shares its position with the Brassicaceae. Intriguingly, a similar situation is observed for AP3,
which is located in a different genomic position in the Brassicaceae (not Cleomaceae),
compared with the conserved location in other angiosperms. Although the fact that both P/
and AP3 in the Brassicaceae are in a different genomic region than these B-class genes from
the rest of the eudicots is fascinating, whether this actually has functional importance is
unknown.
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Future directions

Here, we show that the proteins encoded by the two ThPI paralogs possess overlapping and
distinct TF properties. Both paralogs have similar expression patterns, but the “transposed”
copy ThPI-1 seems to have an higher affinity to form certain protein complexes than ThPI-2,
and only ThPI-1 caused a phenotype in our heterologous expression experiments. However,
we did not reveal whether these differences have an impact on floral morphology in T.
hassleriana. Functional studies in the species could elucidate if and how these paralogs
diverged in function during flower development.

A more general question is what effect, if any, the transposition of P/ had on gene function.
The transposition of P/ likely occurred at the origin of the Brassicales, around 70 Mya (Cheng
et al., 2013). We know that in the Brassicaceae only the new paralog is retained, whereas the
Cleomaceae retained both copies. Not only T. hassleriana, but also the distantly related
Cleomaceae species G. gynandra has retained both copies of P/ (Figure S4) (Kulahoglu et al.,
2014; Patchell et al., 2014). Interestingly, the “original” and the transposed P/ paralog
diverged in sequence, with the transposed paralog (Brassicaceae PI/) containing a less
conserved Pl-motif, and a six amino acids extension compared with the P/ orthologs of most
other eudicots. It would be interesting to create a detailed phylogeny for P/ in the Brassicales,
analyzing more Cleomaceae and Brassicaceae species, as well as species in the other families
within the Brassicales. Such a phylogeny could help answering questions about the
evolutionary history of P/, such as when exactly the transposition took place, when one copy
was lost in the Brassicaceae, and whether this copy was lost in more Brassicales families. A
more detailed phylogeny could also be used to analyze whether the selection pressure on
both paralogs was similar after the duplication.

Fascinatingly, also the genes encoding the obligate heterodimerization partner of Pl, AP3,
shows high synteny conservation throughout the angiosperms, but not in the Brassicaceae.
We know that this transposition occurred after the split between the Brassicaceae and
Cleomaceae. Therefore, it would also be interesting to generate a more detailed phylogenetic
tree for AP3 in the Brassicaceae and its closest relatives.

There are some differences in the AP3-Pl heterodimerization between eudicot species. For
instance, A. thaliana AP3/PI heterodimers cannot be observed in Y2H experiments when the
full-length proteins are used, although a ternary complex is possible when SEP3 is added (Yang
et al., 2003; Immink et al., 2009). In contrast, full-length AP3/PI from petunia and tomato do
show interaction in yeast-two-hybrid experiments (Vandenbussche et al., 2004; Leseberg et
al., 2008). In addition, in the gel-shift assays performed in this study, the signal obtained for
the A. thaliana dimer is not as strong as that obtained for the T. hassleriana B-class
heterodimers, again indicating that the A. thaliana B-class proteins behave different from B-
class proteins from other species. It would be interesting to compare DNA-binding properties
of dimers from a wide range of Brassicales species to pinpoint when these differences
originated, and whether they are correlated with the transposition events of AP3 and PI.
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Because expression of a gene depends on its genomic environment, the transposition of ThPI-
1 to a new, Brassicaceae-specific location could have led to changes in expression. However,
across the angiosperms the expression pattern of P/ is generally conserved, also in the
Brassicaceae. The fact that the expression pattern of P/ in eudicots is conserved does not mean
that this expression pattern is regulated in a conserved way. This is exemplified by A. thaliana
AP3 and Pl themselves; although they share very similar expression patterns, they do not
share similar non-coding regions, and are thought to be activated independently (although
expression of both genes is maintained by auto-activation through the AP3/PI dimer) (Jack et
al., 1992; Schwarz-Sommer et al., 1992; Goto and Meyerowitz, 1994; Jack et al., 1994; Krizek
and Meyerowitz, 1996b; Riechmann et al., 1996b; Hill et al., 1998; Honma and Goto, 2000).
Several studies report about the activity of the promoters of both AP3 and P/ in A. thaliana
and how their expression is maintained. These studies gave detailed information of which
promoter fragments are necessary for which part of the expression pattern. Furthermore,
some transcription factors were implicated in the regulation of both B-class genes (Hill et al.,
1998; Honma and Goto, 2000), but how the expression of these genes is exactly initiated is
still enigmatic. Whether the regulation of these genes is conserved throughout the eudicots is
also unknown. It could be that the transposition of P/ led to a different regulation of this gene
in the Brassicaceae. Therefore, it is interesting to investigate whether the transposition
changed anything in the regulation of PI. This could initially be investigated using in silico
promoter studies, to analyze whether the promoter of the transposed P/ is significantly
different from the “conserved” Pl promoter. Experimentally, a transgenic approach could be
used where promoters of Pl genes from different species are fused to a reporter gene, and
transformed into A. thaliana. Even better would be to study the regulation of each PI paralog
in the endogenous species by deletion of promoter fragments using CRISPR/CAS9, but this
requires an efficient transformation protocol. These experiments together could shine light
on the consequences of losing the conserved synteny of Pl in the Brassicaceae.

Materials and methods

Plant growth
Tarenaya hassleriana was grown in the greenhouse with an average of 22 °C/day and 18
°C/night. Humidity was around 50%.

Arabidopsis thaliana was grown at 20 °C on rockwool under standard long day (18h/6h)
conditions.

Alignments and phylogeny
To calculate percentage identities and similarities between the paralogs,
http://imed.med.ucm.es/Tools/sias.htm| was used, with standard settings.
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Alignments were made using Muscle. ML phylogenies with 1000x bootstrap were made using
Megab and the default settings. Boxshade was used for the shading of the alignments.

Sequences used were: Arabidopsis thaliana, At3G54340 and At5G20240; Arabidopsis lyrata,
XM_002877924 And XM_002871885; Capsella rubella, XM_006292532 and XM_006288594;
Aethionema arabicum, AA1026G00001 and AA8G00136, genome version V2.5; Tarenaya
hassleriana, Th2v17263, Th2v17264, modified Th2v21500 and Th2v23456 (genome version
5); gynandropsis gynandra Ggyl15517, Ggyl19834 and Ggy29007 (genome version V3,
unpublished) ;Carica Papaya, EF562500; Theobroma Cacao, XM_007017619 and
XM_007019158; Populus trichocarpa, XM_002300928 and XM_002307424; Vitis Vinifera,
EF418603 and NM_001280946.

RNA isolation and cDNA synthesis
RNA was isolated from Tarenaya inflorescences using the RNeasy plant mini kit (Qiagen)

according to the manufacturer’s instructions, followed by DNAse treatment (Turbo DNA-free,
Ambion). cDNA was made using the RevertAid H Minus first strand cDNA synthesis kit
(Fermentas) and a custom primer (5”GGCCAGGCGTCGACTAGTACTTTTTTTTTTTTTTITT 3”).

RNA In situ hybridization

3’RACE was used to determine the sequence of the 3’UTR. Fragments were obtained by PCR
using the 3’RACE primer (GGCCACGCGTCGACTAGTAC) and a gene-specific primer, followed by
a PCR with a nested gene-specific primer (primers see Table 1). The obtained fragments were
cloned into PCR®2.1 TOPO® (ThermoFischerScientific) and sequenced.

RNA In Situ hybridization was performed as in (Nardmann et al.,, 2007). Sequences
downstream of the MADS-domain were used as probe (primers used can be found in Table
1). These sequences were cloned into PCR2.1° TOPO® (ThermoFischer Scientific) under the T7
promoter and used to prepare digoxigenin-labelled RNA probes. Pictures were taken with a
Nikon Optiphot microscope using Nomarsky microscopy, and processed with Photoshop CC
2015.

Table 1: Primers used for the RNA in situ hybridisation experiment. Primers to obtain the 3’UTR as
well as to generate the in situ RNA probes are shown.

in situ probes Fw R
AP3 CTCTCCATTCTCTGCGACGCTAG CATCAAGCTAGGTTTTTCAACTCC
PI-1 GCTCTCCTTCAATGGATCTTGGTG CACTTATGTCCAAGTCCTTGCAGAG
Pi-2 GATCACTGTTCTATGCGACGCC GAAACACGCAACGAACCTTGTC
3"RACE first PCR nested PCR
ThAP3-1 CTCACTACGAAAGGATGCAAGAGAC GAAGTTTAAATCGATTGGCAGCC
ThAP3-2 CCTCTCACTACGAAAGGATGCAG CGATTGGCAATAAAATTGAAACC
ThPI-1 GAGCAGTATCAAAGGATCGCC GGCCATAGAGCACGCAGTCC
ThPI-2 GAGATGTTGGGCACTTATCAGC CAAAAGCCTAATCGCCATAGAGAG
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EMSAs

T. hassleriana genes were amplified from cDNA and cloned into pSPUTK (primers shown in
Table 2). Proteins were synthesized using the TnT® SP6 High-Yield Wheat Germ Protein
Expression System (Promega) according to the manufactures instructions, using a total of 60
ng plasmid/ul reaction. Proteins for interaction assays were always co-translated, using
equimolar amounts of the different plasmids. EMSAs were performed as described in
(Smaczniak et al., 2012b) with minor modifications. The fluorescent dye DY-682 was used to
label the oligonucleotides. Labelled oligonucleotides were produced in a PCR using vector-
specific DY-682-labelled primers, and purified from agarose gel. The binding mix was modified
by replacing the glycerol with loading dye. This modification changed the concentration EDTA
from 1.2 to 2.2 mM, and added 1 mM Tris-Hcl (pH 7.5), 6.5% sucrose and 0.03% Orange G. For
the higher-order complexes, a 4.75% gel was used.

Gel-shifts were visualized with the LiCor Odyssey at 700 nm.

SEP3 probe (pGEM-T sequence underlined):
5'CATGGCCGCGGGATTTTGACGATAACTCCATCTTTCTATTTTGGGTAACGAGGTCCCCTTCCCATTA
CGTCTTGACGTGGACCCTGTCCGTCTATTTTTAGCAGAATCACTAGTGCGGCCGC-3;

Table 2: Primers used to generate pSPUTK constructs used for in vitro protein production.

pSPUTK cloning

gene fw R

AP3 (both AP3-1and AP3-2)  GATAGATCTATGACGAGGGGAAAGATTCAG GATAGATCTTCATTCGAGCAAGTGGAAGG

PI-1 TTACCATGGGGAGAGGAAAGATAGAG ATTATCGATCAGTCGATGACCAAAGACATGATC
PI-2 AATCCATGGGAAGAGGGAAGATAGAGATCAAAAG TTTATCGATCAGACGATGTGTTGTAAATTGGGC
Th2954 (AG) ACGGCGTACCAAACGGAGTTG TTACACTAACTGAAGTGGAGTGTG

Th1528 (SEP3) CATGCCATGGGAAGAGGTCGTGTTGAG AAGATCGATCAATTGTTGTCATAAGGTAACCAAC
Th18678 (SEP3) CATGCCATGGGGAGAGGTCGAGTTG AAGATCGATCAATTGTTGTCGTAAGGTAACCAAC
Th21984 (SEP4) ATGGGAAGAGGGAAAGTGGAGC TCAGATCATCCAGCCGTGGAA

Th2854 (SEP1/2) ATGGGGAGGGGTAGGGTTG TCAGAGCATCCAACCAGGG

Th13754 (AP1) ATGGGAAGGGGAAGGGTTCAG TTATGTGAAGCAGCCAAGGTTGCAATC

Overexpression
Coding sequence was cloned (under the 35S promoter) into pB7WG2 via PCR8. Primers used
in Table 3. Constructs were transformed into A. thaliana col-0 by floral dip.

RNA was prepared from leaves of all transgenic lines using the Invitrap spin plant RNA mini kit
(Stratec) according to the manufacturer’s instructions. cDNA was prepared using the iScript
cDNA synthesis kit from Biorad, according to the manufacturer’s instructions. Expression
levels were determined by gPCR.
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Table 3: Primers used for heterologous expression experiment.

F R
ATPI ATGGGTAGAGGAAAGATCGAG | TCAATCGATGACCAAAGACATAATC
PI-1 ATGGGGAGAGGAAAGATAGA | TCAGTCGATGACCAAAGACATG
G
PI-2 ATGGGAAGAGGGAAGATAGA | TCAGACGATGTGTTGTAAATTGG
G
gPCR AtPI GATCATGATGGGCAGTTTGGAT | TCGATGACCAAAGACATAATCTTTT
ATAG cc
gPCR ThPI-1 GACATCCAGTCCCTGGACATC TCCGTTTCTACGTTTCGTC
gPCR ThPI-2 GACATCCAATCTATGAACTAT CTCCCTTCTCTTCAATTCT
gPCR TIP41 (reference) | GTGAAAACTGTTGGAGAGAAG | TCAACTGGATACCCTTTCGCA
CAA

Supplemental material

#

ThAP3-1 A TGACGAGGGGAAAGATTCAGATCAAGAGGATCGAGAACCAGACGAACAGGCAAGTCACATACTCGAAGCGAAGARATGGTCTGT TCAAGAAGGCCCATG
ThAP3-2 A TGACGAGGGGAAAGATTCAGATCAAGAGGATCGAGAACCAGACGAACAGGCAAGTCACATACTCGAAGCGAAGARAATGGTCTGT TCAAGAAGGCCCATG
V-V BN WA A CTCTCCATTCTCTGCGACGCTAGGGTTTCCGTCATCATGTTCTCTAGCTCCAACAAGCT TCACGAGTACACCAGCCCTAACACCTCEGACGARGGAGAT)
hu VK SR WV BA ACTCTCCATTCTCTGCGACGCTAGGGTTTCCGTCATCATGTTCTCTAGCTCCAACAAGCTTCACGAGTACACCAGCCCTARCACCTCAACGAAGGAGAT)
VN R RV I CATCGATATGTACCAAAAGGCT TCGGGGGTCGACATCTGGGCCTCTCACTACGARAAGGATGCARGAGACCAAGAAGCAACE CCTCGAGACCAACAGGAAT)
VN Ey SV AN CATCGATATGTACCARAAGGCT TCGGGAGTCGACATC TGGGCCTCTCACTACGARAGGATGCAGGAGAIKCAAGAAGCAACICCTCGAGACCAACAGGAAT)

Y-V R N [P I C TCAGGAAGCAGATAARAGCAGAGGCTGGGTGAGTGC T TGGATGAGCTGGAGATTAACGATCTGCGTCGTCTTGAGGAAGAAATGGAGAACACCACGAACC]
VN - A W I C TCAGGAAGCAGATAAAGCAGAGGCTGGGTGAGTGCT TGGATGAZCTGGAGAT TAACGATCTGCGTCGTCTTGAGGAAGAAATGGAGAACACCACGAACC

vV B B TN W TCGT TCGCACAAAGAAGT TTAAATCGATTGGCAGHSAAATTGAAALMACCAAGAAAAAGAACAAAAGTCAAGAAGACATACAAAAGALTCTCATACATGA
huet N A W T CGTTCGCACAAAGAAGT TTAAATCGAT TGGCAAWAAATTGAAAMSACCAAGAAAAAGAACARAAGTCAAGAAGACATACAAAAGASTCTCATACATGA
VN R RV A CTGGAGC TTAGAGCAGAAGATCCTCACTATGGACTGCTCGACAACGGAGGAGAT TATGAATCGEGTTCTCGCGGTACCATCAGATAGAAGGATCTCCGGCA
V=R TV IA CTGGAGC TTAGAGCAGAAGATCCTCACTATGGACTGGTCGACAACGGAGGAGAT TATGAATCGGTTCTCGGGTACCATCAGATAGAAGGATCTCGGGCA

V-V R W I TACGC TCTCCATTTCCACCAGAACCACCACCACTACCACAACCAMTCCTCCCTCCACGACGGAGCCTCCGCCTCCGCCTCCGATCTCATAACCTTCCACT)
sV Ry S I TACGC TCTCCATTTCCACCAGAACCACCACCACTACCACAACCARTCCTCCCTCCACGACGGA Ity IGCCTCCGCCTCCGATCTCATAACCTTCCACT)

*
TN B B [ I T GCTCGAATGATCGACAACTRETCTCTCTCTCTCTCTCTATIATATATATATATATATGTAAGATCAATCGTCAAAATTATGTGTTTTATGAGT TAA(
bV - A N N T GC TCGAATGATCGACAACTTCTCTCTCTCTCTCTCTCT® T TATATATATATATATGTAAGATCAATCGTCAAAATTATGT G TTTATGAGT TAAGEA
v V:2c B Y LT T A AGAGT GTGGTTGGTGCCTGTAATAACAAAGATAGAAT CTEMCGTGAGAGAGGGTGTGACCTCT TTTGTGTTTGTTGGAGT TGAAAAACCTAGCTTGAT]
g V-V -k A PN TAA GAGTGTGGTTGGTGCCTGTAATAACAAAGATAGAAT CTICGTGAGAGAGGGTGTGACCTCT TTTGIGTTTGT TGGAGT TGAAAAACC T iatlatiattl

ThAP3-1 899
ThAP3-2 -—

Figure S1: Nucleotide alignment of T. hassleriana AP3 paralogs. Both coding sequence and 3’ UTR are
shown. # indicates the startcodon, whereas the * indicates the stopcodon.
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Figure S2: gPCR derived expression levels of the transgenic Pl in our overexpression lines. Expression
measured in leaves, and calculated relative to a reference gene (TIP41). Lines that showed an
overexpression phenotype are indicated with an asterisk. A: AtP/ lines. B: ThPI-1 lines. C: ThPI-2 lines.
D: ThPI-2 lines, experiments done in a different lab.
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Figure S3: EMSAs to test for higher order complexes containing AP3/Pl heterodimers. A:
combinations of each of the four heterodimers with AG and one of the two SEP3 paralogs (Th1528 on
the left, Th18678). The two SEP3 paralogs gave similar results. We studied the interaction of AG and
one of the SEP3 paralogs (Th1528) and the B-class heterodimers in more detail for AP3-1/PI-1 (B) and
AP3-1/P-2 (C) (see also Figure 3B).
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Table S1: Estimates of the isoelectric point of the four T. hassleriana B-class proteins.

http://pepcalc.com/

http://isoelectric.ov

h.org/calculate.php

expasy compute PI/MW

Ph 7 charge isoelectric point |isoelectric point isoelectric point

AP3-1 3.5 8.54 7.73 8.39
AP3-2 4.3 8.91 7.96 8.69
PI-1 4.4 9.14 8.04 8.93
PI-2 5.2 9.12 8.12 9.01

ThPI1 ThPI-1 ThPI-2 ThPI-2

ThAP3-1 ThAP3-2 ThAP3-1 ThAP3-2

+ - + + + lulanti-AP3 AB
b L

<— supershift
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Figure S4: Arabidopsis thaliana anti-AP3 antibody (AB) recognizes the Tarenaya hassleriana AP3
paralogs. Recognition of all four B-class heterodimers by the A. thaliana AP3 antibody was assessed on
EMSA. For each heterodimer, a supershift of the complex is observed when the AB is added (right)
compared to the no AB control (left).
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Figure S5: Expression levels of PI-1 and PI-2, according to RNA-seq data of different mature floral
organs. RNA-seq data obtained from (Kulahoglu et al., 2014).
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Figure S6: SEP paralog expression data in mature flowers. Th21984, (a SEP4 paralog) was not present
in the dataset. The other SEP4 paralog is hardly expressed. SEP3 and SEP1/2 are both expressed, but
expression levels differ between paralogs and between organs. Data from (Kulahoglu et al., 2014).
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Abstract

Most flowers consist of four different types of organs: sepals, petals, stamens and carpels.
These different organs are specified by different combinations of the floral master
transcription factors, as described in the (A)BCE-model. Although this model can account for
the loss of floral organs, it does not account for the specification of additional organ types.
The flower of the basal eudicot Aquilegia contains a fifth floral organ type, the staminodium,
which is positioned between the stamens and carpels. Aquilegia has three paralogs of the
floral regulator APETALA3 (AP3). These paralogs show sub- and neofunctionalization, and have
been strongly implicated in the specification of the staminodia. Of the three paralogs, AGAP3-
1 specifies staminodia, AGAP3-2 is needed for proper stamen development, whereas AgAP3-
3 is petal-specific. However, exactly how AqAP3-1 and AqAP3-2 can specify different organs
remains unknown as there are no obvious differences in interaction partners. Here, we
analyzed whether AgAP3-1 and AqAP3-2 diverged from each other biochemically. We found
that these paralogs differ in their DNA-binding specificity, as AQAP3-1 binds to a broader range
of sequences than AgAP3-2 and AgAP3-3. We also find differences in protein-complex
formation between AgAP3-1 and AgAP3-2, although these differences are subtle, and involve
the affinity to form complexes instead of the capability to form specific complexes. In
summary, we showed that the paralogs AQAP3-1 and AqAP3-2 are different in their properties
to interact with DNA and other transcription factors. The observed differences in interactions
between AgAP3-1 and AgAP3-2 may have led to differences in target gene selection between
the two paralogs, and hence, to the specification of different floral organs. We suggest several
experiments to elucidate whether the differences between AqAP3-1 and AqAP3-2 indeed lead
to differences in DNA binding sites.
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Introduction

The morphological variation seen among flowers is striking, exhibiting all kind of shapes, colors
and sizes. Nevertheless most flowers have the same body plan, consisting of four types of
organs: starting from the outside of the flower, a whorl of sepals, followed by petals, male
stamens and, in the center of the flower, the female pistil composed of carpels. The
specification of these four standard organ identities is described by the ABC model of floral
development (Haughn and Somerville, 1988; Bowman et al., 1991; Coen and Meyerowitz,
1991). This model specifies that different combinations of A-, B- and C- functions specify the
four different floral organ types. A-function alone specifies sepals, the combination of A- and
B-function gives rise to petals, B- and C- function together leads to stamen formation whereas
C-function alone specifies carpels. Each of these functions is performed by specific lineages of
MADS-box transcription factor (TF) genes (Sommer et al., 1990; Yanofsky et al., 1990; Trébner
et al., 1992; Goto and Meyerowitz, 1994). How the different TFs interact with each other to
fulfil their function is described by the floral quartet model (Honma and Goto, 2001; Theissen
and Saedler, 2001). Although A-function has turned out to be more complicated than
proposed in the original model, B- and C-functions are broadly conserved, and in general this
model holds well across angiosperms (Causier et al., 2010a).

Although the B- and C-functions are performed by conserved classes of MADS-box genes,
these genes have experienced duplication events in many lineages across the angiosperms
(Kramer et al., 1998; Kramer et al., 2004). It is postulated that after a duplication, genes are
either lost, or undergo sub- and/or neofunctionalization (Ohno, 1970; Force et al., 1999).
Subfunctionalization occurs when the two new paralogs divide the ancestral function,
whereas gaining a function that was not present in the ancestral gene is called
neofunctionalization. For the B- and C-class genes, it has been shown that, although different
patterns of subfunctionalization have occurred in particular lineages, collectively the paralogs
generally encompass the ancestral function (Ambrose et al., 2000; Nagasawa et al., 2003;
Ferrario et al., 2004; Vandenbussche et al., 2004; Whipple et al., 2004; Zahn et al., 2005; Zahn
et al., 2006; Geuten and Irish, 2010; Yellina et al., 2010; Dreni et al., 2011; Hands et al., 2011;
Sharma et al., 2011; Sharma and Kramer, 2013).

The basal eudicot genus Aquilegia (Ranunculaceae) is used to study the evolution of novel
floral morphologies. The phylogenetic position of this genus as sister to the core eudicots, as
well as a recent (1-3 million years ago (MYA)) adaptive radiation event, makes this genus
useful for evolutionary studies (Hodges and Kramer, 2007; Kramer, 2009). However, the genus
is also interesting for developmental studies as the flower features several morphological
features that are not present in other plant model species. The perianth of these
pentamerous, actinomorphic flowers is of interest because the colorful sepals are petaloid in
nature, and the petals have a nectar spur (Figure 1A). In addition, these flowers have a novel,
fifth type of organ, the staminodium. The staminodia are positioned between the several
whorls of stamens and the carpels (Munz, 1946; Tucker and Hodges, 2005). Clearly different
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from the stamens (figure 1B), the staminodia are flattened, sterile organs consisting of a
central midrib with ruffled laminae extending to either side (Kramer et al., 2007). Although
they arise in two whorls of five organs, all ten staminodia interlock during development to
form one continuous sheath around the carpel (figure 1C and 1D) (Tucker and Hodges, 2005).
These organs are very consistent in position, number, and morphology, indicating that they
indeed present a novel type of floral organ (Tucker and Hodges, 2005; Kramer, 2009). This
new, fifth, organ type seems to have originated recently, in the ancestor of the closely related
genera Aquilegia, Semiaquilegia and Urophysa (~6 MYA) (Kramer, 2009; Sharma et al., 2014).
Their function is unknown; however, as they stay attached to the developing fruits long after
the other organs fall of, they may be involved in protection of the developing fruit (Kramer,
2009).

Although the ABC-model can easily accommodate loss of floral organ types, it does not
account for gaining them. Staminodia are thought to be derived from stamens (Munz, 1946).
As Aquilegia has been shown to have multiple paralogs of the B-class APETALA3 (AP3) genes,
it was hypothesized that sub- and neofunctionalization of these loci may have allowed the
incorporation of a novel organ into the floral bauplan. Aquilegia has three copies of AP3 and
one copy of the other B-class gene, PISTILLATA (PI) (Kramer et al., 2003). The three AgAP3
paralogs originated through two duplication events at the base of the Ranunculales (70-120
mya) (Kramer et al., 2003; Sharma et al., 2011). The fact that three copies of AGAP3 have been
retained over a long time suggested that they may have subfunctionalized and/or acquired
new functions. Functional studies and analysis of expression patterns have shown that this is
indeed the case. AgAP3-3 has subfunctionalized to be petal specific (Kramer et al., 2007;
Sharma et al., 2011). AgAP3-1 and AgAP3-2 are both expressed in stamen and staminodium
primordia. However, from the moment carpel primordia initiate, the expression of AgAP3-1
and AgAP3-2 narrows so that, at later stages of development, AgAP3-1 is specifically
expressed in the staminodia, while AGAP3-2 is expressed only in stamens (Kramer et al., 2007).
Functional analyses using Virus-Induced Gene Silencing (VIGS) have shown that AgAP3-1 is
mainly necessary for staminodia formation, as knock-downs of this paralog partially transform
staminodia into carpels (Figure 1E). However, sometimes the innermost stamens are also
affected, with weak carpelloid traits arising in the anthers (Sharma and Kramer, 2013). In
AgAP3-2 knockdown flowers, only the stamens are affected, which show severe anther
reduction and development of trichomes, which indicate transition to carpels, while the
staminodia are hardly affected (Figure 1F). Knocking down AgAP3-1 and AqQAP3-2 together has
an additive effect, as these flowers show homeotic transformations of both stamens and
staminodia into carpels (Sharma and Kramer, 2013). These phenotypes indicate that AgAP3-1
and AgAP3-2 are both needed for proper stamen development, whereas staminodia are
specified by AGAP3-1 alone. Thus, although the AP3 gene duplication events predate the origin
of staminodia by 90-100 my, the paralogs have indeed facilitated the evolution of a new floral
organ identity in Aquilegia.
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Figure 1: Floral morphology of Aquilegia. A: WT flower; B: WT stamen; C: Staminodia, surrounding the
carpels; D: Staminodia sheath; E: Agap3-1 phenotype, in which staminodia turn carpelloid; F:
staminodia in an Aqap3-2 silenced flower. Stamens are removed; G: Phenotype of AQAG1 knockdown
showing stamen to (spurred) petal transformations. Sepals are removed; H: Staminodia are
transformed into stamens in severe AQAG2 knockdown flowers; sepals, petals and stamens are
removed to show staminodia. In A and F, some sepals and petals are removed to show the inner organs.

In G, sepals are removed. S=sepals, P=petals, C=carpels.

The question remains however, as to how AqAP3-1 is capable of specifying a new organ.
Although AgAP3-2 and AgAP3-3 are also specifying different organs, this can be explained by
the differential expression of their interaction partners (C- versus A-class function). In
contrast, there are no obvious differences in interaction partners for AgAP3-2 and AqAP3-1.
One of the interaction partners specified by the ABC-model would be the C-class protein
AGAMOUS (AG). Interestingly, Aquilegia also has two AG paralogs (Kramer et al., 2004), but
these genes have similar expression patterns in stamens and staminodia (E. M. Kramer,
unpublished data). Intriguingly, these AGQAG paralogs do have distinct functions, as shown by
gene knock-down phenotypes. Whereas a reduction of AGAG1 expression leads to homeotic
stamen to petal transformations (Figure 1G), knockdown of AgAG2 leads to green,
underdeveloped stamens as well as homeotic transformations of staminodia, which are
partially transformed into carpels (Figure 1H). This AGAG2 phenotype of staminodia to carpel
transformations resembles AgAP3-1 knockdown flowers (E. M. Kramer, unpublished data).

Although it seems that the duplications in the AP3 lineage indeed are involved in the
specification of the staminodia, it is still unclear what happens at the molecular level. The fact
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that AgAP3-1 and AgAP3-2 specify different organs despite the fact that there are no obvious
differences in the presence of interaction partners suggests that these genes may be
biochemically different. Here, we investigate whether there are indeed biochemical
differences between these proteins, by analyzing their DNA-binding specificity as well as their
capability to interact with the C-class proteins in vitro.

Results

The three Aquilegia AP3 paralogs diverged from one another along their whole sequence,
including the MADS-domain (Figure 2). As the MADS-domain is needed for DNA-binding and
dimerization (Krizek and Meyerowitz, 1996a), we hypothesized that these sequence changes
may have led to differences in interaction specificity between the three paralogous AgAP3
proteins. To analyze whether the three AqAP3 paralogs exhibit differences in DNA-binding
specificity, we performed Systematic Enrichment of Ligands by EXponential enrichment,
followed by high-throughput sequencing (SELEX-seq). This approach consists of incubating in
vitro translated protein with a dsDNA library, followed by an immunoprecipitation step with
an anti-hemagglutinin (HA) antibody. For this experiment, we cloned the coding sequence of
all three Aquilegia AP3 paralogs and AgPl into an expression vector. We also created
constructs to produce AgAP3 proteins that are tagged with 3xHA at the C-terminus. DNA-
binding ability of these in vitro produced proteins was analyzed with electrophoretic mobility
shift assays (EMSAs) on a known DNA probe (Figure 3). Tagged- and non-tagged AgAP3
paralogs gave the same results, although the 3x-HA-tag does raise the gel shift (Figure 3A, 3B).
These results indicate that the 3xHA tag is not interfering with DNA-binding or
heterodimerization. As expected, all three AgAP3/AqPl heterodimers are binding DNA.
Whereas none of the three AgAP3 paralogs bind as a homodimer to the DNA probe in this
assay, we did observe homodimers for AqPI. However, it seems that the AqPI homodimer is
not formed in the presence of AqAP3 (Figure 3A, B), as the AgPI-complex disappears when
AgAP3 is added to the reaction. This can clearly be observed using the 3xHA tagged AqAP3
paralogs, as the AqPI/AqAP3-HA tagged heterodimers are migrating through the gel slower
than AqPl-homodimers (Figure 3B). This suggests that although AgPl is capable of
homodimerization, it interacts preferentially with AqQAP3 (Figure 3). Although all three AgAP3
paralogs form heterodimers with AgPI, our experiment does show some differences between
the three AgAP3 copies. AgAP3-1/AgPI dimers migrate through the gel slower than the
heterodimers with the other two AqAP3 paralogs, which cannot be explained by size or charge
of the proteins (Table S1). For all three AgAP3/AqPI combinations, a dimer as well as a larger
gel shift can be observed, although these larger complexes differ in strength depending on the
AgAP3 paralog. These larger complexes could either be AgAP3/AqPI tetramers or two dimers
binding to the same DNA molecule, as there are two CArG-boxes present in the used probe.
In summary, we find DNA-binding for all three AqQAP3/AqgPI heterodimers, which is not
influenced by the presence of the 3x-HA-tag. We therefore used the 3x-HA-tagged AgAP3
paralogs to perform SELEX-seq on the different AgAP3/AqPI heterodimers.

128



How to specify a novel floral organ

MADS-domain

AQAP3-1
AGAP3-2
AQAP3-3

AQAP3-1
AQAP3-2
AGAP3-3

Pl-derived motif ~ Paleo-AP3 motif

B EE

Aqpes1 160 BN EEER B 2 B ECEs I ]
aqppa2 159 SN < >0 HEEE o e B

AgAP3-3 160 EEET-REEEETRCEE-f- - EINEONEr GV G SENTRLA]

Figure 2: The three APETALA3 paralogs of Aquilegia. Alignment of the predicted protein sequences of
the three Aquilegia AP3 paralogs shows sequence divergence along the length of the protein. The
MADS- and K-domains are indicated. The position of these domains is based on the definition of the

domains in A. thaliana AP3 (Jack et al., 1992).
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Figure 3: Ability of Aquilegia B-class proteins to form DNA-binding complexes. EMSAs were used to
assess DNA-binding complexes for the three AGAP3 paralogs and AgPl. We analysed both homo- and
heterodimerization of the B-class proteins. A: EMSAs using coding sequences for the AGQAP3 paralogs
and AqPl. B: EMSA determining dimerization of the 3x-HA tagged AQAP3 paralogs. Model
representations of the possible formed complexes are shown next to the gel. Protein produced from the
empty vector was used as negative control. The DNA probe used is part of the A. thaliana SEP3 promoter
and contains two CArG-boxes.

DNA-binding affinities of B-class heterodimers

We performed SELEX-seq to determine relative DNA-binding affinities of each B-class
heterodimer. This experiment consists of incubation of the protein of interest with a dsDNA
library. These dsDNA libraries consist of a region of randomized nucleotides, flanked by a
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barcode for multiplexing, and PCR primer sites for amplification and sequencing purposes.
After incubation of proteins with the dsDNA library, TF-DNA complexes were
immunoprecipitated using anti-HA antibodies. Subsequently, the obtained DNA molecules are
isolated and amplified. Using the obtained DNA as input, the SELEX cycle is repeated until
enough enrichment is obtained.

We performed SELEX-seq for all three Aquilegia AP3/Pl heterodimers in duplicate. After
several rounds of SELEX, the enrichment of sequences bound by the heterodimer in each
round was analyzed through EMSAs, which show that we obtain visible enrichment of bound
sequences in round 4/5 (see Figure 4A). Based on these EMSAs, round five was selected for
sequencing of all experiments. Between 5.7 and 9.2% of the sequenced libraries contains a
perfect CArG-box (CC[A/T]¢GG) (Figure 4B), the consensus binding site for MADS-domain
proteins (Huang et al., 1993). This is in the same range as seen for previous SELEX data
(Smaczniak et al.,, 2017), and suggests that our samples are indeed enriched for DNA
sequences bound by AgAP3/AgPI heterodimers.

A AqAP3-1/AqPI AqAP3-2/AqPI AqAP3-3/AqPI B
SELEX round 0 1 2 3 4 5 6 0 1 2 3 4 5 &6 2 3 4 5 6
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Figure 4: Enrichment of bound DNA-molecules in our SELEX experiments. A: EMSAs using the output
of each SELEX round as probe, showing visible enrichment of bound DNA-molecules starting in round
4/5 of our SELEX experiments (indicated by an arrow). B: Percentage of sequences obtained in SELEX
round five that contains a perfect (CC[A/T]sGG) CArG-box.

We estimated relative affinities of our AgAP3/AqPI heterodimers for each possible 12-bp
sequence (12-mer) by comparing the frequencies of these 12-mers in the sequenced round 5
(R5) of the SELEX experiments with the frequency of these 12-mers in the original libraries
(RO). The relative affinities for each 12bp sequence are plotted in a heatmap (Figure 5). The
heatmap shows that the replicates of AgQAP3-2/AgPI and AgAP3-3/AqPI cluster together,
whereas the AqAP3-1/AqPI SELEX replicates clearly cluster separately. The finding that the
replicates of AgAP3-2/AgPl and AgAP3-3/AqgPI cluster together suggests that there is no
difference in DNA-binding specificity between AgqAP3-2 and AgAP3-3 (Figure 5). It seems
however, that AgAP3-1 is diverged in sequence specificity from the other two AqAP3 paralogs.
To look at the differences in DNA-binding in more detail, we divided the sequences present in
the heatmap in several clusters. One of these clusters (cluster E) shows high relative affinities

130



How to specify a novel floral organ

for all three AgAP3/AqPI heterodimers. The other four clusters (cluster A-D) all show higher
affinity for AgAP3-1 than for the other two AgAP3 paralogs. These data indicate that although
the three Aquilegia AP3 paralogs share the same DNA binding sites, AgAP3-1 binds to a
broader range of sequences than AqAP3-2 and AqAP3-3.

For each of the five different sequence clusters we prepared logos based on multiple
alignments. The motif obtained for each cluster resembles a CArG-box, but instead of the
consensus sequence CC[A/T]¢GG, they have a longer A/T-rich stretch, and only a single C/G on
either end (C[A/T]sG). However, there are subtle differences between the motifs from the
different sequence clusters. The group of sequences that is most highly bound by all three
AgAP3 paralogs (motif E) shows a CArG-box with the consensus CTATATATAG, with the
positions in the middle (position 9 and 10 in motif E) showing more variation than the other
positions. This motif is also larger than a typical CArG-box, as on both sides there are an
additional three base pairs that are conserved.
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Figure 5: relative DNA-binding affinities of the three Aquilegia AP3 paralogs. Heatmap of relative
affinities calculated for 12-mers based on round five of the SELEX experiments. Plotted is each 12-mer
that has a relative affinity of at least 0.7 in any of the samples. Sequence logos of each cluster were
made from multiple alignments.
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Both the A/T-rich sequence in the CArG-box and the extensions on both sides gradually
become less conserved between the different clusters, with the sequences that are least
bound by AgAP3-2 and AgAP3-3 (motif D) having a slightly different A-tract in the middle of
the CArG-box (consensus CTATAAATAG), and misses the three nucleotide extension on either
side of the CArG-box. These motifs indicate that all three AqAP3 paralogs bind to the same
motif, but that AgAP3-1 also binds to more diverged variations of this motif. It seems therefore
that AgAP3-1 binds to a broader range of sequences than AgAP3-2 and AqAP3-3. These data
show clearly that, although subtle, there are differences in DNA-binding specificity between
AgAP3-1 on the one hand, and AQAP3-2/AP3-3 on the other.

Differences in protein-protein interactions

According to the floral quartet model, the proteins in the (A)BCE-model do not act in dimers,
but in tetrameric complexes (Theissen and Saedler, 2001). The Aquilegia AP3 paralogs do not
only differ in their MADS-domain, but also show sequence polymorphisms in the K-domain
(Figure 2), the domain necessary for tetramerization (Yang and Jack, 2004; Kaufmann et al.,
2005; Melzer and Theissen, 2009; Melzer et al., 2009; Puranik et al., 2014). Therefore, changes
in the K-domain could lead to differences in protein-protein interactions. To determine
whether differences in protein-protein interactions between AqAP3-1 and AgAP3-2 underlie
the specification of staminodia, we investigated higher-order complex formation. The
staminodia whorl is positioned between the stamen and carpels, which both need the C-class
protein AGAMOUS (AG) for correct development. We therefore focused on the interaction of
the B- and C-class proteins with the addition of SEPALLATA3 (E-class protein). Aquilegia has
two AG paralogs, AgAG1 and AgAG2, which as described in the introduction, have distinct
effects on the staminodial whorl when silenced.

Using EMSAs, we observed two different higher order complexes for the combination
AgAP3/AqgPI/AGSEP3/AQAG, regardless of which AQAP3 and which AqAG paralog was present
(Figure 6A). The relative intensities of these two complexes however, are influenced by the
AgAP3 and AgAG paralog analyzed. We always observe more of the higher complex (marked
with *) relative to the lower complex (marked with *) with AgAP3-1, compared to AqAP3-2.
We also see differences between the AgAG paralogs. Presence of AgAG2 results in more of
the higher complex (*) compared to when AgAG1 is present. In conclusion: we do observe two
different DNA-binding complexes for combinations of AGAP3/AqPI/AqSEP3/AqAG regardless
of which AgAP3 and AgAG paralog is present. The relative prominence of each complex
however, depends on the presence of different AgAP3 and AgAG paralogs.

We attempted to understand the composition of the two observed complexes. We performed
dropout experiments where we compared the complexes formed with all four proteins with
several other combinations of two or three proteins. It seems that the lower band contains all
four proteins (AgAP3/AqPI/AqSEP3/AgAG), as none of the other combinations tested give the
same gel shift. The higher complex runs at the same height as both AqSEP3/AgAG and AqSEP3.
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However, as AqSEP3 by itself gives a fainter band than the one observed for all four proteins,
this higher complex is most likely AqSEP3/AgAG. This means that although we observe two
different complexes, only the lower one of these complexes contains AqAP3/AqPl. These
observations imply that the two AqAP3 paralogs (and the two AqAG paralogs) are not forming
different tetrameric complexes. Instead, it seems that they show different affinities to form
protein-protein complexes. A lower affinity of AQSEP3/AqAG for AgAP3/AqgPI compared to its
affinity for itself will lead to more of the AqQSEP3/AqAG tetramer being formed. The relative
higher amount of AQSEP3/AgAG tetramer compared to an AgAP3/AqPI/AQSEP3/AgAG
complex when AgAP3-1 is used than when AgAP3-2 is present indicates that AqAP3-1/AqP!I
has a lower affinity to form an AqAP3/AqP1/AqSEP3/AgAG tetramer than AQAP3-2.

AQSEP3 is assumed to be the major SEPALLATA gene in Aquilegia, since expression of AGSEP1
and AgSEP2 is only detected in sepals. However, this is based on expression data from mature
organs (Kramer et al.,, 2007). As detailed expression patterns during development are
unknown for the Aquilegia SEPALLATA genes, we also tested the formation of B-, C-, E-class
complexes with AqQSEP2. This combination with AqQSEP2 shows a slightly different picture
compared with AqSEP3 (Figure 6B). There are still two possible complexes, obtained for
combinations of AQAP3/AqPI/AqSEP2/AgAG when AgAG2 is present, whereas only the lower
complex is observed when AgAG1 is present. However, when AgSEP2 fulfils the role of E-class
protein, there is no visible difference anymore between AgAP3-1 and AgAP3-2. This indicates
that these AQSEPALLATA paralogs are not equivalent in protein-complex formation, and may
not be redundant. Combined, our protein-protein interaction assays suggest that there are
subtle differences between AgAP3-1 and AgAP3-2 in the formation of tetrameric complexes.
The same was found for the AqAG, and the AqSEP paralogs.
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Figure 6: Tetrameric complexes formed by AqAP3/AqPI with AqSEP and AqAG paralogs. EMSAs show
two different complexes (marked with * and #) for combinations of AGAP3/AqPI/AqSEP/AQAG. Several
other protein combinations are run on the same EMSA to determine the composition of these two
complexes. A: AQSEP3 is used as SEP protein. B: AGSEP2 is used as SEP protein. DNA probe used is a
fragment of the A. thaliana SEP3 promoter containing two CArG-boxes.
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However, the difference between AgAP3-1 and AgAP3-2 seem to be only the affinities with
which they form different tetrameric complexes. In total, there are subtle differences in
protein complex formation between the AgAP3 paralogs. However, it is difficult to predict
which complexes will be formed in vivo, as this will most likely depend not only on differences
in affinity, but also differences in protein levels.

Structural differences between AqAP3 paralogs

We see differences in both DNA-binding specificity and tetramerization between the AqAP3
paralogs. We next performed structure predictions for each of the three paralogs to attempt
to elucidate how the observed differences are generated. The MADS-domain of the three
paralogs show a very similar backbone (Figure 7). There are some differences in side chains
however, most of these are in the betasheet, which is needed for dimerization. The a-helix
that interacts with the DNA is more conserved (Pellegrini et al., 1995; Tan and Richmond,
1998; Huang et al., 2000). Although the K-domain of AgAP3-1 seems to be different in
structure from AgAP3-2 and AqAP3-3 (Supplemental Figure 1), this part of the protein could
not be modelled with great confidence.

Figure 7: Modelled structures of the three AqAP3 paralogs. Structures are modelled using Phyre2. (A,
B, C) MADS-domain of AGAP3-1, -2, -3 respectively. D: overlap of the first 90 AA (MADS-domain) of the
three AqAP3 paralogs. This shows that the backbone is basically identical. AGAP3-1=magenta, AGQAP3-
2=cyan, AqAP3-3=green. Proteins were modelled using Phyre2.
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There are no conserved synapomorphies in any of the Ranunculaceae AP3 lines

We show that there are differences in interactions with DNA and proteins between Aquilegia
AP3-1 and the other AgAP3 paralogs, with AgAP3-1 being more promiscuous in DNA-binding.
We wanted to investigate whether these differences could be a general feature for
orthologous Ranunculaceae AP3-1 proteins. If promiscuity is a general feature of AP3-1, there
could be AP3-1 lineage-specific amino acids in the MADS-domain. To analyze whether there
are synapomorphies, we assembled motifs for each of the three AP3 paralogs using sequences
from several Ranunculaceae species (Figure 8). The motifs we obtained for the partial MADS-
domain are very similar for the three AP3 lineages. In the |- and K-domain there are more
differences. In the I-domain, position 1, 25 and 26 seem less conserved in AP3-1 compared to
the other paralogs, as do position 21 and 42 in the K-domain. However, there are no conserved
synapomorphies for AP3-1, or either of the other paralogs.
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Figure 8: Motifs of the Ranunculaceae AP3s paralogs. Motifs of the three different AP3 paralogs were
calculated from multiple alignments using Weblogo. Motifs are shown for a partial M-domain, the I-
domain and the K-domain. M- and K- domains are defined as in figure 2. AP3 paralogs of several
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Ranunculaceae species were used.
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This means that we cannot conclude anything about the evolution of the specific AP3-1 DNA-
binding profile based on sequence conservation. It may be that the DNA-binding profile we
find for AQAP3-1 is not general for Ranunculales AP3-1 but instead may have evolved later, for
instance in the lineage leading to staminodia-containing taxa (Aquilegia+ Semiaquilegia+
Urophysa). It might also be that all AP3-1 proteins share the promiscuity in DNA-binding we
found for Aquilegia AP3-1, but that this is obtained by a combination of different amino acid
changes. To conclude anything about the evolution of the DNA-binding promiscuity of AqAP3-
1, as well as what causes these differences between AqAP3 paralogs, we would need to
determine the DNA-binding affinities for AP3-1 proteins from additional Ranunculaceae
species.

Discussion

Although it is known that the Aquilegia paralogs AP3-1 and AP3-2 specify different organs, it
is not yet known how they achieve this. In order to achieve this developmental function, these
two paralogs need to regulate different genes. Here we analyzed whether differences in
interactions with DNA and/or with other transcription factors could play a role in target gene
selection. We analyzed DNA-binding affinities of the AqAP3/AqgP! heterodimers, as well as
differences in protein-protein interactions.

Using EMSAs, we found that all three AgAP3 paralogs interact with AqPI, as was previously
shown with Y2H-experiments (Kramer et al., 2007). Interestingly, AQAP3-1/AqPI shows a larger
gel shift than heterodimers containing either of the two other AqAP3 paralogs, which does
not seem to be explained by size or charge of the proteins and is possibly caused by another
conformation of the AQAP3-1/AgPI dimer. When we studied the DNA-binding affinities of the
three different heterodimers, we find that all three AgAP3/AqgPI heterodimers bind to a very
similar binding motif, which resembles a CArG-box (CC[A/T]6GG), but does not completely
adhere to the consensus. Instead of the two cytosines at the beginning of the motif, and the
two guanines at the end, we find a motif with a single cytosine at the beginning and a single
guanine at the end, with an A/T-rich stretch of eight bases in between (C[A/T]sG). This is in
contrast to the SELEX-logos obtained using MADS-domain dimers from Arabidopsis (SEP3-AG;
AP1-SEP3; AG-AG), where more perfect CArG boxes were found as preferred binding sites,
illustrating that different MADS-domain dimers show different sequence binding specificities
(Smaczniak et al, 2017). In addition, the motif we find is longer than a classical CArG-box, as
the motif is extended by three base pairs (TAA) on both sides. Interestingly, however, we did
observe that AgAP3-1/AqPI binds to a broader range of sequences than either AgAP3-2/AqPI
or AgAP3-3/AgPI. It seems therefore, that AQAP3-2 and AgAP3-3 have similar DNA-binding
specificity, whereas AgAP3-1 binds to similar sites but is more promiscuous.

Until now, few AP3/PI binding sites have been published. The only published AP3/PI motif is
based on A. thaliana ChIP-seq data, and is a CArG-box with two cytosines and two guanines,

although these four bases are not all completely conserved. Similar to the motifs we found for
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the Aquilegia AP3 paralogs, this A. thaliana motif exhibits an addition of three base pairs after
the CArG-box, in this case three adenosines (Wuest et al., 2012). In Chapter 5 of this thesis,
we used SELEX to obtain binding sites for two AP3/PI heterodimers from a species closely
related to A. thaliana: the Cleomaceae species Tarenaya hassleriana. Like the A. thaliana
motif, these binding motifs also adhere to the CArG-box consensus (although the cytosines
and guanines are not completely conserved), and show extensions of the bound motif on both
sides of the CArG-box. These differences in DNA-specificity observed for AP3/PI heterodimers
from different species are interesting. However, it needs to be taken into account that the
motifs were obtained with different experimental methods and with different methods of
analysis. The motifs we find here for the basal eudicot Aquilegia AP3/PI heterodimer are
clearly different from the motifs obtained for the AP3/PI heterodimers from the core eudicots
species A. thaliana and T. hassleriana. Interestingly, the paleoAP3 lineage underwent a
duplication at the base of the core eudicots that resulted in the paralogous euAP3-lineage and
TM6 clades (Kramer et al., 1998). Both the A. thaliana and the T. hassleriana AP3 paralogs
belong to the euAP3-lineage, whereas the three AgAP3 paralogs all belong to the palecAP3
lineage. To assess whether the duplication leading to euAP3/TM6 might have influenced DNA-
binding specificity, it would be interesting to analyze whether there are differences in DNA-
binding between a broader sampling of euAP3 and TM6 representatives, as well as additional
paleocAP3 homologs.

According to the floral quartet model, AP3/PI act together with other floral MADS-domain
transcription factors to specify floral organs (Theissen and Saedler, 2001). We analyzed
whether there were differences in tetramer formation between AqAP3-1 and AgAP3-2 with
the Aquilegia AG paralogs, as AG is supposed to be an interaction partner of AP3/PIl in
stamens, and the AgAG paralogs are also expressed in staminodia. As both AgAP3-1 and
AgAG2 are involved in the specification of staminodia, we hypothesized that AqAP3-1 and
AgAG2 may interact exclusively. However, that is not what we observed. Both paralogs of
AgAP3 and AgAG formed the same complex, but in addition, a complex of presumably
AgAG/AqSEP was formed with different intensities depending on the paralog of AgAP3 and
AgAG present. These data mean that there are some differences in complex formation
between the AgAP3 paralogs, but these differences seem to be more in affinity to form protein
complexes rather than in which complexes can be formed. Interestingly, these results are
consistent with parallel studies of protein interactions detected in yeast (L. Holappa, E. M.
Kramer, unpublished data).

An interesting observation is that there are differences in complex formation with different
SEP paralogs. Aquilegia has three major SEPALLATAs, AqSEP3 and two genes from the LOFSEP
clade, AqSEP1 and AQSEP2, which originated from a duplication at the base of the
Ranunculales (Soza et al., 2016). We know that in mature organs, AqSEP3 is ubiquitously
expressed, while AqSEP1 and AqSEP2 are expressed primarily in sepals (Kramer et al., 2007).
Whether the different SEP paralogs in Aquilegia could play a role in staminodia specification
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is partially depending on their expression during development. However, detailed expression
patterns of these genes during floral organ development are not yet known.

In a close relative of Aquilegia, Thalictrum, the expression of the SEP paralogs has been
studied. In Thalictrum, SEP3 is most highly expressed. However, SEP1 and SEP2 are also
expressed in all floral organs, although SEP1 expression is higher in sepals and stamens (Soza
et al., 2016). Interestingly, when these SEP genes in Thalictrum are silenced, homeotic
conversions and chimeric floral organs can be observed. These data indicate that the SEP
genes in Ranunculaceae can play a role in organ specification and/or organ boundary
formation. Whether the SEP paralogs play a role in staminodium-specification could be
analyzed by detailed expression studies as well as silencing experiments in Aquilegia.
Although our data only show subtle differences in protein complex formation, we cannot
exclude that the AqAP3-1 and AgAP3-2 have different interaction partners. We only tested for
protein tetramers. However, it is known that MADS-domain TF do not only form quartets, but
that they interact with a wide range of proteins (Smaczniak et al., 2012b).

We found here that AgAP3-1 is indeed biochemically different from the other two AqAP3
paralogs. The AgAP3-1/AqPI heterodimer migrates through the EMSA gel slower than the
other two AgAP3/AgPl heterodimers. AgAP3-1 also shows differences in DNA-binding
specificity, as it binds to a broader range of sequences than the other AqAP3 paralogs. In
addition, we observed subtle differences in the formation of protein complexes in vitro
between AgAP3-1 and AgAP3-2. These data led us to speculate that AgAP3-1 may be different
in structure from the other two AgAP3 paralogs. We performed protein structure prediction
for the three different paralogs. Although the MADS-domain of the three AqAP3 paralogs
looked very similar, the predicted structure for the AgAP3-1 K-domain looked different from
the other AgAP3 paralogs. It must be noted, however, that the K-domain could not be
predicted with high confidence. Interestingly, using sequences from the Ranunculaceae and
Berberidaceae, it was shown that the I+K-domain of AP3-1 is under lower purifying selection
than these domains of AP3-2 and AP3-2 (Sharma et al., 2011). It would be interesting to
compare structures of the three AP3 paralogs in more detail, but for this analysis the protein
structures need to be elucidated.

A remaining intriguing question is how AP3-1 evolved to specify staminodium identity.
Although AP3-1 originated from an ancient duplication (70-120 MYA), staminodia evolved only
recently, around 6 MYA in the ancestor of Aquilegia, Semiaquilegia and Urophysa. It would
be interesting to analyze whether the changes in interactions we observed are coinciding with
the emergence of staminodia. A related question is what the functions of AP3-1 and AP3-2
are in non-staminodia species, in which both these paralogs seem commonly expressed in
petals and stamens (Rasmussen et al.,, 2009; Sharma et al., 2011). Examination of
Ranunculaceae sequences of the three paralogous AP3 lineages did not reveal any distinct
conserved synapomorphies. It could still be that the differences we observe in DNA-binding
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between AgAP3-1 vs. AgAP3-2/3 is a general feature for the Ranunculaceae AP3-1, and that
they are generated by a combination of different mutations. To test this, DNA-binding
affinities for AP3 paralogs of a range of Ranunculaceae species need to be determined.
However, it is interesting to note that AGAP3-1 is evolutionarily more closely related to AGAP3-
2, being derived from a tandem duplication.

The differences in interactions we observed between AqAP3-1 and AgAP3-2 in this study are
only relevant for stamen and staminodia specification if they lead to differences in gene
expression between these two organs. Although comparison of expression profiles between
stamens and staminodia are interesting, these profiles do not show how the differences are
generated. A more direct approach to elucidate whether AqAP3-1 and AqAP3-2 regulate
different genes would be to perform ChlIP-seq on the different AgAP3 paralogs. This is an
elaborate experiment however, as it optimally requires the generation of ap3 mutants that
express tagged AP3 proteins from their native promoter or high-quality antibodies specific for
each AgAP3 paralog. Another interesting question is whether the differences in the AqAP3
paralog present are enough to specify different organs, or that other factors, such as the
availability of interaction partners or the accessibility of DNA, play a role as well. This could be
analyzed by swapping the expression of AGAP3-1 and AgAP3-2. That is, express AP3-2 from
the AP3-1 promoter (in an ap3-1 mutant) or vice versa, and analyze the obtained plants for
homeotic transformations of staminodia or stamens. A combination of these experiments
could hopefully fully elucidate how AgAP3-1 and AqAP3-2 can specify different floral organs.

Material and methods

EMSAs

Aquilegia genes were amplified from cDNA and cloned into pSPUTK (primers shown in table 1). 3xHa-
tagged versions of the genes were created in two subsequent PCR reactions with different primers,
before cloning them into pSPUTK. Proteins were synthesized using the TnT" SP6 High-Yield Wheat
Germ Protein Expression System (Promega) according to the manufactures instructions, using a total
of 100 ng plasmid/ul reaction. Proteins for interaction assays were always co-translated, using
equimolar amounts of the different plasmids. EMSAs were performed as described in (Smaczniak et
al., 2012b) with minor modifications. The fluorescent dye CY5 was used to label the oligonucleotides.
Labelled oligonucleotides were produced in a PCR using vector-specific CY5-labelled primers, and
purified from agarose gel. Gel-shifts were visualized with the GE Typhoon Trio.
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Table 1: primers used to clone genes into pSPUTK

F R
AqcoeAP3-1 5' CATGCCATGGGAAGAGGAAAGATTGAG 3' 5' ccatcgaTCATCCTAGTCGGAGATCTTC 3'
AqcoeAP3-2 5' CATGCCATGGGGAGAGGAAAGATTGAG 3' 5' ccatcgaTCATGCCAGACTTAAACC 3
AqcoeAP3-3 5' CATGCCATGGGAAGAGGAAAGATTGAG 3' 5' ccatcgaTTAAGCAAGTCGCAAATTGTG 3'
AqcoeP| 5' CATGCCATGGGGAGAGGAAAGATTGAG 3' 5' ccatcgatCTATTTACTCTCCTGTAAATTAGGC 3'
AqcoeSEP3 5' CATGCCATGGGAAGAGGAAGAGTTG 3' 5' ccatcgaTCAACCCAACCAACCTTGC 3'
AqcoeSEP2 5' cctagatct ATGGGGAGAGGAAAAGTAG 3' 5' cctagatcTCAAACCATCCAACCAGGG 3'
AqcoeAG1 5' CATGCCATGGGAAGAGGAAAGATTG 3' 5' ccatcgaTTACCCAAGTTGAAGTGTCG 3'
AqcoeAG2 5' CATGCCATGGGAAGAGGAAAGATTG 3' 5' ccatcgaTCAACACAGTTGGAGAGC 3'
F R 1st PCR
AqcoeAP3-1-3xHA-tag 5' CATGCCATGGGAAGAGGAAAGATTGAG 3' 5' CTGGAACATCGTATGGGTATCCTAGTCGGAGATCTTCGAATCC 3'
AqcoeAP3-2-3xHA-tag 5' CATGCCATGGGGAGAGGAAAGATTGAG 3' 5' CTGGAACATCGTATGGGTATGCCAGACTTAAACCATATG 3'
AqcoeAP3-3-3xHA-tag 5' CATGCCATGGGAAGAGGAAAGATTGAG 3' 5' CTGGAACATCGTATGGGTAAGCAAGTCGCAAATTGTGGG 3'
R primer for 2nd PCR for HA-tags [5' ccatcgatctaAGCGTAATCTGGAACATCGTATGGGTAAGCGTAATCTGGAACATCGTATGGGTAAGCGTAATCTGGAACATCGTATGGGTA 3'

A. Thaliana SEP3 EMSA probe (pGEM-T sequence underlined):
5'CATGGCCGCGGGATTTTGACGATAACTCCATCTTTCTATTTTGGGTAACGAGGTCCCCTTCCCATTACGTCTTG
ACGTGGACCCTGTCCGTCTATTTTTAGCAGAATCACTAGTGCGGCCGC-3';

SELEX-seq

SELEX was essentially performed a described before (Smaczniak et al., 2017). The dsDNA libraries
contained 40 random nucleotide fragments flanked by specific barcodes that allowed for multiplexing
in high-throughput sequencing. The dsDNA libraries contained all necessary features required for
direct sequencing with an Illumina Genome Analyzer (Jolma et al., 2010). Proteins were synthesized
using  TNT SP6 Quick Coupled Transcription/Translation System (Promega) following the
manufacturer’s instructions in a total volume of 20 pl. The binding reaction mix was prepared
essentially as described previously for EMSA experiments (Smaczniak et al., 2012b) and contained 20
ul of in vitro-synthesized proteins and 50-100 ng of dsDNA in a total volume of 120 pl. The binding
reaction was incubated for 1 h at 21 °C followed by 1 h immunoprecipitation with 20 pl anti-HA
antibodies coupled to magnetic beads (ThermoScientific) in a thermomixer at 21 °C with constant
mixing at 700 rpm. After immunoprecipitation, beads were washed 5 times with 150 pl of binding
buffer without salmon-sperm DNA, rinsed once with 500 pl of 1xTE and bound DNA was eluted with
50 pl 1X TE by incubation in a thermomixer for 20 min at 90 °C with full mixing speed. Following this
incubation, magnetic beads were immobilized and the supernatant containing the eluated DNA was
transferred to a new tube. DNA fragments were amplified with 5 to 11 cycles of PCR with SELEX round-
specific primers (Jolma et al., 2010) and the total amplicon was used in the subsequent SELEX round.
The amplification efficiency was checked on an agarose gel. Samples for sequencing were amplified,
cut out from agarose gel and purified using the Qiaquick Gel Extraction Kit (Qiagen). Different libraries
were multiplexed by mixing in an equimolar amounts and sequencing was performed on the HiSeq
2000 (Illumina).

SELEX analysis was performed using the SELEX R package version 1.8.0 to build Markov Models of k-
mer frequencies and thus determine which k-mers were enriched in the R5 dataset compared to RO.
Relative affinities were calculated for K-mers of length 12, and the background frequencies were
modelled with a 6™-order hidden Markov model.

Heatmap was made with a custom script, using Manhattan clustering. Motifs were made of multiple
alignments (Muscle) using Weblogo (http://weblogo.berkeley.edu/) (Crooks et al., 2004).
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Motif generation
AP3 Sequence alignments from (Sharma et al., 2011) were used to make logo’s using Weblogo
(http://weblogo.berkeley.edu/) (Crooks et al., 2004).

Supplementary material

Table S1: Calculations of charge and isoelectric points.

Length (AA) | Size (kD) [Pepaale | T xpasy pifmw
Ph7 charge Isoelectric point Isoelectric Ph7.4 charge Isoelectric point
point

[ AP3-1 [pR2I 25.51 0.5 7.28 6.79 -16 7.06
[ AP3-2 |PFI5 26.36 15 7.83 7.21 -0.5 7.72
[ Ap3-3 [V 25.86 46 9.37 8.4 34 9.02

Figure S1. Modelled structures of the three full-length AQAP3 paralogs. Overlap of the modelled
structures shows that the K-domain of AgAP3-1 might have a different structure than AqAP3-2 and
AqAP3-3, as the K-domain of AP3-1 has a bend in the a-helix. AQAP3-1=magenta, AgAP3-2=cyan,
AqgAP3-3=green. Proteins were modelled using Phyre2.
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General discussion

Life on earth shows an incredible diversity. One of the intriguing questions in biology is how
different morphologies of higher organisms are generated. At the end of the 20t century,
advances in understanding the molecular pathways underlying development led to the field
of evolutionary developmental biology, or “evo-devo”. Evo-devo tries to understand how
developmental programs have evolved to lead to changes in morphology.

In the early days of evo-devo it was observed that a limited set of molecular pathways is used
to build different body plans, as exemplified by the homeotic homeobox (HOX) genes in
animals (McGinnis et al., 1984; McGinnis and Krumlauf, 1992). In plants, similar conserved
mechanisms were found, for example the (A)BCE-model of flower organ specification (Haughn
and Somerville, 1988; Coen and Meyerowitz, 1991; Theissen, 2001; Causier et al., 2010a). This
model describes which organ types are formed in which position in the flower, and is generally
conserved throughout the angiosperms. Even though flowers of most plants have the same
basic floral bauplan, as specified by the (A)BCE-model, they still exhibit a large range of
different floral morphologies. How these different morphologies are generated at the
molecular level remains intriguing (Vergara-Silva, 2003). Early studies in plant evo-devo
research mainly focused on candidate-gene approaches, for instance transcription factor (TF)
genes from the MADS and TCP families (for reviews see: (Theissen et al., 2000; Rosin and
Kramer, 2009). Expression patterns and phylogeny of these candidate genes were analyzed,
whereas their functions were studied with heterologous expression approaches (Irish and
Benfey, 2004; Di Stilio et al., 2017).

New technologies changed evo-devo research

Possibilities for functional studies in different species expanded with the development of
Virus-induced gene silencing (VIGS), which is being used for targeted gene knock-down. This
method is now optimized in multiple species, and does not require establishment of stable
transformation procedures (Burch-Smith et al., 2004; Senthil-Kumar and Mysore, 2011). To
identify genes that underlie morphological differences between closely related species, QTL
(Quantitative trait locus) analysis has been used (Irish and Benfey, 2004; Mackay et al., 2009),
whereas GWAS (genome wide association studies) has been used for variation within species
(Brachi et al., 2011). Another advancement that opened up new directions for evo-devo
research is next-generation sequencing. At present, plant genomes and transcriptomes are
available from species throughout the plant kingdom. ~100 plant genomes have been
sequenced and new bioinformatics methods are being developed to obtain more information
from these genomes. For instance, comparative genomics has been used to elucidate whole-
genome-duplications in the history of plants, and to trace the history of large gene families
(Jiao et al., 2011; Lee et al., 2011; Li et al., 2015; Zhao et al., 2017). Comparative genomics has
also been used to find genes linked with certain traits, for instance transitions from perennial
to annual life style in the Brassicaceae (Heidel et al., 2016), and the evolution of terpenoid
biosynthesis in flowering plants (Hofberger et al., 2015). Next-generation sequencing also
permitted the development of a whole new array of genome-wide experimental methods.
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Among these are RNA-seq and ChlIP-seq. DNAse-seq is used to discover open, active, regions
of chromatin (Song and Crawford, 2010). Other new methods are SELEX-seq (selective
evolution of ligands by exponential enrichment) and DAP-seq (DNA affinity purification) (Jolma
et al., 2010; O’Malley et al., 2016), which allows building of biophysical models of the DNA-
binding specificity of transcription factors. Most of these experiments are not limited to
certain model species, but can be used for any species of interest.

In this thesis, we have studied different aspects of evo-devo using several genome-wide and
sequencing methods, among which ChIP-seq, DNAse-seq and SELEX-seq. We assessed the
divergence of TF binding sites (TFBSs) of the major floral regulator SEPALLATA3 (SEP3)
between closely related Arabidopsis species, as it is known that changes in cis-regulatory
elements (CREs) play a role in creating morphological diversity (Carroll, 2008; Wittkopp and
Kalay, 2012). Gene duplications can also create morphological novelty (Cui et al., 2006; Jiao et
al., 2011; Soltis and Soltis, 2016), and we studied the consequences of gene duplication by
assessing possible differences between paralogous pairs of the B-class TFs in two different
species. Differences in TF function between two paralogs point to the occurrence of sub- or
even neo-functionalization.

Divergence of transcription factor binding profiles

Changes in CREs are one possibility to alter gene regulatory networks and thereby create
morphological diversity. As we argue in chapter 2, we would expect changes that impact
morphology to occur most frequently in the regulation of genes that are immediately
downstream of the floral master regulators that fulfil the (A)BCE functions. From earlier ChIP-
seq experiments in A. thaliana we learned that the master regulators in flower development
have thousands of binding sites in the genome, and likely regulate hundreds of genes
(Kaufmann et al., 2009; Kaufmann et al., 2010c; Wuest et al., 2012; 0’Maoiléidigh et al., 2013;
Pajoro et al., 2014b). To assess possible changes in gene regulatory networks downstream of
the floral regulators, we performed a genome-wide comparison of binding sites of the floral
regulator SEP3 in inflorescences between two closely related Arabidopsis species, A. thaliana
and A. lyrata. These two species are very similar in flower morphology, but the outcrossing A.
lyrata has larger flowers, with relatively larger petals (see chapter 3).

Surprisingly, we found substantial diversity in the SEP3 binding sites between A. thaliana and
A. lyrata, with only around 26% TFBSs conserved (Chapter 3). This prompted us to look at
variation within a species. In chapter 4, we analysed the divergence of SEP3 binding between
two A. thaliana ecotypes. These binding profiles showed more overlap, as ~70% of the TFBSs
are common between the two ecotypes. Taken together, these data show that there are
differences in SEP3 binding between A. thaliana ecotypes as well as between A. thaliana and
A. lyrata. Not surprisingly, the difference between the two species is substantially larger than
between the ecotypes. We further analyzed which factors may have caused the difference in
SEP3 binding sites. In some cases, these differences in binding events between the species
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correlated with changes in underlying DNA sequence (see chapter 3 and 4). However, a large
proportion of TFBSs that is different between the species shows no obvious divergence in
sequence. Another factor that plays a role in TFBS divergence is transposition. We observed
that several of the A. lyrata SEP3 TFBSs were positioned within transposons. Transposons
enable a move of TFBSs to new locations in the genome, a phenomenon that has been
reported previously (Feschotte, 2008). As a consequence, transposition of a TFBS-containing
transposable element may lead to a change in transcriptional regulation of genes at the new
location. That transpositions may create morphological diversity has been shown in several
studies. One example is the famous white-to-black color change in moths during the industrial
revolution. This was caused by a transposon insertion that caused upregulation of a gene
(Van't Hof et al., 2016). There are also examples in plants. In maize, a transposon insertion in
the promoter of TEOSINTE BRANCHED1 (TB1) has led to the upregulation of this gene, and
subsequently to an increase of apical dominance (Studer et al., 2011). However, whether
these changes in gene expression are caused by the presence of a CRE in the transposon is
unknown.

Another factor that influences TF binding to DNA is the accessibility of potential binding sites
in the genome. DNA in the nucleus is packed into chromatin, and modifications of the histones
or the DNA that is wrapped around the histones make some regions more accessible than
others. To analyze whether this accessibility may play a role in TFBS selection, we performed
DNAse-seq experiments on inflorescences of both A. thaliana ecotypes and A. lyrata and
compared these data with our SEP3 binding profiles. We found that the overlap of open
chromatin regions of A. thaliana is higher with SEP3 TFBSs of A. thaliana than with the SEP3
TFBSs of A. lyrata, regardless of the A. thaliana ecotype, and vice versa. We did not see this
pattern between ecotypes. This suggests that DNA accessibility may contribute to the
differences in binding sites between species, but not or not significantly between ecotypes. It
would be interesting to select species-specific TFBSs in A. thaliana and A. lyrata that do not
show underlying sequence divergence, and assess whether a difference in DNA accessibility
could explain the differences in binding behavior. In addition, it would be interesting to look
at DNA methylation and histone marks, to analyze how the difference in DNA accessibility
between species is derived for selected candidate genes. It has been shown in seedlings that
methylation patterns between A. thaliana, A. lyrata and Capsella rubella differ from each
other. Although the difference in genomic structures is the most important factor for this
divergence, there are also differences in gene body methylation (Seymour et al., 2014).

Genome sequence and structure divergence between Arabidopsis species and ecotypes

The large difference we observed between the SEP3 binding profiles of A. thaliana and A.
lyrata, in contrast to the smaller difference between A. thaliana ecotypes, may simply be
because the ecotypes diverged from each other more recently. However, it is interesting to
note that in animal species with similar divergence times, TFBS profiles seem to deviate slower
than we observed between Arabidopsis species (Schmidt et al., 2010; He et al., 2011; Stefflova
etal., 2013; Villar et al., 2014). It has been suggested that the extent of TFBS divergence might
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be dependent on the structure of the different genomes, as well as the level of selective
constraint on these genomes (Stefflova et al., 2013). Plant genomes tend to evolve faster than
animal genomes (Panchy et al., 2016). It is therefore interesting to have a closer look at how
much the genomes of the plant species we studied have diverged from each other.

Table 1: Other possible lineage | Brassicaceae species that may be used for comparative analysis.
These species have sequenced genomes, and are already used to study variation at the genus level.

pictures of Capsella rubella: Jan van der straaten; Cardamine hirsuta: Aelwin/Wikipedia; A. lyrata: Alfred Cook

species A. thaliana A. lyrata Capsella rubella | Cardamine
hirsuta
Diverged from -- 10 MYA 14 MYA 32 MYA
A. thaliana
Genome size 125 207 220 225
(Mb)
Protein-coding 27,025 32,670 26,521 29,458
genes
chromosomes 5 8 8 8
Breeding Selfing outcrossing selfing Selfing
system
Causes (Centromeric ~8 Mb of size Half the Centromeric
difference in regions 14 Mb) | difference due | genome regions 78.9 Mb
genome size to extra consists of
with A. thaliana centromers centromeric
and repetitive
Hundreds of .
regions

thousands small

indels
Phenotype
genome (Arabidopsis (Huetal., 2011) (Slotte et al., (Ganetal,

Genome, 2000) 2013) 2016)
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For A. thaliana, the 1001 genomes project has sequenced many different accessions, in an
effort to quantify the amount of natural variation present in this species (Ossowski et al., 2008;
Cao et al., 2011; Long et al., 2013; Schmitz et al., 2013; Consortium et al., 2016; Kawakatsu et
al., 2016). Based on 1,135 different accessions, 10,707,430 biallelic SNPs and 1,424,879 small-
scale indels (up to 40 bp) are reported. This represents on average one sequence variant every
10 bp (Consortium et al., 2016). Compared with the A. thaliana Col-0 reference genome, one-
third of protein-coding genes are predicted to be disrupted in at least one accession, although
re-annotation of each genome revealed that alternative gene models often restore coding
potential (Gan et al., 2011). A. thaliana accessions also differ in the number and position of
transposons, with any two A. thaliana accessions predicted to differ in 200-300 TE insertions
(Quadrana et al., 2016). The genomic differences between the species A. thaliana and A. lyrata
are more substantial. The genomes of these two species show >80% sequence identity, and
most (90%) of the genome is syntenic, making it possible to align the genomes.

However, there are some clear differences between these two genomes as well. Their size
differs substantially, as the genome of A. thaliana is 125 Mb whereas A. lyrata has a genome
of 207 Mb. Comparison of these genomes show that there have been several (10) major
rearrangements, among them three chromosomal fusions that led to the difference in
chromosome number (five for A. thaliana; A. lyrata has eight, which is probably the ancestral
number in Brassicaceae). Most of the difference in genome size however, is due to hundreds
of thousands of small indels (Hu et al., 2011). Summarized, although these species are closely
related and their sequences can still be aligned, substantial rearrangements and sequence
divergence in the genomes of A. thaliana and A. lyrata have occurred in a species-specific
manner. To assess whether this reorganization contributed to the differences in TFBS profiles
between the two species, it would be interesting to compare TF binding profiles between
species that have a more similar genome. There are several other Brassicaceae species with a
sequenced genome that could be used for this kind of comparisons, as they are more similar
in genome structure to A. lyrata. Species that could be used for experiments like this are for
instance C. rubella and Cardamine hirsuta (see Table 1).

Divergence of paralogs after gene duplication also plays a role in creating morphological
diversity

Evolutionary changes are thought to occur more often in regulatory elements than in coding
sequences, as changes in proteins often have pleiotropic effects. Nevertheless, mutations in
TFs that create morphological differences do occur. For instance, mutations in TFs functional
in skeletal development are involved in the evolution of flightless birds on the Galapagos
islands (Burga et al., 2017). One way by which TFs can change function to alter morphology is
through gene duplications; after a duplication there are two copies, which temporarily lessens
the selection pressure on both paralogs. Plants underwent frequent genome duplications and
some of the major evolutionary innovations, like seeds and flowers are thought to coincide
with genome duplications. In this thesis, we studied the divergence between paralogs of the
floral homeotic B-class genes. Throughout the angiosperm phylogeny, there are frequent
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duplication events of both APETALA3 (AP3) and PISTILLATA (PI) (Chung et al., 1995; Kramer et
al., 1998; Kramer et al., 2003; Stellari et al., 2004; Vandenbussche et al., 2004; Jaramillo and
Kramer, 2007; Viaene et al., 2009; Bartlett and Specht, 2010). In this thesis, we studied two
cases of B-class paralogs. The first paralogous pair is the Pl paralogs in T. hassleriana, a close
relative of Arabidopsis (Chapter 5). We chose to study this paralogous pair as they show an
interesting difference in their location in the genome. Pl orthologs show a strong conservation
of synteny across the eudicots, with the notable exception of the Brassicaceae (Zhao and
Schranz, 2017). Intriguingly, T. hassleriana has two Pl paralogs, one which is syntenic with
most Pl orthologs, whereas the other is syntenic with the Brassicaceae P/ (Chapter 5, (Cheng
et al., 2013)). We hypothesized that this difference in genomic location may have influenced
floral morphology in the Brassicaceae. Therefore these paralogs in T. hassleriana are of
particular interest, as they may provide an ‘intermediate’ situation. Here, we show that this
Pl transposition did not lead to differences in expression pattern between the two P/ copies.
However, our data suggest that these Pl paralogs are biochemically different as they do show
differences in interaction with other TFs, and possibly differences in DNA-binding specificity.
Whether the observed changes could lead to morphological differences should be assessed
using functional studies in the future.

In chapter 6, we analyzed the three paralogous AP3 proteins of Aquilegia. Flowers of this basal
eudicot have a fifth type of organ, which is positioned between stamens and carpels, termed
the staminodium. Sub- and neofunctionalization of the AP3 paralogs led to the incorporation
of this new organ into the floral bauplan of Aquilegia (Kramer et al., 2007). It has been shown
that AgAP3-1 is necessary for the specification of staminodia. However, it is unknown how
gene regulatory networks downstream of AgAP3-1 evolved to lead to a novel organ
morphology. In this thesis, we show that the AP3 paralogs of Aquilegia are biochemically
different, as we observed differences in protein-protein interactions as well as DNA-binding
specificity.

Both of the pairs of paralogous B-class genes studied in this thesis exhibit differences in
interactions with DNA as well as with other TFs. Changes in interaction behavior between
paralogous proteins have been shown before. For example, paralogs of the A. thaliana AUXIN
RESPONSE FACTORS (ARFs) recognize very similar DNA sequences. However, one ARF dimer
binds to two sites on the DNA, and the different ARF paralogs prefer different spacing
distances between these sites (Boer et al., 2014). A similar observation has been made for the
four SEPALLATA proteins of A. thaliana. The floral quartet model specifies that MADS-TF can
bind as quartets to two CArG-boxes (Theissen and Saedler, 2001). In vitro experiments have
shown that homotetramers of the different SEP proteins prefer a different length of spacer
between the two CArG-boxes (Jetha et al., 2014). Changes in protein-protein interaction also
occur. The most famous example of a difference in protein-interactions is FARINELLI of
Antirrhinum. One of the differences in sequence between FARINELLI and its paralog PLENA
(and AG in A. thaliana) is a single amino acid insertion (Q173). This single amino acid
polymorphism led to a difference in interaction with the SEP proteins. Overexpression of AtAG
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with or without this glutamine residue in A. thaliana had different results, most likely due to
different expression patterns of the differentially interacting SEP proteins (Airoldi et al., 2010).
This shows that differences in DNA-binding and protein interaction properties between
paralogous TF may lead to differences in morphology, although it may depend on the
expression pattern of the possible interaction partners.

With respect to the divergence between paralogs, it is interesting to note that SEP3, which we
used for our analysis of TF binding profile divergence (Chapters 3 and 4), has three paralogs in
Arabidopsis. The four SEP genes of A. thaliana are regarded as largely redundant, although
they do have slightly different expression patterns and they are shown to have slightly
different behaviors in vitro (Pelaz et al., 2000; Ditta et al., 2004; Jetha et al., 2014). We showed
that the SEP3 orthologs in A. thaliana and A. lyrata are very similar in sequence, and that there
are no differences in the sequence of the MADS-domain (chapter 3). However, these SEP3
orthologs, as well as the orthologs of the other SEP genes, do show subtle differences in other
parts of the protein sequence between A. thaliana and A. lyrata. Formally, we cannot rule out
that these sequence differences influence the DNA-binding specificity of the SEP3 orthologs,
e.g. by affecting the formation of DNA-binding protein complexes. The four SEP genes are
expected to be redundant, but there may be differences in DNA-binding between the paralogs
(Jetha et al., 2014). As there is a chance that these possible differences in SEP TFBS profiles
are species-specific, it would be interesting to do a more comprehensive comparative ChlP-
seq approach, where all four SEP paralogs are interrogated in both A. thaliana and A. lyrata,
and the complete SEP binding profile is compared between species. This would answer
whether the collective SEP TFBS profiles are more similar between A. thaliana and A. lyrata
than the SEP3 TFBS profile. However, this is a challenging experiment.

It is intriguing to see that paralogous proteins partly diverge from each other with respect to
in vitro interaction capacity. However, whether the observed differences between the
paralogs lead to differences in morphological outcome depend on whether these biochemical
differences lead to a differences in target genes.

Linking observed differences in TFs and their DNA binding profiles to changes in floral
morphologies

Although changes in TFs, or the evolution of TFBSs may be important for generating
morphological differences, this is only possible if these changes result in differential gene
expression of downstream genes. Comparing genome-wide expression data of different
organs or different species will result in a set of differentially expressed genes. However, likely
not all differentially expressed genes will make a contribution to morphology. Selecting
candidate genes that are responsible for the evolution of floral morphology may be more
successful when expression data are combined with TF binding profiles of the floral homeotic
regulators. Studying candidate genes in detail may not only show how gene regulatory
networks evolved to change morphology, but may also increase our knowledge of flower
development by identifying more genes with functions in this process.
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Even when combining ChIP-seq experiments with expression studies, targets need to be
chosen carefully to obtain high-confidence candidate genes. For instance, the SEP3 binding
profiles of A. thaliana and A. lyrata are so diverged that this comparison leads to many
potential candidates. In addition, SEP3 plays roles in development of all floral organs
throughout flower development, which makes it more complicated to link candidate genes to
phenotypes in a specific floral organ. One option could be to analyze binding profiles of other
homeotic MADS-domain TFs. For instance, the B-class genes are active in petals and stamens,
whereas the C-class TF are involved in stamens and carpels only. Analyzing divergence in
binding sites of any of these TFs limits possible morphological changes to these specific organs.
Which species are selected for the comparison is also of importance. We showed that the
divergence of SEP3 binding profiles between two different Arabidopsis species is very large.
A. thaliana ecotypes also show differences in SEP3 binding, but the larger overlap between
these datasets makes selection of suitable candidate genes more amenable. That A. thaliana
harbors enough natural variation in floral morphology for these type of comparisons has been
shown by QTL analysis for petal shape on different A. thaliana ecotypes, which resulted in
several loci that were not previously implicated in controlling floral organ development
(Abraham et al., 2013). | expect that most differences in morphology are due to differences in
spatiotemporal expression patterns of genes, not in complete absence of expression in one of
the analyzed species. Therefore, these types of experiments could result in more high-
confidence candidate genes when time-course experiments would be performed.

Mechanisms of transcriptional regulation

A change in morphology can only occur when gene regulation is altered. We know that the
spatiotemporal expression pattern of a gene is determined by the combined activity of several
DNA-binding TFs that can act in a cooperative, competing or redundant manner. However, we
do not have sufficient knowledge about the mechanisms that lead to changes in gene
expression.

The first aspect of transcriptional regulation is binding of the TF to the DNA. Although for more
and more TFs the DNA-binding specificity is determined, we still cannot reliably predict TFBSs.
One difficulty is that TFs often act as heterodimers, which can influence their preferred binding
motif. For instance, the floral regulators SEP3 and AG have distinct DNA binding preferences,
and an intermediate between these preferences is observed for SEP3/AG heterodimers
(Smaczniak et al., 2017). Interaction partners may even alter DNA-binding specificity, as has
been shown for the Drosophila HOX proteins. whereas homodimers of all eight HOX paralogs
share the same consensus site (Noyes et al., 2008), they acquire novel, paralog-specific DNA-
binding specificities in the presence of the cofactor Extradenticle-homothorax (Slattery et al.,
2011). To make prediction efforts even more difficult, TFs do not always seem to bind to the
highest affinity sites in the genome (Tanay, 2006). DNA methylation also complicates TFBS
prediction further, as it has been shown that DNA methylation can influence TF binding
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(O’Malley et al., 2016). Sequences outside a TF binding site may also play a role in TFBS
selection. Examining a large amount of TFs, It has been shown that the nucleotide composition
flanking a bound motif is different from the one around an unbound motif, with a GC content
that matches the GC content of the TF motif (White et al., 2013; Dror et al., 2015). Something
similar was shown for MADS-domain TFs: although the central dinucleotides and the
sequences flanking the CArG-box play the most important role in determining TF binding,
regular spacing of certain motifs called A-tracts outside of the bound motif also seems to play
arole in SEP3 binding site selection (Muifio et al., 2014). These observed sequence differences
outside the bound motif may indicate differences in DNA structure, as it has been shown that
the 3D conformation of the DNA can influence TF-DNA binding (Levo and Segal, 2014; Muifio
et al., 2014; Slattery et al., 2014).

Binding of a TF to DNA does not automatically lead to altered transcriptional regulation, as a
large fraction of binding events do not lead to expression differences (Li et al., 2008; Kaufmann
et al., 2009; Schmidt et al., 2010; Cusanovich et al., 2014; Slattery et al., 2014). The outcome
of TF binding may be dependent on other interaction partners. An example comes from the
MADS-domain TFs SHATTERPROOF1 and 2 (SHP1 and 2) and SEEDSTICK (STK) in A. thaliana
silique formation. Although the proteins are fully interchangeable, these TFs are differentially
expressed, and a different availability of interaction partners leads to different regulatory
potential. STK inhibits lignification in the seed abscission zone by interacting with the
transcriptional co-repressor SEUSS, whereas the SHPs promote lignification in the valve
margins, where SEUSS is not expressed (Balanza et al., 2016).

TFs might also influence gene regulation in indirect ways, leading to a delay in expression
changes. One example is the activation of KNUCKLES (KNU) expression by AGAMOUS. AG binds
to the KNU promoter but does not induce a direct change in gene expression. Instead, it blocks
a polycomb response element in the promoter, which prohibits the recruitment of more
repressive H3K27me3 histone marks to the KNU coding region. As a consequence, the
repressive H3K27me3 mark will be sequentially diluted with every round of cell division, until
there is not enough of the mark to repress KNU anymore, at which point KNU will be expressed
(Sun et al., 2009; Sun et al., 2014).

These examples show that TF function may be influenced by the DNA-binding specificity of
the TF itself, interaction of the TF with other proteins, as well as their exact mode of action.
Availability of interaction partners, as well as chromatin structure also play a role. All these
components make transcriptional regulation a very complicated, and not-well understood
process. To understand how transcriptional regulation evolved between species, we will need
a better understanding of transcriptional regulation in general.

Thoughts on ChIP-seq methodology

We observed substantial differences between A. lyrata and A. thaliana SEP3 binding profiles,
and discussed several possible biological causes for this TFBS divergence. However, a factor
that we did not discuss is the nature of the experiment itself. ChIP-seq experiments revealed

153

Chapter 7



Chapter 7

that floral MADS-domain TFs bind to thousands of sites in the genome (Kaufmann et al., 2009;
Kaufmann et al., 2010c). ChlIP-seq experiments combined with expression studies have also
shown that only a fraction of these binding events leads to changes in gene expression (Li et
al., 2008; Kaufmann et al., 2009; Kaufmann et al., 2010c; Schmidt et al., 2010).

Interestingly, peak score seems to be a reliable indicator of functional binding, at least in
homogenous samples (Slattery et al., 2014). However, our Arabidopsis samples of whole
inflorescences are far from homogeneous and contain many cell types in different
developmental stages. Therefore, the peak score reflects partly the number of cells in which
the TF is expressed rather than only the binding strength. Interestingly, in our A. thaliana
ecotype comparison of SEP3 DNA-binding profiles, we observed that the TFBS common
between the ecotypes were likely to have a higher peak score than the TFBS present in a single
ecotype only (chapter 4). This may indicate that stricter thresholds for determination of peaks
should be used to select TFBSs more likely to regulate gene expression.

In our ChIP-seq experiments, we assign a TFBS to the closest gene, based on the one-
dimensional genome sequence. However, this is not necessarily the closest gene in the three-
dimensional nuclear environment. Hi-C-based experiments show that the A. thaliana genome
is dominantly arranged in small interactive regions that vary in size between 2-50 kb (Feng et
al., 2014; Wang et al., 2015). Although these interacting regions are small, they can still contain
several genes. It may be that assigning a TFBS to the nearest gene on the linear genome is not
always correct. Another interesting notion in our data, as well as published data, is that often
only a fraction of TF-bound genomic regions contains the consensus motif for the TF that is
assessed. It may be that some of the regions identified by ChIP-seq are not actually directly
bound, but are the consequence of indirect binding, as we know that TFs can act in large
complexes. Both of these observations may contribute to the notion that not all TFBSs lead to
changes in gene expression.

New methods may influence evo-devo studies

One of the complications of using genome-wide methods in floral evo-devo studies is that they
are often done with mixed tissues, which can dilute the signal. Several studies compared
expression data from different stages, but for these experiments different samples were often
harvested based on bud size, or several developmental stages were pooled together (Singh et
al., 2013; Wang et al., 2014). Early flower developmental stages are difficult to harvest, as
these are too small to dissect manually. In A. thaliana, this problem has been overcome using
a floral induction system which generated a large number of synchronized buds (Wellmer et
al., 2006). This system has been used for ChIP-seq experiments at a single early developmental
stage, as well as several time-course experiments (Kaufmann et al., 2010c; Wuest et al., 2012;
O’Maoiléidigh et al., 2013; Pajoro et al., 2014b). Although this induction system is not available
in other species yet, it would be useful to introduce it at least in other Brassicaceae species.

Several methods to select specific cell-types have been developed. One method is INTACT
(isolation of nuclei tagged in specific cell types), in which nuclei of specific cell types are
labelled with biotin and purified using streptavidin-coated beads. However, this method relies
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on transgenics, making it only possible in species amenable to transformation (Deal and
Henikoff, 2011b). Laser capture microdissection (LCM) is another method to select specific
cells. This method can be used in any species, but is very laborious (Emmert-Buck et al., 1996).
Recently, other methods to increase spatiotemporal resolution are being developed. For
example, high-resolution gene expression patterns can be obtained from tissue sections by
placing them on an array with reverse transcription primers in spots of 100 um, each with a
position-specific barcode. After sequencing, these barcodes are used to link the expression
data to their original tissue (Giacomello et al., 2017). Other methods to increase
spatiotemporal resolution of genome-wide experiment would benefit the field of evo-devo.
Another bottleneck in evo-devo research is functional analysis of genes, i.e. how divergence
of genes and genomes affects the development of the plant. Mutants can be a powerful
source to study the functions of genes. Although for A. thaliana there are mutant databases,
for other model species mutant databases are often lacking or not as extensive. TILLING
(Targeting Induced Local Lesions in Genomes) is a generic method to find mutants after
mutagenesis in basically every species, but is laborious, as many plants need to be screened
(Wang et al., 2012). One method that causes a revolution in functional gene analysis is
CRISPR/CAS9. CRISPR/CAS9 is originally a bacterial antiviral system, which uses a guide RNA
to guide the CAS9 nuclease to the complementary DNA sequence, and CAS9 then cuts the
DNA. This system can be used for targeted mutagenesis (Jinek et al., 2012; Cong et al., 2013;
Lozano-Juste and Cutler, 2014). Although to use this system a species need to be amenable to
transformation, theoretically it could be used in any species to created specific mutants. Not
only mutations in protein-coding sequences can be generated, but also specific regulatory
elements may be deleted to study details of gene regulation.

The field of floral evo-devo came a long way since discovering that the (A)BCE-model is largely
conserved. With the development and use of new techniques, we will be able to elucidate
more and more details about floral developmental pathways, as well as how these pathways
may be modified to generate different morphologies.
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Angiosperms are one of the most successful plant lineages, and show an incredible amount of
diversity, for instance in flower morphology. All these morphologically different flowers are
specified by a single mechanism. Floral organ specification is described by the conserved
(A)BCE-model. This model describes how different combinations of the (A-), B-, C- and E-class
functions specify different floral organs. Both the mechanism, as well as the transcription
factors (TFs) fulfilling these different roles are conserved throughout the angiosperms. Most
of these conserved transcription factors are members of the MADS-domain family, which is
one of the larger families of plant transcription factors, and members of this family bind to
DNA as dimers. How the transcription factors that play different roles in the (A)BCE-model
interact molecularly to specify the different floral organs was subsequently described in the
floral quartet model, which states that the floral MADS-domain transcription factors form
different tetramers that specify the different floral organs.

Although the (A)BCE-model was shown to be conserved throughout the flowering plants, how
this model can generate the large amount of morphological diversity seen in flowers has not
been elucidated yet. Possibly, downstream target genes that are controlled by these master
regulators are crucial for establishing shapes and sizes of the flower and its organs. In this
thesis, we examined how major floral homeotic transcription factors as well as their binding
sites in the genome evolved, and how this could lead to altered gene regulatory networks.
Often gene regulatory networks are modified by changes in cis-regulatory elements, which
affect the expression of the associated gene. Although examples of changes in cis-regulatory
elements have been incidentally shown, new genomic techniques allow to assess the
evolution of cis-regulatory elements on a genome-wide scale. In Chapter 2, we explain how
comparative regulatory genomics can be used to reveal changes in regulatory networks that
are linked to morphological evolution. We also hypothesize that these changes have occurred
downstream of the master regulators of the (A)BCE-model. These floral TFs have thousands
of binding sites (BS) in the genome, and regulate the expression of hundreds of genes.

We followed the comparative approach as proposed in chapter 2, and analyzed the evolution
of binding sites of the floral regulator SEPALLATA3 (E-class protein), between the closely
related species Arabidopsis thaliana and Arabidopsis lyrata (Chapter 3). These species have
very similar floral organ morphology, although there are differences in floral organ size.
Surprisingly, we found relatively little overlap in SEP3 binding site profiles between these
species. We show correlation between conserved binding sites and DNA sequence
conservation, although sequence divergence cannot explain all binding site divergence. We
also found that the position of the transcription factor binding sites (TFBS) relative to its
potential target gene plays a role, as TFBS in the first 1 kb of the promoter are more likely to
be conserved if their relative location is conserved. Our analysis revealed that transposition
can also play a role in TFBS evolution, as we found an abundant transposon in A. lyrata
harbouring a SEP3 binding site. Although it is intriguing that properties of TFs could change
substantially between closely related species with similar flower morphologies, we observed
that binding sites linked to genes involved in floral development showed higher conservation.
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In Chapter 4 we continue our comparative analyses of SEP3 binding and analyze binding site
evolution within species. We compared SEP3 binding between A. thaliana ecotypes. Our
results show that there is a large overlap between the binding sites in these two ecotypes.
This overlap was substantially larger than the binding site conservation found between A.
thaliana and A. lyrata. In addition, we analyzed whether chromatin accessibility may play a
role in TFBS evolution, by generating profiles of open chromatin regions. Correlations between
SEP3 BS and open chromatin regions confirm that the accessibility of chromatin may influence
TFBS selection.

Another way to alter gene regulatory networks is to change the TFs themselves. However, a
modification in a TF, which modifies the DNA binding behavior is likely to have deleterious
effects on plant fitness, as this likely dramatically alters the transcriptional regulation of
downstream target genes. Gene duplications can circumvent these negative effects. Directly
after a duplication event both paralogs will be redundant, providing the freedom for one of
the paralogs to change function. This way, gene duplication can lead to sub- or
neofunctionalization of the paralogs. During plant evolution, genome duplication events are a
common phenomenon. These duplications are thought to have contributed to several major
changes in plant form, as they coincide with innovations such as seeds and flowers. One of the
TF families that retained genes after genome duplications is the family of MADS-domain TF.
The TFs necessary for floral organ specification have been duplicated several times, and in
many species throughout plant history. These include the B-class genes, necessary for petal
and stamen specification. There are two B-class genes: APETALA3 (AP3) and PISTILLATA (PI),
and both have paralogous genes in many species. We analyzed cases of B-class duplication in
two different species, and examined how the paralogous genes diverged from each other
(Chapter 5 and 6).

We first studied the paralogous PISTILLATA genes of Tarenaya hassleriana (Chapter 5). T.
hassleriana belongs to the Cleomaceae family, which is a sister family of the Brassicaceae. The
genomic location of P/ is very conserved among the angiosperms. Interestingly, the P/
duplication at the base of the Brassicales led to one of the P/ paralogs being in a new genomic
location. Whereas the Cleomaceae retained both the “old” and the “new” copy, the
Brassicaceae only retained the P/ in the new genomic location. This may mean that the
Cleomaceae are a kind of intermediate between species with P/ at the conserved genomic
location, and the Brassicaceae with the moved PI. We examined these two P/ paralogs in T.
hassleriana. Sequence analysis shows that most of the sequence divergence between the two
paralogs seems to have emerged in a common ancestor of the Cleomaceae and the
Brassicaceae. We found that the genes have similar expression patterns, but diverged in their
functionality. That these paralogs may differ in function was shown by heterologous
experiments, in which only one of these genes was able to make homeotic changes in the first
whorl of A. thaliana. In addition, we observed differences between these proteins in protein-
protein interaction capabilities, as well as subtle differences in their DNA-binding specificity.
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The other paralogous B-class genes we studied were the AP3 paralogs in the basal eudicot
Aquilegia (Chapter 6). Instead of the usual four floral organ types, Aquilegia flowers have a
fifth organ type, termed the staminodium, which is positioned between stamens and carpels.
The staminodia are sterile, flattened organs, that are fused to form a continuous sheet around
the carpels. Aquilegia has three paralogs of the B-class gene APETALA3, and it had been
previously shown that these paralogs sub- and neofunctionalized to accommodate the
specification of the fifth type of floral organ. AgAP3-3 is expressed specifically in petals.
Although AgAP3-1 specifies staminodia and AgAP3-2 is needed for proper stamen
development, these paralogs do have partially overlapping expression patterns. Exactly how
AgAP3-1 and AqgAP3-2 can specify different organs remains unknown. We analyzed
differences between these three AP3 paralogs in DNA-binding specificity as well as whether
they differ in their interaction with other MADS-domain transcription factors. We found that
these paralogs differ in their DNA-binding specificity, as AgAP3-1 binds to a broader range of
sequences than AgAP3-2 and AgAP3-3. We also observed differences in protein-complex
formation between AqAP3-1 and AgAP3-2, although these differences were subtle, and
involved the affinity between proteins to form complexes rather than the specificity to form
specific complexes.

For future research, it would be interesting to assess how changes in transcription factor
properties affect gene regulatory networks. Another line of research would be to study targets
of the major floral MADS-domain transcription factors to identify new players in floral
development, as well as examine how the gene regulatory networks evolve downstream of
the (A)BCE-model to generate differences in morphology.
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Popular article

Research into flowers: comparing apples and oranges?

Almost everyone associates flowers with certain emotions. For example, on valentine’s
Day they can’t get in enough red roses, and we associate them with love. And as soon as
the first snowdrops and crocuses are out, we feel that spring has come. All these flowers
differ in terms of color, shape and size, and yet they are all designed in the same way, with
petals, sepals, stamen and a pistil.

How is it possible that the blueprint for all flowers is the same and yet the flowers all look so
different? In my research | am going to investigate that question. The master regulators
specify where a petal comes and where a pistil is located are conserved, and are the same in
each species. However, these regulators turn other genes on or off; which genes those are
differ in each plant. This entire blueprint of regulators and targets is called a network, and
the details of the network are different in each species. You can compare this to two
companies that both have the same management yet each produce something completely
different.

Changing networks

I want to know what changes in a network to form a flower so that it looks different. To be
exact, how does the network that is controlled by conserved factors change? Does the
function of genes change, and does the plant look different as a result? Or do the genes
remain the same but carry out their task at a different time or place? Again, you can
compare this to a company. The manager stays the same but he can still arrive at a different
result, for example by giving employees different tasks or by employing new staff. By looking
at how these kinds of networks in plants are designed, and how they have changed in
different plant species, | want to find out more about the evolution of flowers.

The networks in plants (but off course also in animals) are formed by genes and their
products, proteins. Each gene is a link in the network and each protein has a specific
function. To change the appearance of a flower, something in this network has to change.
However, we don’t know yet what has to change. You may have to alter the activity of 100
genes to have a flower look different. It could also be that you can’t turn a gene on or off at
all but that you can make a bit more or a bit less of the protein. If we understand how the
networks in flowers change, we will better understand how other networks in organisms
work.

Locks and keys

We don’t know how many changes are needed in a network to change a flower. What we do
know is how the network can change. Given a different function, a protein can bring about
changes in the network. Another option is that the protein is no longer made, or that it is
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Figure 1| the blueprint for all flowers is the same and yet the flowers all look so different.

made earlier or later on, or in a different quantity. Now how can you turn genes on or off? A
gene is made up of two parts. There is a part that is translated into a protein and a part that
regulates where and when the gene is translated. This part is called the promoter. The
promoter is therefore like an on/off switch for the gene. proteins that ensure that the gene
is translated bind onto the gene’s promoter (the switch). These regulators are called
transcription factors.

You can compare transcription factors and promoters to keys and locks. A transcription
factor is a skeleton key that fits a number of locks. A promoter can be compared to a lock. A
transcription can only turn a gene on or off if it recognizes the gene; if the key fits the lock,
as it were. Because there are several keys and even more locks, you can get an entire
network. If one of the locks is changed, the key no longer fits. This changes the network and
hence the outcome of the network: the shape of the flower. You can compare this to the
hierarchy in a company; all employees have a specific job but it is the boss who tells them
when and how to do their job exactly. After a reorganization, a manager may suddenly
manage different people, or employees may be given different tasks.

Fishing out DNA

As said above, transcription factors and promoters can be compared to keys and locks. There
are a couple of transcription factors that are specific to flowers. These have remained the
same in the various plant species. However, the promoters (the locks) are different in each
species. As a results, there are certain genes in a species that cannot be turned on or off with
the key, while the key will fit the lock in another species. | am studying how these locks have
changed. | do this by extracting DNA with the transcription factors attached from plants and
cutting the DNA into pieces. | then fish out the transcription factors, the keys, from that DNA
mixture. Bits of DNA stay attached to these keys, and these are the locks. What | actually do
is fish out bits of DNA and then decide to which genes these bits belong. | do this not in a
single plant species but in various species. By comparing the genes | fish out, | can see which
locks have remained the same in the various plants, and which locks have changed. That
way, | know which links in the network have changed.
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Figure 2| flowers are all designed in the
same way, with sepals, petals, stamens
and a pistil. The various plant organs are
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clearly shown in Arabidopsis (photo).

Useful?

Research into flowers. What's the point exactly? This study teaches us how the networks in
plants can change. We can use this knowledge to make rice more nutritious, for instance, or
to make potatoes immune to a particular fungus. But we can, of course, also use this
knowledge to enlarge the number of flower varieties!

The NPC (Netherlands proteomics centre) challenged PhD students to write a popular
scientific article about their research. Eight PhD students participated in the contest. During
the 2012 NPC Progress Meeting the three winners were awarded the Popular Science Award.
As one of the winners, this article was published in the Magazine 'NPC HighLights’.
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Group: Laboratory of Molecular Biology & BU Bioscience
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1) Start-up phase date
»  First presentation of your project
Title: Evolutionary dynamics of MADS-box TF binding sites and its potential impact on evolution 08 Dec 2011
»  Writing or rewriting a project proposal
Title: Evolutionary dynamics of Chromatin accessibility, Epigenesys Apr 2013
»  Writing a review or book chapter
Title: Plant 'evo-devo' goes genomic: from candidate genes to regulatory networks, Trends in Plant
Science 2012, DOI: 10.1016/i.tplants.2012.05.002 13 Jun 2012
» MSc courses
Laboratory use of isotopes
Subtotal Start-up Phase 11.5 credits*
2) Scientific Exposure date
»  EPS PhD student days
EPS PhD student day, Amsterdam, NL 30 Nov 2012
EPS PhD student day, Leiden, NL 29 Nov 2013
EPS PHD student day (Get2gether), Soest, NL 29-30 Jan 2015
» EPS theme symposia
EPS theme 4 '‘Genome Biology', Wageningen, NL 09 Dec 2011
EPS theme 1 'Developmental Biology of Plants', Wageningen, NL 19 Jan 2012
EPS theme 1 'Developmental Biology of Plants’, Leiden, NL 17 Jan 2013
EPS theme 1 'Developmental Biology of Plants', Leiden, NL 08 Jan 2015
EPS theme 1 'Developmental Biology of Plants', Wageningen 21 Jan 2016
> National meetings (e.g. Lunteren days) and other National Platforms
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 04-05 Apr 2011
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 02-03 Apr 2012
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 22-23 Apr 2013
Annual meeting 'Experimental Plant Sciences’, Lunteren, NL 14-15 Apr 2014
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 13-14 Apr 2015
Annual meeting 'Experimental Plant Sciences', Lunteren, NL 11-12 Apr 2016
» Seminars (series), workshops and symposia
Workshop: nuclear organization and gene regulation, Utrecht, NL 09 Nov 2011
Seminar: 'Genomic regulatory mechanisms detected by ChIP-exo', Frank Pugh, Utrecht, NL 14 Jun 2012
Seminar: 'Strong selection on the genes controling complex traits in complex environments', Tom
Mitchell-Olds, Wageningen, NL 10 Dec 2012
Seminar: 'Chromatin dynamics and cell fate in plants, from genetics to epigenetics', Christel Carles,
Wageningen, NL 16 Jan 2013
Seminar: 'Origin and consequences of genetic and epigenetic variation in Arabidopsis thaliana', Detlef
Weigel, Wageningen, NL 27 Feb 2013
Seminar: Tracing the evolutionary history of plant MADS-box genes', Koen Geuten, Potsdam, Germany 04 Apr 2013
Workshop ' Molecular Genetics of Plant Development and Stress Response, Potsdam, Germany 17 Apr 2013
Seminar: 'Epigenetic control of cell fate in plants', Daniel Schubert, Berlin, Germany 05 Jul 2013
Seminar: 'Dissecting chromatin function in Arabidopsis', Lars Hennig, Potsdam, Germany 09 Oct 2013
Seminar: '(Epi) genetic regulatory mechanisms underlying male gamete functions in Arabidopsis and
Physcomitrella’, Jorg D. Becker, Potsdam, Germany 11 Nov 2013
Seminar: "The 5gbp barley genome- everything changes with access to genome sequence”, Nils Stein,
Potsdam, Germany 18 Nov 2013
Seminar: 'Gene regulatory networks underlying flower development', Frank Wellmer, Potsdam, Germany 09 Jan 2014
Seminar: Temperature sensing in plants’, Phil Wigge, Potsdam, Germany 30 Apr 2014
Seminar: 'A functional and evolutionary perspective on transcription factor binding in A. thaliana', Klaas
Vandepoele, Potsdam, Germany 08 Oct 2014
Seminar: 'Plant-pollinator interactions and the genetics of speciation', Cris Kuhlemeier, Potsdam,
Germany 01 Jun 2015
Seminar: 'Mechanodevo- how do plants read their own shape', Olivier Hamant, Wageningen, NL 16 Mar 2016
Seminar: 'Perianth evolution in angiosperms', Sophie Nadot, Wageningen, NL 20 May 2016
Seminar: 'Ants, plants and bacteria: symbiosis as a driver of evolutionary diversity', Corrie Moreau,
Cambridge, MA, USA 10 Nov 2016
Seminar: 'Floral adaptations to plant breeding systems', Michael Lenhard, Cambridge, MA, USA 20 Jan 2017
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Seminar: "Why poorly known taxa are critical to understanding animal evolution', Casey Dunn,
Cambridge, MA, USA 23 Feb 2017
Seminar: 'Are there any asexual eukaryotes? Evidence of sexuality and atypical meiosis in bdelloid
rotifers’, Matthew Meselson, Cambridge, MA, USA 20 Apr 2017
Seminar: 'How to tame a fox {and breed a dog}; a siberian tale of jump started ewolution', Lee Dugatkin,
Cambridge, MA, USA 21 Apr 2017
Symposium: Stomata; evolution, development and physiology, 12th annual Harvard plant biology
symposium, Boston. MA, USA 08-09 May 2017
» Seminar plus
» International symposia and congresses
Workshop ‘Molecular Mechanisms Controlling Flower Development', Maratea, Italy 14-17 Jun 2011
International Conference "Genomic Basis of Evo-Devo", Dublin, Ireland 23-26 Jun 2012
Workshop on molecular mechanisms controlling flower development, Presqu'ile de Giens, France 08-12 Jun 2013
Workshop on molecular mechanisms controlling flower development, Parador de Aiguablava, Spain 07-11 Jun 2015
» Presentations
Poster: Evolutionary dynamics of plant MADS-box transcription factor binding sites, Dublin, Ireland 23-26 Jun 2012
Poster: Evolutionary dynamics of MADS-box transcription factor binding sites and potential target genes
in flower development, France 08-12 Jun 2013
Poster: Evolution of B-class paralogs controlling flower development in T. hassleriana, Spain 07-11 Jun 2015
Poster: ewolution of PISTILLATA paralogs in Tarenaya hassleriana,Boston, MA, USA 09 May 2017
Talk: 'Molecular Genetics of Plant Development and Stress Response' 'evolution of gene regulation by
MADS-domain factors, Potsdam, Germany 17 Apr 2013
Talk: Evolutionary dynamics of transcription factor (SEP3) binding sites in flower development,
Lunteren, NL 15 Apr 2014
» |IAB interview
Meeting with a member of the International Advisory Board of EPS 05 Jan 2015
» Excursions
Company visit, Genetwister 19 Sep 2014
Subtotal Scientific Exposure 20.7 credits*
3) In-Depth Studies date
»  EPS courses or other PhD courses
5th International PhD school in Plant Development, Siena, Italy 25-28 Jun 2012
Course 'Current Trends in Phylogenetics', Wageningen, NL 22-26 Oct 2012
Course 'Perl Programmierung fur Biologen', Potsdam, Germany Jul 2013
Course 'Introductory in Multivariate Statistics with R', Potsdam, Germany Sep 2013
EPS course Transcription factors and Transcriptional regulation’, Wageningen, NL 17-19 Dec 2013
Online course 'Bioinformatics Methods II', Coursera Mar-Apr 2014
Course 'Comparative Methods in Genome Annotation’, Potsdam, Germany 29-30 Apr 2014
School of physics “Integrated structural and cell biology, from molecules to cells and organisms:
thinking out of the box”, les Houches, France 08 Jul-01 Aug 2014
» Journal club
Member literature discussion group Wageningen, NL Oct 2011-Febr 2013
Member literature discussion group Potsdam, Germany Mar 2013-Oct 2016
» Individual research training
Scanning Electron Microscopy (Koen Geuten, KU Leuven) 19-20 Dec 2011
Subtotal In-Depth Studies 17.7 credits*
4) Personal development date
»  Skill training courses
Techniques for writing and presenting a scientific paper, Wageningen, NL 05-08 'Feb 2013
Project and time management, Wageningen, NL Apr-Jun 2012
Popular science writing, Netherlands proteomics centre 13&27 Jan 2013
ExPectationS, EPS Career day, Wageningen, NL 01 Feb 2013
EMBO YIP PhD course, Heidelberg, Germany 01-06 Dec 2014
Insight out, the conference for women in science, Ede 24 May 2016
»  Organisation of PhD students day, course or conference
»  Membership of Board, Cc ittee or PhD council
Subtotal Personal Development 5.7 credits*
TOTAL NUMBER OF CREDIT POINTS*I 55.6

Herewith the Graduate School declares that the PhD candidate has complied with the educational
requirements set by the Educational Committee of EPS which comprises of a minimum total of 30 ECTS

* A credit represents a normative study load of 28 hours of study.
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