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General Introduction:

Flower development and evolution

Flowers have fascinated scientists for centuries, with their wonderful diversity of shapes, colours and
structures coming in all sizes. The first flower arose around 250 million years ago in a clade that
subsequently witnessed very rapid radiation, which generated the 370,000 species that are found today on
Earth (Sauquet et al., 2022; Lughadha et al., 2016). In this introduction, I will first present a brief summary
of the position of flowering plants in the phylogeny, what is known about their emergence and the possible
reasons for their rapid radiation. Then, I will introduce the current knowledge about how to build a flower:
from the formation of the flower meristem, to the specification of floral organ identity and the construction
of floral organs with specific mature traits.

The green lineage: from green algae to flowering plants

The green lineage (Viridiplantae, Fig. 0-1) comprises a group of oxygenic photosynthetic organisms
containing chloroplasts, originating more than 500 million years ago and comprising about 500,000 species
(One Thousand Plant Transcriptomes Initiative, 2019).
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Figure 0-1: Simplified phylogeny from the green lineage (phylogeny and pictures modified from (One Thousand
Plant Transcriptomes Initiative, 2019)). This phylogeny displays the major clades and the key innovations witnessed
during evolution with their rough estimated age.

All land plants stem from green algae that went through the water-to-land transition, with all the
morphological and physiological changes implied (de Vries and Archibald, 2018). The first spores appeared
short before the divergence of Bryophytes from the stem group, true vasculature is found in Tracheophytes
(i.e. vascular plants: ferns, lycophytes, Gymnosperms and Angiosperms,) while seeds are found in
Spermatophytes (i.e. seed plants: Gymnosperms and Angiosperms). The first flower then appeared some 250
million years ago in the proximal ancestor of Angiosperms (flowering plants).



The « abominable mystery » of flower evolution

Flowering plants comprise about 370,000 species, an astonishingly high number in comparison to their sister
group the Gymnosperms, that comprises about 1,000 species (Lughadha et al., 2016). The structure of the
flower is very different to the one of reproductive cones from gymnosperms (Fig. 0-2). The flower is
generally considered to display several key evolutionary innovations: male and female organs are grouped
together in a single structure with a compressed axis, reproductive organs are protected by the perianth
(sepals and petals in eudicots in particular), the double fertilization leads to the simultaneous formation of the
embryo and a nutritious tissue that surrounds it, the ovule and seed have a double integument, and the ovule
is enclosed within a carpel that will produce a fruit after fertilization. These innovations have probably
played major roles in the evolution of the reproductive strategy of angiosperms: the bisexuality of flowers
grants the possibility for efficient self-pollination; the perianth has evolved attractive features for pollinators,
thereby allowing cross-fertilization and the avoidance of inbreeding depression; the seed has abundant
reserves and can withstand harsh conditions before germination; and the fruit often plays a role in seed
dispersal and colonization of new environments. Key innovations are generally defined as novel phenotypic
traits that result in evolutionary radiations (Soltis and Soltis, 2016). Indeed, extant angiosperms are the result
of an intense radiation that took place in a relatively short time, but the role of each of the key innovations
cited earlier in this radiation process, if they had any, is unclear.

graine sépala | calica

Figure 0-2: Female gymnosperm cone and angiosperm flower. A: The female gymnosperm cone is composed of
several scales that subtend naked ovules (and later seeds). B: The flower is a bisexual compressed axis surrounded by
the perianth (sepals and petals in eudicots). Ovules are enclosed in an ovary that will later develop as a fruit after
fertilization. Pictures from © Presses de 1’Université Laval.

The famous biologist Charles Darwin wrote in 1879 a letter to a friend and colleague, Joseph
Hooker, stating that « The rapid development as far as we can judge of all the higher plants within recent
geological times is an abominable mystery » (Friedman, 2009). Indeed, on top of the several key innovations
found in the flower and the extreme radiation of flowering plants, no clear fossil intermediate between
angiosperm and gymnosperm reproductive structures could be found in the fossil record. Although Darwin
had produced the ground-breaking theory of evolution by natural selection, he saw evolution as a slow and
gradual process and was quite reluctant to contemplate that evolution sometimes does make leaps
(saltationism or theory of punctuated equilibrium) (Eldredge and Gould, 1971; Friedman, 2009). The
« abominable mystery » encompasses multiple different questions about flower evolution (Sauquet and
Magallén, 2018), of which two are central to me:



1) How did the first flower appear so suddenly during evolution? In particular, in which order did each key
innovation arise, and what did the proximal ancestor of flowering plants (i.e. the ancestral flower) look like?
2) How did flowering plants radiate so rapidly?

Since Darwin, much progress has been made on these two questions and the origin of the flower is
not such an abominable mystery after all, especially if one believes in rapid evolution. New fossils with
intermediate features between angiosperms and gymnosperms are regularly found, and although their
interpretation can be dubious and it is not always clear where they stand in the phylogenetic tree of seed
plants, flowers' key innovations likely did not appear all at once (Bateman, 2020). Large phylogenetic
reconstructions have allowed to propose a picture for the ancestral flower, with a whole set of traits
considered to be the ancestral one, before the large radiation of flowering plants started (Sauquet et al.,
2017). Finally, several mechanisms have been proposed to explain the rapid radiation of angiosperms, and in
particular the co-evolution with pollinators is often cited as a key mechanism, but it is likely the result of a
combination of multiple factors (Sauquet and Magall6n, 2018). Still, because of their astonishing
morphological diversity, flowers remain a fascinating system to decipher the complex mechanisms of
morphological evolution.

Building a flower

In order to understand how flowers evolve, one must understand how they are built. Flowers initiate from the
shoot apical meristem (SAM), the reservoir of stem cells that divides and generates lateral organs. In the
vegetative state, the SAM produces leaves. Then comes the floral transition, whose timing is determined by a
combination of endogenous (age, hormones...) and exogenous (photoperiod, vernalization...) cues (Pajoro et
al., 2014), which turns the vegetative SAM into an inflorescence meristem. Briefly, these signals are
integrated by a handful of so-called floral integrators, among which FT (FLOWERING LOCUS T) and
LEAFY (LFY) (Blazquez and Weigel, 2000). In particular, FT moves from the leaf (where light signals are
perceived) to the SAM where it activates the expression of the floral meristem identity genes API
(APETALA1) and LFY (Corbesier et al., 2007). The expression of AP1 and LFY in a lateral primordia
identifies it as a floral one.

AP1 and LFY then activate the expression of floral organ identity genes. The classical « ABC
model » proposes that the combinatorial expression of A-, B- and C-class genes defines the identity of sepals,
petals, stamens and carpels (Fig. 0-3) (Coen and Meyerowitz, 1991; Schwarz-Sommer et al., 1990). In
Arabidopsis thaliana, AP1 and AP2 are classically viewed as A-class genes, AP3 and PI (PISTILLATA) are
B-class genes and AGAMOUS (AG) is a C-class gene. This model was later extended to include a D-function
for ovule identity (Colombo et al., 1995) and an E-function for all floral organ identity, carried by the
SEPALLATA (SEP) genes (Pelaz et al., 2000, 2001). The existence of the A function has been largely debated
(Causier et al., 2010; Litt and Kramer, 2010), and it appears that A-class genes rather have a cadastral
function in repressing the expansion of B- and C-class genes to the outer floral whorls, rather than in
defining floral organ identity per se (Morel et al., 2017; Monniaux and Vandenbussche, 2018). In Petunia
hybrida, B and C functions are largely conserved as compared to A. thaliana (although gene duplications
have resulted in subfunctionnalization of all players) but the A function is split between several B- and C-
class gene repressors from different gene families (Morel et al., 2017; Vandenbussche et al., 2004; Heijmans
et al., 2012). Overall, the role of LFY in activating the expression of the ABC genes is key to define floral
organ identity, and more details about LFY are given in the chapter of my PhD work.

Most of the ABC players are MADS-box transcription factors, and they have been proposed to act as
tetramers on DNA to regulate target gene expression (Fig. 0-3). This "quartet model" gives a molecular
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explanation for the combinatorial gene activity evidenced from genetic experiments (Theissen and Saedler,
2001; Theissen et al., 2016). B-class proteins group in two paralogous clades: the AP3/DEF clade and the
PI/GLO clade, and members from the two clades form obligate heterodimers in order to bind their DNA
targets (Riechmann et al., 1996b, 1996a). For instance in petunia, which is the model species that I am
currently using to explore petal development, there are two AP3/DEF-type proteins and two PI/GLO-type
proteins, and due to their particular expression patterns and dimerization preferences, there are three possible
heterodimers that can be formed in petals and stamens and that might activate sligthly different target genes
according to the individual DNA-binding specificity of each protein (Fig. 0-3) (Vandenbussche et al., 2004).

Floral
quartet

Carpels
maodel Z

D o
B Petals Stamens Ovules
Sepals Carpels BEN
ABCDE
madel Class A B L
C Class E
L 181 whiorl Znd whorl 3rd whorl 4th whorl

sepals petals stamens carpels

Figure 0-3: The ABC model of floral organ development. A: ABCDE model and floral quartet model proposed for A.
thaliana, from (Theissen et al., 2016). B: ABC model in petunia, modified from (Morel et al., 2017). The A function is
split between the AP2-like genes ROB1-3 and BEN and the miRNA169-family gene BLIND (Cartolano et al., 2007). The
B function is fulfilled by PhDEF, PhTM6, PhGLO1 and PhGLO?2. Putative protein complexes are shown above and
differ in the petal and stamen region, since PhTM6 is not expressed in petals (Vandenbussche et al., 2004; Rijpkema et
al., 2006). The C function is redundantly fulfilled by pMADS3 and FBP6 (Heijmans et al., 2012).

Changes in flower morphology during evolution can be due to changes in floral organ identity, i.e.
homeotic changes. For instance, double flowers in Rose result from the homeotic conversion of stamens into
petals, which is due to a restriction of AG expression towards the inner whorls of the flower, itself caused by
the extended expression in the outer whorls of an AP2-like gene that represses AG expression (Dubois et al.,
2010; Frangois et al., 2018). However, most morphological changes observed in angiosperms are not caused
by homeotic changes, but rather by changes in floral organ colour, shape or size (Moyroud and Glover,
2017). Therefore, understanding what happens downstream of the specification of floral organ identity is also
crucial to understand flower morphological evolution.

An ID is not enough: from organ identity to organ maturation

Specifying floral organ identity is the first step in building floral organs; however it is not necessarily
sufficient to trigger the aquisition of all mature traits. For instance, a petal needs to form conical cells with a
particular cuticle structure, to produce pigmentation, volatiles... while aquiring the correct shape and size,
and this whole process can take several days. Indeed, floral homeotic genes are expressed at high levels
throughout organ development, and pulsed perturbation of AP3 gene activity (with an inducible miRNA)
results in different degrees of homeotic perturbation in A. thaliana flowers, depending on the stage at which
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the knock-down is performed (Wuest et al., 2012). Therefore, homeotic gene expression needs to be
maintained until floral organs are almost fully developed, otherwise they show defects in the differentiation
of some of their traits. Today, the direct target genes of LFY and most of the ABC players have been
identified by ChIP-Seq mainly in young flowers (Chen et al., 2018), however how MADS-box TFs direct the
entire formation of floral organs, with all their different cell types and complex traits, is mostly unknown and
requires the determination of target genes in a cell-specific manner and with a precise temporal resolution
(Heisler et al., 2022; Dornelas et al., 2011a).

Most changes in floral morphology that happened during evolution affect these mature traits of floral
organs. Petals are particularly labile and their size, shape and colour has witnessed extensive change during
evolution. For instance, several eudicot species develop spurs, which are extensions of a floral organ that
contains nectar. The columbine flowers (Aquilegia) can form extremely long spurs from their petals, up to 15
cm long in A. longissima. Differential spur growth between species depends on differences in cell elongation
only, controlled by hormones (brassinosteroids and auxin) and transcription factors (from the TCP family in
particular) (Puzey et al., 2012; Yant et al., 2015; Zhang et al., 2020). In contrast, the emergence of spurs from
a non-spurred individual only depends on cell division (controlled by the POPOVICH transcription factor)
(Ballerini et al., 2020). Evolution has thus been tinkering with the shape (curved vs. straight) and size of
spurs in the Aquilegia genus by affecting either cell division or cell elongation, through various pathways
(auxin, brassinosteroids, different regulators of cell division or elongation...). All players of the petal
developmental process, whether they are regulatory or effectors genes, are potential targets for evolution to
modify floral organ shape, making the identification of the key players in morphological evolution a very
uncertain and tedious process. And some very unusual suspects (i.e. genes unknown for the floral
developmental pathway) are sometimes found to impact floral morphological evolution (Monniaux 2023, in

prep).

My research career has been revolving around questions of flower development and evolution.
During my PhD, I investigated the evolution of the DNA-binding specificity of LFY in the green
lineage. During my post-doc, I studied how petal number can shift from robust to variable, and I
investigated the genetic and developmental basis of petal initiation. Currently, I study petal
development in petunia, and in particular the contribution of the different cell layers of the petal to
its final morphology, and how mature traits are specified in the different cell types of the petal
from a handful of homeotic genes. Therefore, I have studied flower evo-devo in different model
systems and at many different scales.
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PhD work (2009-2013):

Evolution of the floral regulator LEAFY in the green lineage
Laboratory for Plant and Cell Physiology (LPCV), Grenoble

Thesis advisor: Francgois Parcy

Overview LEAFY (LFY) is a major floral regulator in angiosperms, in which it specifies the identity of the
floral meristems and activates the ABC genes that determine floral organ identity. As such, LFY has
indispensable roles in the construction of a flower and it does so by recognizing a 19-bp specific palindromic
motif on DNA, thereby regulating its target genes. However, LFY is also present in other land plants
(mosses, ferns, gymnosperms) and even in some green algae, all of these groups being flower-less.
Moreover, LFY did not form a gene family and remained essentially as a single-copy gene during land plant
evolution, preventing it from evolving new roles by sub- or neo-functionalization after duplication. LFY
represents then a case study to understand the evolution of a major regulator and its target genes without
having duplicates and problems of redundancy. During my PhD, I have found both changes in trans (LFY
DNA-binding specificity) and in cis (LFY target genes) in this network. LFY has been able to change its
DNA-binding specificity by transiently adopting a relaxed specificity, which likely allowed a smooth change
in the downstream regulatory network. But even in species with similar LFY DNA-binding specificities, the
LFY regulatory network evolved in cis and target genes were kept, lost or gained.

1. Evolution of LFY DNA-binding specificity in the green lineage

In the model plant Arabidopsis thaliana, LFY has characteristics of a pioneer transcription factor (TF), able
to bind to closed chromatin regions and open them to launch the floral gene expression programme (Lai et
al., 2021). LFY forms a dimer to bind DNA and recognizes a 19-bp palindromic site (Hames et al., 2008),
that we later named a “type I”” motif (Fig. 1-1). It then regulates a large set of genes by activating or
repressing their expression, and in particular MADS-box genes that are key regulators of reproductive
development (Parcy et al., 1998; Moyroud et al., 2011; Winter et al.,, 2011). Being unable to influence
transcription on its own, the LFY protein does so by interacting with co-regulators such as UNUSUAL
FLORAL ORGANS (UFO), WUSCHEL (WUS) or SEPALLATA3 (SEP3) (Parcy et al., 1998; Gallois et al.,
2004; Chae et al., 2008; Liu et al., 2009). The spatio-temporal expression pattern of these co-regulators will
result in the activation of LFY target genes in specific domains, and in particular the ABC-class genes that
specify the identity of the different floral organs in their right location (Parcy et al., 1998; Moyroud et al.,
2010). Thus in Arabidopsis, we have a good understanding of the molecular mode of action of LFY in
specifying a flower.

However, the LFY gene is also found in non-flowering plants from the green lineage (see Fig. 0-1)
(Wilhelmsson et al., 2017). When T started my PhD, it was already suspected that LFY from the moss
Physcomitrium patens (PpLFY1 and PpLFY2 proteins) had a different DNA-binding specificity than
angiosperm LFY proteins (Maizel et al., 2005). However, the extent of this possible change in specificity,
and if PpLFY1/2 proteins were a particular case or not, was unknown. Strikingly, LFY did not evolve as part
of a gene family, and remained as a single-copy gene in most plants species, for over 800 million years
(Wilhelmsson et al., 2017; Gao et al., 2019). This is quite unusual as compared to most regulatory genes that
tend to duplicate in order to evolve, such as the MADS-box genes that gather over 100 paralogs in A.
thaliana (Airoldi and Davies, 2012). Genes largely evolve by duplication, since it allows one of the copy to
evolve freely while a back-up paralog still retains the ancestral, and sometimes indispensable, function
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(Ohno, 1970). It therefore raised the following question: can an essential regulatory gene evolve as a single
copy? And from what was known at the time of my PhD, LFY indeed had an essential role in P. patens,
allowing the first cell division in the zygote to occur (Tanahashi et al., 2005).

Most of the work of my PhD consisted in characterizing LFY DNA-binding specificity from a wide
range of plant species, from the green algae to the angiosperms, by purifying recombinant proteins produced
in Escherichia coli and performing SELEX (Systematic Evolution of Ligands by EXponential enrichment)
assays (Tuerk and Gold, 1990; Djordjevic, 2007). For our SELEX assay, a random 30-bp DNA library is
mixed with the LFY protein, and protein-DNA complexes are isolated with magnetic beads (covered with
nickel, bound by the 6xHis tag used to purify the recombinant protein). The library is amplified by PCR and
the whole procedure is repeated until the library is enriched in oligonucleotides specifically bound by the
protein, which is tested at each cycle by gel shift assays. This library is then sequenced and the alignment of
these sequences yields a logo that represents the DNA binding preferences of the TF in a quantitative manner
(Schneider and Stephens, 1990; Bailey and Elkan, 1995). Our SELEX assays revealed that LFY had adopted
three kinds of DNA binding specificities across the green lineage (Fig. 1-1) (Sayou et al., 2014) (key
publication 1, p.46). The most common specificity is shared by LFY proteins from vascular plants and
liverworts; we named it “type I”. In the group of mosses, represented by P. patens, LFY adopts a different
specificity that we named “type II”. It differs from “type I” by mainly 2 nucleotides on each half-site (where
each LFY monomer binds), whereas the general organization of the motif is similar to “type I”. To
understand the molecular determinants of these preferences, another PhD student from the lab (Camille
Sayou) crystallized PpLFY1 in contact with DNA. This revealed that only 2 amino acids determine the “type
I” vs “type II” specificity. Finally, “type III” specificity was adopted by LFY proteins from green algae and
hornworts. This specificity was highly similar to “type IT”, except that the 3 central nucleotides that separate
half-binding sites were absent. Using the crystal structure of PpLFY1, we predicted that removing these
central 3 nucleotides would affect the dimerisation mode of LFY, with monomers not being side-by-side on
DNA but rather facing each other (schematized on Fig. 1-1), which is also supported by different lines of
biochemical evidence. Therefore, LFY proteins changed of DNA binding specificity through two
mechanisms: a likely change in the dimerisation mode, and a change in the binding specificity of each
monomer.
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Figure 1-1. Model for the evolution of LFY DNA-binding specificity in the green lineage.

Half LFY-binding sites, bound by one LFY monomer, are represented by arrows and the color represents the different
DNA-binding specificities of LFY monomers. In green algae, LFY binds DNA with a “type III specificity” where the
two LFY monomers bind on each side of the DNA without direct contact between them. In mosses, liverworts and
vascular plants, the two LFY monomers bind side-by-side on DNA with a direct dimerization surface, but the DNA-
binding specificity of monomers is different between “type I” (vascular plants and liverworts) and “type II” (mosses). In
hornworts, LFY proteins bind all three types of motifs with a similar affinity.
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The question remained as to how these different specificities could have appeared during evolution
without dramatic consequences. The answer came from one instance of a LFY protein that is able to
recognize all three types of motifs with a similar affinity (Sayou et al., 2014). We have found this
promiscuous form in Nothoceros aenigmaticus, a member of the hornworts. In our final model (Fig. 1-1), we
propose that the ancestral LFY protein could recognize “type III” sequences only. Next, it acquired a novel
dimerisation mode, and became at that point able to recognize all three types of binding sites with a relaxed
specificity (for unknown molecular reasons). Later on, specific amino acid changes restricted the specificity
of the protein to either “type I” or “type II”. Thus, it is possible for a TF to evolve different DNA-binding
specificites without resorting to gene duplication but thanks to the transient acquisition of a relaxed
specificity instead.

The effects of these smooth changes in LFY DNA binding specificity on the regulation of its target
genes are unknown so far. In our study, we found a minor enrichment in “type II” binding motifs in MADS-
box genes in the P. patens genome. This suggests that in P. patens and A. thaliana, LFY might regulate the
expression of a common set of MADS-box genes through the binding to “type II” or “type I” motifs
respectively, which is in favor of the co-evolution of LFY DNA-binding specificity and its cis elements. This
phenomenon of compensation between cis and trans mutations has been already evidenced in several living
organisms (Fisher et al., 2006; Kuo et al., 2010; Barriére et al., 2012; Paris et al., 2013), and it might be an
important mechanism to temper the deleterious effect of mutations. An extensive genome-wide
characterization of cis elements and target gene expression is now needed to understand the evolution of
LFY and its targets throughout plant evolution.

Since the end of PhD, new evidence came to support or temper what we proposed in (Sayou et al., 2014).
First, the crystal structure of LFY from Nothoceros aenigmaticus (our hornwort species with a promiscuous
form of LFY) was solved on “type III” DNA, which confirmed the face-to-face binding mode that we infered
by modeling before (F. Parcy, personal communication, confidential). Second, in a recent study Gao and
colleagues mined the 1KP and Phytozome transcriptome databases for all available LFY sequences (which
we did at the time of my PhD, but of course many more sequences were deposited since then) (Gao et al.,
2019). They have found two cases of fern species with each two copies of LFY: a promiscuous form and a
“type I” form. They built LFY phylogenies and found that the fern promiscuous LFY clustered together with
the other promiscuous LFYs from hornworts (while the “type I” LFY clustered with other fern species “type
I” LFYs, as expected). This discrepancy between the LFY phylogeny and the species phylogeny supports the
hypothesis of an ancestral duplication of LFY in its promiscuous form, after the divergence of hornworts
with the rest of land plant species (Fig 1-2). Later on, in these two particular fern species, one copy of LFY
remained promiscuous while the other one evolved towards a “type I” specificity. In other land plant species,
one of the two copies was systematically lost and the other one evolved either a “type I” or a “type II”
specificity. Thus, in contrast to what we proposed, LFY did duplicate during its evolution, and it is possible
that this duplication helped LFY to specialize into “type I” or “type II”, even though it already had a relaxed
specificity at that time. These new findings temper our initial conclusions that LFY evolved without
duplicating, but the presence of a promiscuous form that served as a platform for LFY evolution is also
confirmed by the study of Gao et al., and this transition form likely played an important role for LFY
evolution.

2. Changes in the floral LFY network

In angiosperms, the DNA-binding specificity of LFY is essentially the same in all species that we assessed.
However, this does not necesarily mean that the regulatory network controlled by LFY is exactly the same,
and [ have studied in detail two cases where it has been modified. This work relies on the previous
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development, in my PhD group, of a biophysical model to predict the presence of LFY DNA-binding sites on
a genomic sequence with high accuracy (Moyroud et al., 2011).

(1) The first example is in roses, and this unpublished study was done in collaboration with the group of
Mohammed Bendahmane at the RDP laboratory. In Arabidopsis, LFY regulates the expression of AG, a C-
class gene determining stamen and carpel identity, but not the one of SHATTERPROOF (SHP), a paralogous
gene controlling gynoecium and fruit development (Liljegren et al., 2000; Favaro et al., 2003; Pinyopich et
al., 2003). In contrast in Antirrhinum, the ortholog of SHP is the gene fulfilling the C-function and regulated
by the LFY ortholog, whereas the AG ortholog has little role in floral organ identity (Causier et al., 2005). In
roses, some evidence suggested that both the AG and SHP orthologs could mediate the C function and we
wanted to test this hypothesis. In situ hybridizations performed in the group of M. Bendahmane showed that
AG and SHP in Rosa gallica were both expressed in stamens and carpels in a partially overlapping pattern.
Then, we reasoned that the presence of LFY binding sites in AG and SHP would support their early role in
floral organ identity determination, i.e. in the C function. I analyzed the intronic sequences of AG and SHP
genes from several Rosa species (Fig. 1-2). In each of them, I have found a good predicted binding site that
we named LFY-bs1 and I validated these sites in vitro by gel shift assays against the Rosa chinensis LFY
protein, suggesting that LFY can bind (and therefore might regulate the expression of) both AG and SHP
genes in roses. Finally, in vivo experiments are still missing to provide definitive evidence that LFY can
activate both AG and SHP in roses, and rose petal agro-infiltration with an activated form of LFY (LFY-
VP16) were considered but never performed. Still, it is likely that in roses, both AG and SHP participate to
the C function and are activated by LFY. From this study and others from the literature (Kater et al., 1998;
Nitasaka, 2003; Causier et al., 2005), it appears that the functions of AG and SHP orthologs have been very
labile during evolution, with different patterns of sub- and neo-functionnalization to fulfill the complex C-
function (which entails stamen and carpel identity, initiation, development and maturation). Therefore, this
represents a case of high plasticity for a small regulatory network controlling a major reproductive function.
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(2) The second example is in Cardamine, and this study was performed while I was a post-doc in Angela
Hay’s group (Monniaux et al., 2017). In Arabidopsis, LFY directly activates the expression of APETALAI
(AP1), which specifies floral meristem identity. AP1 is also activated by other floral regulators (among which
the FT/FD complex) later in the development of the inflorescence (Wigge et al., 2005). As a result, even in
full Ify mutants, the leafy shoots that are produced show floral features, such as whorled phyllotaxis, sepals
and central carpels, particularly at late floral nodes. These floral features are completely lost in Ify apl
double mutants that produce leafy shoots. In Cardamine, we have found that Ify mutants directly produce
leafy shoots without any signs of floral identity. Consistently, AP1 expression was completely absent in these
mutants. This shows that in Cardamine, AP1 expression has become entirely dependent on LFY, whereas it
also depends on FT/FD in Arabidopsis. Current work by Michiel Vandenbussche indicates that, on the
opposite, in petunia AP1 expression is no longer regulated by the LFY ortholog and has become fully
dependent on FT-like genes (unpublished work, confidential), and other studies have shown that the
regulation of AP1 by LFY or FT/FD is evolutionary very labile (Monniaux et al., 2017). Therefore, here
again there has been extensive rewiring of the small network that specifies floral meristem identity during
flowering plant evolution.

The gene regulatory network controlled by LFY, although crucial for reproductive development, has
witnessed extensive rewiring during angiosperm evolution. It is difficult to assess if this has had any strong
functional and ecological consequences on the development of the plant. Most likely not, but this rather
exemplifies the intense and random molecular tinkering that takes place during evolution.

3. Glimpses of the pre-floral LFY network

At the time of my PhD, the function of LFY in non-flowering plants was elusive. It was known that B- and
C-class genes, which are crucial for reproductive development in angiosperms, were also expressed in
gymnosperm reproductive structures. However, whether the expression of these genes was also controlled by
LFY, and hence whether a sort of pre-floral network existed, was unknown. I participated in a study on the
gymnosperm species Welwitschia mirabilis (Moyroud et al., 2017) in which we showed that LFY indeed was
expressed in male cones, just preceding B-class gene expression. By several lines of biochemical evidence
including gel shift assays, we found that Welwitschia LFY is able to bind to cis-regulatory elements in the
promoter of B-class genes, and therefore that it likely regulates their expression. This is the first evidence
that the control of B-class genes by LFY could have predated the appearance of the flower. The origin of the
flower is often referred to as « an abominable mystery » based on a quote by Charles Darwin (see
introduction), but it looks like several of the molecular determinants of the flower and their relationship with
each other were already present in a non-flowering ancestor. This mirrors many other examples where a
functional trait evolved after the apparition of its components (Blount et al., 2012), as has been found for the
origin of symbiotic relationships between plants and fungi for instance, for which algae are already pre-
adapted but miss some parts of the pathway to form a functional symbiosis (Delaux et al., 2015). The
common ancestor between gymnosperms and angiosperms already had a functional LFY/B-genes regulation,
but it took extra unknown steps for the first flower to emerge.

Outside of seed plants, it was known at the start of my PhD that PpLFY1/2 controlled the first
zygotic division in P. patens (Tanahashi et al., 2005) and, together with findings in A. thaliana that supported
a role for LFY in establishing floral meristematic activity (Chahtane et al., 2013), we proposed that the
ancestral role of LFY was to regulate meristematic activity (either in vegetative or reproductive contexts)
(Moyroud et al., 2010). Since then, additional evidence came from the fern Ceratopteris richardii in which
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LFY maintains apical cell activity, necessary for the proper development of aerial organs (Plackett et al.,
2018). Plackett et al. have thus proposed that LFY regulated cell proliferation in the common ancestor of
land plants, and that this function was later co-opted in different shoot developmental contexts to regulate
meristematic activity in vegetative or reproductive phases (Plackett et al., 2018). Identifying the LFY target
genes regulating these ancestral functions is now at the center of the funded ANR project BEFLORE,
involving my former PhD supervisor Francois Parcy and Yoan Coudert, a researcher at the RDP lab;
therefore I am still remotely involved in this project through informal discussions.

The role of LFY in green algae is completely unkown so far, and we can only speculate that it
regulates cell division in these species. Emerging model species in streptophytic algae whose genomes are
sequenced and that are becoming amenable to genetic transformation (Zhou and von Schwartzenberg, 2020)
will surely help resolve the question of the ancestral role and of the origin of LFY.
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Post-doc work (2013-2017):

Genetic and developmental basis of petal number variation

Max Planck Institute for Plant Breeding Research, Cologne, Germany

Group leader: Angela Hay

Overview In spite of their enormous inter-specific diversity, flowers are remarkably stable structures within
a species and their bauplan is generally robust to genetic, environment or stochastic perturbations. However,
in the crucifer Cardamine hirsuta, flowers initiate a variable number of petals. Comparing variable petal
initiation in C. hirsuta to robust petal initiation in the related species Arabidopsis thaliana, we found that cis-
regulatory divergence in the A-class gene APETALAI1 (AP1) underlaid this morphological difference.
Introducing the A. thaliana AP1 gene in C. hirsuta was sufficient to restore stable petal number, while
introducing the C. hirsuta AP1 gene in A. thaliana caused petal number to vary. We also mapped the QTL
underlying petal number variation within C. hirsuta and did not find AP1 in these loci, showing that inter-
and intra-specific variation in petal number have different genetic determinants. Finally, we showed that
petal number variation is likely a trait under selection and we propose that it might cause variation in
outcrossing frequency, which could be a selective advantage in fluctuating environments.

1. Genetic basis of inter- and intra-specific difference in petal number

The floral bauplan, i.e. the identity, number and position of floral organs is generally stable within a species.
Flower architecture is therefore considered as a canalized trait, since it does not change in response to
genetic, environment or stochastic perturbations, in contrast to leaf shape that is a highly plastic trait
(Givnish, 2002). However, Cardamine hirsuta is an exception to this observation as its flowers display a
variable loss of petals, as compared to its relative Arabidopsis thaliana that stably initiates 4 petals (Fig. 2-
1). C. hirsuta petal number is a plastic trait that varies in response to genetic (between C. hirsuta accessions),
environment (temperature, light quality, day length...) and stochastic perturbations (Monniaux et al., 2016;
McKim et al.,, 2017; Monniaux et al., 2018). This decanalization is a recent event since most other
Cardamine species have a robust number of petals.

A. thaliana C. hirsuta

Figure 2-1. Stable petal number in A. thaliana vs. variable petal number in C. hirsuta.
Flowers with 0, 1, 2, 3 or 4 petals can be found on a single C. hirsuta plant.

Before I joined the lab as a post-doc, it had been found by chance that the APETALA1 (AP1) locus
was sufficient to cause stable or variable petal number, depending on its species of origin (Monniaux et al.,
2018) (key publication 2, p. 50). Indeed, adding the A. thaliana AP1 (AtAP1) genomic construct into C.
hirsuta was sufficient to canalize petal number to 4 (whereas adding an extra copy of the C. hirsuta AP1
(ChAP1I) locus did not alter petal number much). Conversely, variable petal number could be obtained in A.
thaliana by inserting the ChAP1 locus into an apl mutant background. This shows that variability in petal
number is a cryptic trait in A. thaliana, that is normally canalized by the presence of the AtAP1 locus, but
that can be revealed when this locus is absent (Fig. 2-2).
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A. thaliana Figure 2-2. Decanalization of petal number in C. hirsuta.

In A. thaliana, petal number equals 4 and petal variance is null. Change
in AP1 expression (pattern and dose) in C. hirsuta caused petal number
to vary with an average petal number close to 2. Other loci than AP1,
mapped as QTL, influence average petal number in different C. hirsuta
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Petal number is always variable in C. hirsuta natural accessions, but average petal number is
different between accessions. Therefore, we wondered if genetic variation in AP1 could also explain this
difference in average petal number observed in natural populations. Quantitative Trait Loci (QTL) mapping
in several F2 populations generated from different C. hirsuta accessions revealed 9 QTL, but none of them
contained the AP1 locus (Monniaux et al., 2018). The genetic basis for inter- and intra-specific variation in
petal number is therefore different. These loci have not been fine-mapped yet but two of them contain
YABBY genes which are known regulators of the adaxial/abaxial polarity of lateral organs (Angela Hay,
personal communication, confidential). Indeed, petals in C. hirsuta tend to initiate slightly more frequently
on the abaxial side of the flower, where there is simply more space for them on the meristem to initiate.
Therefore, natural variation in YABBY genes might slightly affect the abaxial-adaxial patterning of the
flower, which could influence petal initiation between C. hirsuta accessions, in a context where robustness of
petal initiation has been lost. However, the effect of those genes is fully masked when AtAP1 is present in C.
hirsuta and no variation in petal number can be detected any longer. Therefore, we were able to identify
genetic variation that influences petal number both in C. hirsuta and A. thaliana, but this variation is entirely
cryptic in wild-type A. thaliana because the AtAP1 locus masks its effects by epistasis (Fig. 2-2).

2. From genetics to development: AP1 expression and petal initiation

Figure 2-3. Expression pattern of AtAP1 and ChAP1 in C. hirsuta flowers.
Side views of young C. hirsuta flowers expressing gAtAP1:GFP (left) or gChAP1:GFP (right), i.e. transcriptional GFP
fusions of the genomic AtAP1 or ChAP1 locus. The dotted circle indicates the petal initiation domain. Scale bar: 20 pm.

Since we identified AP1 as the causal locus in petal number decanalization, we tested whether this was due
to changes in protein function or in regulatory elements. We found that promoter regions of AtAP1 and
ChAP1 were recapitulating most of the effects of the full genes on petal number variation, while coding
sequences had no influence. We therefore looked at the AtAPI and ChAP1 spatio-temporal expression
pattern in C. hirsuta, using GFP transcriptional fusions with a full AP1 genomic locus from each species. We
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found that AtAP1 expression extended more in the petal initiation domain than ChAP1, whose expression
tended to remain more restricted to the sepal whorl (Fig. 2-3) (Monniaux et al., 2018).

What could be the link between AP1 expression and petal initiation? AP1 has been historically
described as an A-class gene in the ABC model for floral organ identity (Coen and Meyerowitz, 1991;
Schwarz-Sommer et al., 1990), ie. a gene necessary to specify sepal and petal identity, but not their initiation.
However, several studies have now nuanced this homeotic role for AP1 and questioned the existence of the A
function itself (Causier et al., 2010; Morel et al., 2017). Indeed in A. thaliana, the ap1 mutants do not really
show defects in petal identity but rather in their initiation, and double apl agl24 mutants initiate normal
petals (Yu et al., 2004), showing that petal identity can be specified even in the absence of AP1. The current
view in the literature is that AP1 and other genes from the A-function are rather floral meristem patterning
genes, that repress the expansion of B- and C-class genes to the outer whorls of the flower, rather than
actively specifying an organ identity per se (Monniaux and Vandenbussche, 2018).

PETAL LOSS (PTL) and RABBIT EARS (RBE) are two genes that were identified to play a specific
role in petal initiation, and a general framework for petal initiation has been proposed (Fig. 2-4). PTL is
expressed in the boundary domain between sepals (i.e. in the first floral whorl, but importantly not in the
second whorl where petals do initiate), where it represses growth (Lampugnani et al., 2012). This growth
repression follows the establishment of a boundary domain between sepals, where CUP SHAPED
COTYLEDON (CUC) genes are expressed (Lampugnani et al., 2012; Aida et al., 1997). Establishment of this
boundary domain is indirectly necessary for petals to initiate in the adjacent domain. Indeed, cuc1/2 double
mutants display fused sepals and defects in petal initiation, both in A. thaliana and C. hirsuta, while the triple
cucl/2 ptl mutant has an even more decreased petal number than cuc1/2 or ptl mutants (Lampugnani et al.,
2012; Aida et al., 1997). Therefore, a current view of petal initiation is that both PTL and CUC genes act to
repress growth of the inter-sepal domain (although their action is partly independent and they repress growth
in different directions), thereby indirectly granting more space for petals to initiate in the adjacent domain in
the second whorl (Lampugnani et al., 2012). PTL also acts non-cell-autonomously, likely by regulating the
transcription of several genes among which UNUSUAL FLORAL ORGANS (UFO), to influence petal
initiation in the adjacent whorl, where RBE is expressed (Takeda et al., 2022). RBE represses the expression
of several genes to allow petal outgrowth (Huang et al., 2012; Krizek et al., 2006; Li et al., 2016). Petal
initiation can be visualized by the presence of auxin peaks (visible with the DR5 reporter for auxin signaling)
in whorl 2 (Lampugnani et al., 2013), and these peaks are slightly displaced in the ptl mutant as they tend to
overlap with the inter-sepal domain (Lampugnani et al., 2012). PTL therefore ensures the correct auxin
dynamics necessary for robust petal initiation (Lampugnani et al., 2013).

Figure 2-4. Spatio-temporal expression pattern of some genes
involved in petal initiation.

AP1 (green) is expressed in whorls 1 and 2, while CUC genes and
PTL (orange) are expressed in the inter-sepal domain. They repress
growth of this domain and PTL induces gene expression non-
autonomously in the petal initiation domain where RBE is expressed
(blue) and where auxin peaks are also found.
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In C. hirsuta, auxin peaks are broader than in A. thaliana and sometimes clearly displaced in the
inter-sepal domain (Monniaux et al., 2018). However, this is not due to defects in PTL function since PTL is
correctly expressed in the inter-sepal domain in C. hirsuta, and introducing the genomic PTL locus from A.
thaliana into C. hirsuta fails to complement the variable petal phenotype (Monniaux et al., 2018). RBE is
also correctly and robustly expressed in C. hirsuta (personal data, unpublished). Recent results from Léa
Rambaud, a post-doc who took over this project, indicate that the boundary genes CUC are correctly
expressed in C. hirsuta, but their expression domain is broader and less focused than what is observed in A.
thaliana, similarly to what I observed for auxin peaks. This unprecise definition of the boundary domain
between sepals might be responsible for the uncorrect placement of auxin peaks and the subsequent variable
initiation of petals. However, it remains for the moment unclear how this relates to the shift in API
expression that broke the robustness of the system and caused the emergence of the variable phenotype.

3. Petal number variation: a trait under positive selection?

The recent decanalization of petal number in C. hirsuta prompted us to ask this intriguing question: is
variable petal number under positive selection and could it entail any possible benefit in the reproductive
strategy of this species? C. hirsuta is mostly a selfing species (Hay et al., 2014), and transition to selfing is
generally associated with a reduction in floral display: attracting pollinators is not needed anymore and
attractive floral traits tend to be lost by drift. In particular, reduction in floral size and petal loss have been
documented (Sicard and Lenhard, 2011; Bowman et al., 1999). In this context, petal loss is generally viewed
as a secondary consequence of the transition to selfing, but not as a driver for this process.

In order to explore whether petal number variation evolved under positive selection or by genetic
drift, we first had to determine if petal number and its variation indeed had a genetic basis, or if these traits
were mostly influenced by the environment. This can be addressed by creating experimental populations for
QTL mapping, which was mostly done by Bjorn Pieper, another post-doc in the lab at that time. He found
that petal number in C. hirsuta has a strong genetic basis, with a broad-sense heritability at 0.86-0.9, and 15
QTL were identified to influence average petal number with small to medium effects (Pieper et al., 2016).
Petal number variation also has a rather strong genetic basis, with a broad-sense heritability of 0.58 and 4
QTL that were found to influence this trait (Monniaux et al., 2016). Importantly, these variation QTL also
influence average petal number, showing that average petal number and its variation are inherently linked
traits, both having a strong genetic constituant. The rather high heritability of these two traits suggests that
they have the potential to evolve relatively fast under balancing selection.

We observed that it was relatively easy to obtain individuals with an average number of petals close
to 4 in experimental populations (crossing two accessions together and looking at the segregating F2
progeny), whereas such individuals were almost never observed in the wild (Fig. 2-5) (Monniaux et al.,
2018). This suggested that standing genetic variation was sufficient to create these individuals in the wild,
but that they were counter-selected. The exact reason for this possible counter-selection is unknown so far.
However, we have found that average petal number influences outcrossing frequency in controlled field
experiments. Indeed, we grew together wild-type plants and an EMS mutagenesis mutant called four petals 2
(fp2) that has a high average petal number, in a controlled field environment. We genotyped the progeny of
each plant for a marker discriminating between the wt and mutant alleles close to the FP2 locus, and found
that fp2 plants tended to outcross slightly more frequently than wt plants (Monniaux et al., 2018). Therefore,
higher petal number is associated with a higher outcrossing rate. This might be due to physical reasons
(petals help open the flower, whose reproductive organs are then exposed to pollinators) and/or to the fact
that flowers with more petals better attract pollinators.
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Figure 2-5. Petal number in natural and experimental populations, and link with outcrossing rate.

(a-b) Distributions of C. hirsuta petal number in 45 natural accessions (a) and a population of RIL derived from Ox and
Wa accessions (b). (c) Average petal number at every floral node in homozygous wild-type and fp2 plants in field
conditions. (d) Progeny of 10 wild-type and 10 fp2 mothers were genotyped for a marker close to the FP2 locus to
determine their paternity (« selfing » if genotype of the progeny corresponds to the maternal genotype, « outcrossing »
if heterozygous, « contaminant » if the other genotype).

The question remains as to why individuals with higher petal number would be counter-selected in
nature then? C. hirsuta is mostly a selfing species, therefore having a slightly higher outcrossing rate as
found in the fp2 mutant should be beneficial for the plant, by maintaing higher genetic diversity in the
population and limiting the inbreeding depression associated with selfing. From there, we can only speculate
that petal number variation itself, and not its average, might be under selection. Petal number varies largely
in response to environmental conditions, and it might be advantageous to the plant to vary its outcrossing
rates depending on external conditions that could influence the frequency of pollinators visits. Plasticity of
the trait itself might be a selective advantage granting more resilience and more evolvability to the plant than
a fixed petal number, and therefore a fixed outcrossing rate, would.
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Current work and perspectives (from 2017 onwards):

The contribution of cell layers to petunia petal development and evolution

Laboratory for Plant Reproduction and Development, ENS de Lyon, France

Overview Since 2017, T have joined the group « Evo-devo of the flower », led by Michiel Vandenbussche, in
the RDP lab in Lyon. I have switched model systems and started using petunia (Petunia x hybrida mostly) to
unravel mechanisms controlling petal development. In particular, we have identified mutants affecting the
identity of either one layer of the petal or the other (the epidermis or the mesophyll), which results in
drastically different petal morphologies. I have been using this system to investigate how cell layers
contribute to petunia petal development, and in particular how they acquire their distinct identities during the
course of development. This project uses a strictly delimited system of a few mutants, yet it has developed
into broad questions of fundamental importance. Most of this work is still ongoing and all questions are
basically unanswered, and I have decided to focus my attention on characterizing the gene regulatory
network in the different layers of the petal (part 2 of this chapter). However, here I will also present all the
potential outcomes of the project for possible future research (parts 3 and 4).

Flowering plants’ aerial organs are structured in cell layers that do not mix during development, and
that originate from the L1, L2 and L3 layers from the shoot apical meristem. Since plant cells cannot
relocate, the layered structure is maintained during organ emergence and growth through oriented cell
divisions only, with cell invasion events between layers being very rare (Satina et al., 1940; Meyerowitz,
1997; Stewart and Burk, 1970; Scheres, 2001). Therefore layers are considered to be clonally-independent,
which raises the following question: how do cell layers coordinate their development and manage to grow at
the same pace to generate organs with a robust morphology?

In the plant field, it is usually acknowledged that the epidermis controls organ growth, by being
under tension and restricting growth of the underlying inner tissues that tend to expand (Kutschera et al.,
1987). This “epidermal-growth-control theory” has been proposed based on physical experiments on stems
(cutting or separating layers) and is compatible with the mode of action of auxin, a plant hormone that is a
major contributor to growth and that mostly acts in the epidermis (Kutschera and Niklas, 2007; Kierzkowski
et al., 2013). Manipulating gene expression in distinct layers has led to somehow different conclusions:
epidermal expression of the BRI1 gene, involved in perception of the brassinosteroid hormone, is sufficient
to restore bril dwarf mutant phenotypes, showing that the epidermis can be a driver for organ growth
(Savaldi-Goldstein et al., 2007; Savaldi-Goldstein and Chory, 2008). However, expressing BRI1 in the
vasculature (protophloem) is also sufficient to restore plant dwarfism (Kang et al., 2017; Graeff et al., 2020),
suggesting that this effect is rather due to BRI1-specific properties than to layer-specific properties.
Therefore, genetical and physical experiments are not strictly comparable, and the question of which layer is
in control of organ growth is more complex than it seems.

We have found in petunia layer-specific mutants for a major petal identity regulator, showing that

different cell layers drive development of subdomains of the petal. I will below describe this system in more
details, and how I am using it to tackle the role of cell layers during petunia petal development and evolution.
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1. Distinct cell layers drive development of the petunia petal tube and limbs

Petunia (Petunia x hybrida) petals are mostly derived from L1 and L2 layers (Satina and Blakeslee, 1941),
forming the epidermis and the mesophyll respectively. Five petals initiate and fuse to form the mature
corolla, organized in a tube opening on wide and pigmented limbs (Fig. 3-1, A). In petunia, petal
development is partly governed by the petal identity transcription factor PhDEF (Vandenbussche et al.,
2004), belonging to the large MADS-box protein family and orthologous to Arabidopsis APETALA3 (both
are B-class regulators from the ABC model of floral organ identity (Coen and Meyerowitz, 1991; Schwarz-
Sommer et al., 1990)). The phdef homozygous mutant forms sepals instead of petals (Fig. 3-1, A), showing
that PhDEF expression is necessary to trigger the whole petal developmental program in a floral context
(Vandenbussche et al., 2004). However, the PhDEF protein is not the only contributor to petal identity and its
paralogs PhGLO1 and PhGLO2, with whom PhDEF forms obligate heterodimers, also contribute to the
determination of petal identity (Vandenbussche et al., 2004). This obligate heterodimerization is the reason
why the single phdef mutant, as well as the double phglol phglo2 mutant, loose entirely their petal identity.
PhDEF is also expressed in stamens but redundancy with its paralog PhTM6 masks this effect in the single
phdef mutant (Rijpkema et al., 2006). Therefore, PhDEF is a major contributor to petal identity and
development in petunia.

wild-type phdef star

Figure 3-1. The star and wico flowers derive from the phdef mutant. A: Top and side views of a wild-type, a phdef,
a star and a wico flower. Scale bar = 1 cm. B: Star flowers with 2 petals (up) or small petal sectors (down) showing
additional transposon excision in the epidermis. C: In situ hybridization of PhDEF transcript in wild-type, star and wico
flowers (longitudinal sections). Left: young flower initiating its sepals (se); right: flower initiating its petals (red arrow)
and stamens (white arrow).

We obtained layer-specific phdef mutant flowers with striking phenotypes (Chopy et al., 2021) (key
publication 3, p. 72) (Fig. 3-1). These flowers spontaneously appeared on phdef-151 plants, a transposon
insertion allele causing a knock-out of the PhDEF gene (Fig. 3-2, A). The transposon actively excises in the
petunia line that we are using, which generally restores a wild-type phenotype in revertant flowers (Gerats et
al., 1990). However, in the case of this particular mutation, revertant flowers showed two contrasting
phenotypes where only a subdomain of the petal, i.e. the tube or the limbs, develops properly (Fig. 3-1, A).
Star flowers develop a normal tube but their limbs are small, star-shaped and unpigmented. On the contrary,
wico flowers develop normally-shaped and pigmented limbs while the tube hardly develops. An early
excision event cause an entire branch or flower to display the phenotype, whereas late excisions result in
single revertant petals or sectors (Fig. 3-1, B). We have quantified and characterized these phenotypes in
depth, and we have found that cell elongation is strongly reduced in the wico tube, while cell division is
mostly defective in the star limbs (Chopy et al., 2021).
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By examining the descendency of these flowers (since gametes are strictly L2-derived) and
performing in situ hybridization for PhDEF (Fig. 3-1, C), we found that these flower phenotypes are caused
by the layer-specific excision of the transposon, restoring a wild-type PhDEF allele in one layer of the flower
only (Fig. 3-2). The wico and star flowers thus carry a wild-type PhDEF allele in their epidermis or
mesophyll respectively, while the other layer is still mutant for phdef. Hence, the petunia petal has a
modular structure, with the development of each module being driven by distinct cell layers.

A
dTph1 200 bp
A 4
phoeF — H{ ] (HI L
-
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Cell genotype :
[] phdef-151 -I-
[ phdef-151 +I-
wico

Figure 3-2: Layer-specific excision of the dTphl transposon inserted into PhDEF causes the star and wico
phenotypes. A: PhDEF gene model (exons in grey boxes, regulatory regions and introns in black line) showing the
position of insertion of the dTph1 transposon causing the phdef-151 knock-out mutation. The transposon contains stop
codons in both orientations and all possible frames, which leads to the production of a truncated protein. B: Schematic
view of a longitudinal section of the shoot apical meristem of a phdef-151 homozygous mutant, with one cell in the L1
(wico) or in the L2 (star) layer reverting to a heterozygous phdef-151 +/- genotype, due to the excision of the dTphl
transposon from the PhDEF gene. As a result of several rounds of anticlinal divisions, branches or flowers generated
will be periclinal chimeras, i.e. organs with layers of different genotypes for PhDEF. The phdef-151 allele is fully
recessive, and phdef-151 +/- plants are indistinguishable from wild-type.

We also examined how cell identity is affected in the different layers of these chimeric flowers. This
has revealed that in layers devoid of PhDEF expression (i.e. the star epidermis or the wico mesophyll), cells
display intermediate features between petal and sepal cells (Fig. 3-3). Indeed, star epidermal cells are domed,
which is in between the clear conical cells of wild-type petals and the flat puzzle cells of sepals. Similarly,
wico mesophyll cells are green and photosynthetic like sepal mesophyll cells, but display a petal-like tissue
organization (Chopy et al., 2021). This shows that non-autonomous effects influence cell identity across
layers.
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Figure 3-3: Non-cell-autonomous effects influence cell identity in the star petal epidermis. A: Corollas and sepals
from wt, star and wico flowers, cut open in half. A dotted square indicates the region observed by scanning electron
microscopy. B: Scanning electron micrographs of wt, star and wico petal limbs, and wt sepals. The red arrow indicates a
stomata. Scale bar: 30 pm.

One may wonder if the star and wico flowers are merely a peculiarity found in petunia and if any
conclusions drawn with this system will be general. In snapdragon and Arabidopsis flowers, periclinal
chimeras for orthologs of PhDEF (DEF and AP3 respectively) or PhGLO1/PhGLO2 (GLO and PI
respectively) have been previously obtained (Perbal et al., 1996; Vincent et al., 2003; Efremova et al., 2001;
Bouhidel and Irish, 1996; Jenik and Irish, 2001; Urbanus et al., 2010). In snapdragon, expression of DEF
only in the L1 layer largely restores petal development, particularly in the limbs, in contrast to the L2/L3
specific DEF or GLO expression which causes reduced limb growth (Perbal et al., 1996; Vincent et al., 2003;
Efremova et al., 2001). Petals are fused into a tube in snapdragon flowers, but the tube is much more reduced
than in petunia, hence conclusions on tube length restoration in the chimeras were not drawn by the authors.
However, in light of our results, it is clear that snapdragon chimeras expressing DEF or GLO in the L2/L.3
layers restore tube development to a higher degree than limb development, similar to what we observed. In
Arabidopsis that has simple and unfused petals, petal shape and size were never fully restored when AP3 was
expressed in one cell layer only (Jenik and Irish, 2001; Urbanus et al., 2010); in contrast epidermal
expression of PI was sufficient to restore normal petal development (Bouhidel and Irish, 1996). Therefore, it
seems that epidermis-driven limb morphogenesis and mesophyll-driven tube morphogenesis is a shared
property between petunia and snapdragon petals, but not shared with Arabidopsis petals. From this, and
although we are well aware that there are only two examples from the literature, we might conclude that this
property is shared by species from the orders of Lamiales and Solanales, to which Antirrhinum and Petunia
respectively belong. This might account for about 28,000 species (Encyclopedia Britannica), i.e. about 8-9 %
of flowering diversity, which is not insignificant.

I have found the star and wico flowers to constitute an interesting research system for several reasons:

- the decoupling of tube vs. limb growth should allow to identify key genes involved in the development of
these sub-domains of the petal (part 2);

- the fact that PhDEF is expressed in one layer of the petal only allows to identify the GRN controlled by
PhDEF in each of these layers, responsible for epidermis vs. mesophyll differentiation (part 2);

- the presence of non-autonomous effects grants the opportunity to investigate their molecular or mechanical
basis (part 2);

- the fact that sub-domains of the petal manage to grow while others do not, in the same genetic chimera,
shows that growth coordination between layers is not automatic and can be explored (part 3);

- tube and limb size have varied greatly during petunia petal evolution, which questions how morphologies
manage to evolve with the constraint of clonally-independent cell layers (part 4).
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2. Towards the cell-layer specific GRN controlled by PhDEF

Petunia petal identity is defined early in all cell layers by a combination of several regulators, among which
PhDEF has a prominent role (Vandenbussche et al., 2004). However in the mature petal, the epidermis and
mesophyll tissues have specific growth characteristics (cell division and expansion rates, cell division
orientation...) (Reale et al., 2002) and they acquire specific mature traits. For instance, petal epidermal cells
are small, pigmented and conical while petal mesophyll cells are larger and loosely arranged (Glover, 2000;
Chopy et al., 2021; Cavallini-Speisser et al., 2021). Moreover, it appears that several petal traits can be
simultaneously specified from layer-specific PhDEF expression, since the star flowers are affected both in
limb size, shape, pigmentation and epidermal cell identity (see later Fig. 5). Therefore the PhDEF regulatory
network splits into an epidermal and a mesophyll network in which different (and likely also common) genes
are regulated, driving the specification of cell layer identity and the development of the tube and the limbs,
with all their specific features.

The molecular basis for this split into different GRNs could be due to pre-established differences
between the L1 and L2 layers, prior to petal specification. For instance the transcriptomic, proteomic,
metabolic, mechanical or chromatin states might be different between layers already from the embryonic
stage, and organ identity is only superimposed on these pre-differentiated layers. Indeed in Arabidopsis,
epidermal identity is established early in the embryo by various regulators, in particular HD-Zip class IV
transcription factors (ML1 and PDF2 among others) (Robinson and Roeder, 2015; Takada and Iida, 2014;
Abe et al., 2003). It was recently shown that MLI expression is maintained in the epidermis by a
transcriptional feedback loop involving ceramids (lipids) specifically deposited on the outer membrane of
epidermal cells; hence positional information maintains epidermal identity (Nagata et al., 2021). Therefore,
during petal specification, PhDEF will be expressed in different cellular contexts in the two petal layers. As
a result, the PhDEF protein might interact with different protein partners, leading to differential target gene
regulation (Long et al., 2017). Indeed, MADS-box proteins work in protein complexes. These complexes
usually involve other MADS-box proteins but several studies have shown that other families of transcription
factors are occasionally involved (Bemer et al., 2017; Dornelas et al., 2011b), some of which might be cell-
layer-specifically expressed. For instance, animal and yeast MADS-box proteins interact with several
homeodomain proteins (Messenguy and Dubois, 2003), suggesting the attractive hypothesis that PhDEF
could interact with the epidermally expressed homeodomain-containing HD-Zip class IV proteins.
Alternatively and non-exclusively, as a result of layer differentiation, chromatin accessibility might be
different in the L1 and L2 layers and therefore, PhADEF might not have access to the same target genes to
regulate.

In order to investigate how the PhDEF GRN splits into layer-specific GRNs, we are using the star
and wico flowers to identify PhDEF protein partners, direct target genes and chromatin accessibility in the
two layers of the petal. For this, I plan to perform co-immunoprecipitation (co-IP), chromatin-
immunoprecipitation (ChIP-Seq), Assay for Transposase-Accessible Chromatin (ATAC-Seq) and single-cell
RNA-Seq (scRNA-Seq) on wt, phdef, star and wico petals, ideally at different stages of development. This is
a long-term project and for the moment, the PhD student that T am tutoring (Quentin Cavallini-Speisser) only
recently performed scRNA-Seq on mature petals from wt, star and wico flowers (the phdef sample has failed
but will be repeated soon). I am also optimizing the ChIP procedure on wt and phdef petal samples and
recently obtained satisfactory results.
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In order to obtain cell-layer-specifically expressed genes, we decided to use scRNA-Seq in wt,
phdef, star and wico flowers rather than laser-assisted microdissection for instance. Indeed, laser-assisted
microdissection is not entirely trivial, especially on differentiated tissues and we already experienced very
low RNA yields in petunia tissues. Moreover, a single petal layer is still a mixture of several cell identities,
and averaging gene expression in those different cell types diminishes the resolutive power to find interesting
genes, involved in i.e. tube vs. limb growth or non-cell-autonomous processes. Finally, scRNA-Seq on wt
petal tissue alone would constitute an excellent ressource for the community working on petal development.
Performing scRNA-Seq entails generating petal protoplasts by enzymatic digestion of the cell wall. Based on
collaborative work with Francesca Quattrocchio (University of Amsterdam), whose group has developed a
protoplast-based system to study petunia petal pigmentation, Quentin has adapted a protoplast digestion
assay to be fast (5h) and produce enough protoplasts for subsequent sequencing with the 10X Genomics
Chromium microfluidics system (Fig. 3-4). Unfortunately, Quentin has never managed to obtain enough
protoplasts for earlier petal developmental stages, so we have been focusing on mature stages only, which
limits developmental conclusions (on tube or limb growth in particular) that could be drawn.

RNA_snn_res.1.15
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Figure 3-4: Single-cell RNA-Seq in petal tissue. A: Petals are cut into small pieces and the cell wall is
digested into an enzymatic solution. B: Protoplasts released by the digestion are purified. From wt petals, we
observe in particular pigmented protoplasts (from the limb epidermis) and photosynthetic protoplasts (from
the tube mesophyll). C: UMAP projection revealing clusters of cell types obtained from the wt scRNA-Seq
dataset. Clusters are sorted from the biggest (cluster 0) to the smallest (cluster 13) in terms of cell number.

We sequenced about 4,000-6,000 cells in the wt, star and wico petal tissue at anthesis, aiming for
about 100,000 reads per cell. Although mapping of the reads still has to be improved (our petunia
transcriptome is badly annotated in 3”), Quentin analyzed the reads and obtained about a dozen clusters of
cell types, depending on the sample (Fig. 3-4). The identity of some of these clusters is obvious (in wt,
pigmented cells in clusters 8 and 11 produce abundant anthocyanin biosynthesis genes, vascular cells in
cluster 9 express several sugar SWEET transporters, tube mesophyll cells in cluster 4 express several
photosynthetic genes) but the identity of other clusters remains obscure so far. Now, we will have to go back
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and forth between the scRNA-Seq data and in situ hybridization experiments in petal tissue slides, in order to
identify unknown clusters. Once we know the identity of clusters, we will be able to:

1) extract the number and identity of layer-specific genes and commonly expressed genes;

2) look for the presence of PhDEF binding sites and other enriched motifs in regulatory sequences of layer-
specific genes, in order to find if layer-specific expression is encoded in the sequence;

3) compare clusters of the same identity between wt, phdef, star and wico flowers to pinpoint which genes
are deregulated and might contribute to limb or tube development;

4) in the longer term, cross this data to ChIP-Seq, co-IP and ATAC-Seq data in an attempt to understand the
molecular determinants of layer-specific gene expression.

One obvious phenotype of the star flowers is the absence of pigmentation in the limbs. Petal pigmentation in
petunia is mostly caused by the accumulation of anthocyanins in the upper epidermis of the limbs (and in
lower amounts in the lower epidermis). The regulatory and biosynthetic pathway of anthocyanins has been
extensively characterized in petunia (Bombarely et al., 2016; Tornielli et al., 2009); therefore it represents a
good model system to explore how epidermal-specific traits are acquired after PhDEF is expressed in all
layers of the petal.

We performed RNA-Seq in wt, phdef, star and wico flowers at 3 stages of development (Fig. 3-5, A)
(Chopy et al., 2021), and we found that half of all known genes from the anthocyanin biosynthetic pathway
(21 out of 42) were downregulated in star and phdef samples. In particular, we focused our attention on the
first activators of anthocyanin biosynthesis. Briefly, the earliest steps of anthocyanin production are ensured
by a MBW regulatory complex composed of an R2R3-MYB transcription factor (either ANTHOCYANIN2
(AN2), AN4, DEEP PURPLE or PURPLE HAZE), AN1 (a bHLH transcription factor) and AN11 (a WD-
repeat protein), which drives the expression of anthocyanin biosynthesis enzymes and proteins involved in
vacuolar acidification of epidermal cells (Albert et al., 2011; de Vetten et al.,, 1997; Spelt et al., 2000;
Quattrocchio et al., 1999, 1993). We found that AN2 and ANI are both strongly down-regulated in star
samples, with AN2 being downregulated first, from stage 4 onwards, and AN1 being downregulated from
stage 8 onwards (Fig. 3-5, B). This is consistent with the fact that AN2 is upstream of ANI in the
pigmentation pathway: ectopic expression of AN2 in petunia leaves is sufficient to trigger pigmentation in
this tissue, and to induce AN1 expression among others (Spelt et al., 2000; Quattrocchio et al., 1998).
Therefore, we wanted to test if PADEF might directly bind to the regulatory sequences of AN1 and AN2 and
activate their expression, thereby triggering the whole petal pigmentation pathway.

For this, I first analyzed the genomic sequences of AN1 and AN2 to predict the position of CArG
boxes that might be bound by PhDEF (Fig. 3-5, C). I found one good predicted CArG box in the terminator
region of both AN1 and AN2 (AN1-bsl and AN2-bs3). These sites were confirmed to be bound by PhDEF
and PhGLO1 (the two proteins work in an obligate heterodimer to bind DNA, (Riechmann et al., 1996b)) in
vitro by gel shift assays (Fig. 3-5, D, this is the result of a collaboration with Véronique Hugouvieux, from
the Laboratory for Plant and Cell Physiology (LPCV) in Grenoble). To further validate this binding by in
vivo evidence, I recently performed chromatin immunoprecipitation (ChIP) using an antibody directed
against the PhDEF protein (without its MADS domain to avoid cross-reactivity with other MADS-box
proteins). This confirmed the in vivo binding of PhDEF to the genomic sequence of AN2, in the terminator
region where the good in vitro binding site had been found (Fig. 3-5, E). The binding to AN1 appears much
weaker and not in the predicted region, therefore it is not clear if PADEF binds AN1 in vivo.
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Figure 3-5: PhDEF directly binds to AN2 regulatory regions. A: RNA-Seq was performed on wt, star and wico
petals at stages 4, 8 and 12 and on phdef second whorl organs at stage 12. B: Expression of AN1 (left) and AN2 (right)
in wt and star samples at stages 4, 8 and 12 (normalized read counts calculated by DESeq2). Stars indicate significant
down-regulation. C: Predicted relative score (calculated by JASPAR 2020; (Fornes et al., 2020)) for AP3, PI or other
MADS-box TF binding on the genomic sequence of AN1 (up) or AN2 (down). The gene model for ANI and AN2
(START codon as an arrow, exons as grey boxes, introns and other regulatory sequences as dark lines) is aligned with
the predicted binding sites. Binding sites tested by gel-shift assay are indicated in red, regions amplified by ChIP are
indicated in orange. D: Gel-shift assay for AN1-bs1 (test), AN1-bs2 (negative control) and AN2-bs3 (test) with PhDEF
and/or PhGLO1 proteins produced by in vitro translation. E: Enrichment (as percentage of input) of several genomic
regions after immunoprecipitation against PhDEF, in wt and phdef second whorl samples (NoAb is the control 1P
without antibody). PhDEF is known to activate its own expression by binding to a conserved binding site that lies
within the DEF region amplified here. Neg1 and Neg2 correspond to two randomly selected genomic regions where no
genes deregulated in phdef are found. Stars indicate significant enrichment of control regions as compared to the two
negative controls combined.
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Overall, these results indicate that PhDEF binds to the regulatory sequence of AN2 to activate its
expression in the petal. Activating AN2 is sufficient for the accumulation of anthocyanins (Spelt et al., 2000;
Quattrocchio et al.,, 1998); therefore PhDEF is directly responsible for pigmentation in the petal. This
provides a simple mechanism for the « missing link » between organ identity and its final morphology:
homeotic genes from the ABC model have been known for decades, but how they specify the many complex
traits that constitute a mature organ has remained enigmatic (Dornelas et al., 2011b). Here, we have shown
that PhDEF simply activates the most upstream activator of anthocyanin biosynthesis. However, why is this
activation only found in the petal epidermis (and especially in the upper one), while PhDEF is expressed in
all layers of the petal? We do not have the answer to this for the moment, but deciphering the layer-specific
PhDEF GRN should help in understanding the molecular reasons for this specificity.

As previously shown, we have evidenced non-cell-autonomous effects in the star and wico flowers
(Fig. 3-3), but the nature of these effects is unknown for the moment: small amounts of the PhDEF protein
itself might be moving between layers, as was shown in a similar system in Antirrhinum (Perbal et al., 1996).
This could trigger the partial acquisition of petal identity in the adjacent layer, with some petal features
(formation of conical cells) being more sensitive to low PhDEF doses than others (pigmentation). But our
attempts to detect the PhDEF protein by immunohistochemistry in star and wico flowers have been
unsuccessful so far. Other possibilities are that another molecule (a target of PhDEF, a small signaling
molecule...) travels between layers to trigger these non-cell-autonomous effects, or that they might be
triggered by mechanical signals transmitted between layers. For instance, in star flowers normal growth of
the mesophyll could merely drag along epidermal cells, since cells are connected by their cell walls, which
could be sufficient to trigger their expansion and division. Using the scRNA-Seq data should help us
understand what is happening in those cells: for instance, looking specifically at star limb epidermal cells and
comparing them to phdef epidermal cells, should allow us to find a rather small number of deregulated genes
(potentially involved in the formation of the dome observed in the star epidermal cells). Analyzing the
regulatory sequence of those genes might reveal the presence of enriched motifs suggesting that these genes
are commonly regulated by a factor that travels between layers, gene ontology enrichment analysis could
point towards the implication in a mechanical pathway,... The star and wico flowers constitute a promising
system to dive into the molecular mechanisms for non-cell-autonomous effects between petal layers.

3. How to grow with cell layers

Although cell layers are clonally independent, fully functional petals develop in a reproducible way in wild-
type plants without any visible signs of tissue buckling or cracking (Maeda et al., 2014; Bemis and Torii,
2007; Rebocho et al., 2017) which would indicate growth conflicts between layers. This implies that cell
layers manage to coordinate their development,
through unknown molecular and/or mechanical
players. In our system, the star tube and wico limbs
grow seemingly normally, although PhDEF is
expressed in one layer only. This suggests that, when
expressed in one layer, PhDEF will at some point
induce the expression of genes in the other layer (non-
cell-autonomously) that ensure normal petal

Fig. 3-6: Photograph (A, scale bar = 4 mm) and i ) ]
scanning electron micrograph (B, scale bar = 200 development. These genes might be involved in cell

pm) of a wico tube, showing buckling of the tissue. expansion (for instance through cell wall modification
or turgor pressure building), in cell division (for
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instance through the control of cell cycle duration) or in the specification of cell identity (for instance
building conical cells in the epidermis). In contrast, the wico tube displays clear tissue buckling (Fig. 3-6),
suggesting altered growth coordination and the possible existence of growth conflicts between layers.

The star and wico flowers constitute an interesting system to explore the mechanisms for
coordination of development throughout layers. Results from the scRNA-Seq might reveal potential players
in this process; in parallel, modeling growth of the petal as a two-layer organ, with different layers driving
growth of the tube and the limb, might put forward mechanical hypotheses to later test on the flowers. I have
not initiated any precise work on this topic; however, it is a possible direction to follow in the future and the
fruitful environment of the RDP laboratory is ideal for this.

4. How to evolve with cell layers

Mature aerial organs have layers of differentiated cells with specific properties. For instance, the petunia
petal epidermis is typically formed by small conical cells, pigmented and with a particular cuticular structure,
all of these characteristics being linked with the petal’s main role in pollinator attraction (Glover, 2014;
Whitney et al., 2009; Moyroud and Glover, 2017). In contrast, petal mesophyll cells are large and loosely
arranged, in relation with their function for nutrient and gas exchange. Acquiring layers with different
identities is very likely benificial for the plant in allowing to decouple functions between layers; however the
reason for developing these layers in a clonally-independent fashion, as is clearly the case in core eudicots, is
enigmatic. Indeed in gymnosperms, the sister group of flowering plants, alternatively two or only one layer
are found in the meristem (Gifford and Corson, 1971; Philipson, 1990; Imaichi and Hiratsuka, 2007). Still,
gymnosperm leaves do form a differentiated epidermal layer without having to resort to clonally-independent
layers, suggesting that positional and external cues can be sufficient to drive the acquisition of epidermal cell
identity. Making organs with independent layers appears, on a first glimpse, as an unnecessary constraint for
flowering plants.

Could we imagine any benefit of having clonally-independent cell layers then? We observed in
petunia that growth of the petal tube and limbs are driven by different cell layers. This property grants
modularity to the process of petal development, since tube and limb can develop more or less independently.
Developmental modularity is generally believed to be linked with a higher potential to evolve (evolvability)
by allowing for co-option of entire modules for new functions and reducing pleiotropic effects of mutations
(Wagner and Altenberg, 1996; Verd et al., 2019). For instance, if we imagine that a mutation affects a gene
controlling growth of mesophyll cells specifically, this would modify tube length without modifying limb
area, thereby reducing the pleiotropic effect of the mutation.

Although this is highly speculative, evolution of petal morphology in the Petunia genus fits in this
conceptual framework: tube length and limb area have varied independently during Petunia evolution. The
Petunia genus contains around 20 wild species whose phylogeny has been reconstructed (Reck-Kortmann et
al., 2014) (Fig. 3-7). A short petal tube, as is observed in P. inflata, is very likely the ancestral state. A long-
tube clade emerged once in the genus, and is represented today by P. axillaris and P. exserta among others. P.
exserta, with its reduced limb area and everted petals, is likely recently-derived from a P. axillaris-like
ancestor (Sheehan et al., 2016). Several traits have coevolved at once in the Petunia genus, giving rise to
distinct pollination syndromes (Galliot et al., 2006) (Fig. 3-7). For instance, P. inflata flowers have a short
and wide tube, are pigmented by anthocyanins and do not emit much volatiles, and these traits are associated
to diurnal pollination by bumblebees. In contrast, P. axillaris flowers have a long and narrow tube, lost their
petal pigmentation but do emit large amounts of volatiles, which is associated to nocturnal pollination by
hawkmoths with a long proboscis. Tube length likely restricts nectar accessibility to certain pollinators;
however it is only one of the multiple traits that were modified during pollination syndrome evolution, and it
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is unknown if this trait drove or only reinforced pollinator selection, leading in fine to reproductive isolation
between emerging species (Rodrigues et al., 2018).

short-tube species

P. axillaris (and other

‘ long-tube species) ) d _
—. P. exserta u

Petunia exserta

P. inflata (and other
short-tube species)

increase in tube length

decrease in limb area

Figure 3-7: Evolution of petal morphology in Petunia. (A) Simplified phylogeny of the Petunia genus showing the
most parcimonious interpretation for increase in tube length and decrease in limb area in the species of interest. (B) Top
and side views of a P. inflata, P. axillaris and P. exserta flower. Scale bar = 1 cm. (C) P. inflata flower visited by a
bumblebee, P. axillaris flower visited by a nocturnal hawkmoth and P. exserta flower visited by a hummingbird.

I am tempted to speculate that layer-specific mutations, affecting growth of one cell layer and
therefore of one subdomain of the petal only, might have participated in the process of petal morphological
evolution in Petunia. In the future, and if I get funding for this project, I would like to test this hypothesis by
looking at cell-layer-specifically expressed genes in P. inflata, P. axillaris and P. exserta (by performing
scRNA-Seq on petals from these species), also present in QTL intervals associated with tube length or limb
area changes (Sheehan et al.,, 2016; Hermann et al.,, 2015). Testing the role of those genes on petal
morphology would test the underlying hypothesis, that changes in layer-specifically expressed genes have
participated in petal morphological evolution.
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A Promiscuous Intermediate Underlies
the Evolution of LEAFY DNA

Binding Specificity
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Transcription factors (TFs) are key players in evolution. Changes affecting their function can
yield novel life forms but may also have deleterious effects. Consequently, gene duplication events
that release one gene copy from selective pressure are thought to be the common mechanism
by which TFs acquire new activities. Here, we show that LEAFY, a major regulator of flower
development and cell division in land plants, underwent changes to its DNA binding specificity,
even though plant genomes generally contain a single copy of the LEAFY gene. We examined
how these changes occurred at the structural level and identify an intermediate LEAFY form in
hornworts that appears to adopt all different specificities. This promiscuous intermediate could
have smoothed the evolutionary transitions, thereby allowing LEAFY to evolve new binding

specificities while remaining a single-copy gene.

an important source of evolutionary nov-

elty (/-3). Variation often occurs through
changes in cis-regulatory elements, which are
DNA sequences that contain binding sites for
transcription factors (TFs) regulating nearby
genes (3, 4). There is less evidence for regulatory
changes affecting the protein-coding sequence
of TFs. Such changes are expected to be under
highly stringent selection because they could im-
pair the expression of many downstream targets.
Gene duplication provides a solution to this di-
lemma, as additional TF gene copies may acquire
new functions, provided that the aggregate copies
fulfill the function of the original TF (5). Indeed, TF
DNA binding specificity has been shown to diver-
sify within multigene families (6, 7). In some cases,
however, TF coding genes remain as single-copy

The rewiring of transcriptional networks is

genes because of phenomena such as paralog inter-
ference (&), which can impede neofunctionali-
zation. When essential TFs are maintained as
single-copy genes, the extent to which they can
evolve is not clear. To address this question, we
examined the LEAFY (LFY) gene as an evolu-
tionary model.

Except in gymnosperms, in which two paralogs
(LEAFY and NEEDLY') are usually present
(Fig. 1A), LFY exists mostly as a single-copy gene
in land plants (9). LFY plays essential roles as a
key regulator of floral identity in angiosperms, as
well as in cell division in the moss Physcomitrella
patens (10). LFY encodes a TF that binds DNA
through a highly conserved dimeric DNA bind-
ing domain (DBD) (/7). Despite this conservation,
PpLFY1, a LFY homolog from the moss P, patens,
is unable to bind the DNA sequence recognized

by LFY from Arabidopsis thaliana (AtLFY) (9),
suggesting that LFY DNA binding specificity might
have changed during land plant evolution.

We mined the transcriptomes from algal spe-
cies, whose origin predates the divergence of mosses
and tracheophytes, and found LFY homologs in
six species of streptophyte green algae (Fig. 1A
and fig. S1) (see also supplementary materials
and methods). Thus, LFY is not specific to land
plants. Despite this extended ancestry, the LFY-
DBD sequence, including the amino acids in di-
rect contact with DNA, remains highly conserved
(Fig. 1B and fig. S1). We used high-throughput
SELEX (systematic evolution of ligands by ex-
ponential enrichment) (/2) experiments to sys-
tematically analyze the DNA binding specificity
of LFY proteins from each group of plants. After
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Fig. 1. Evolution of LFY DNA binding specificity. (A) Simplified LEAFY
phylogeny (detailed in fig. S5). DNA binding specificities are color coded: type
I, orange; type Il, green; or type IlI, blue. (B) Alignment of LFY-DBDs. Amino
acid numbering and secondary structure annotation (c, alpha helices; HTH,
helix-turn-helix domain) are based on AtLFY from A. thaliana. Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; |, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. Dark green dots, DNA base
contacts; light green dots, phosphate backbone contacts; red triangles, resi-

optimizing alignments (/3), we found that the
SELEX motifs fell into three groups (Fig. 1C and
fig. S2), suggesting that LFY changed specificity
at least twice.

Most LFY proteins from land plants (angio-
sperms, gymnosperms, ferns, and liverworts) bind
the same DNA motif (type I) as AtLFY (/3).
PpLFY 1, however, binds to a different motif (type
1I), despite possessing the same 15 DNA binding
amino acids as AtLFY (Fig. IB). These SELEX
results explain why all embryophyte LFY homo-
logs, except PpLFY1, display AtLFY-like activity
when expressed in 4. thaliana (9). Motifs I and 11
share a similar overall organization, consisting of
two 8-base pair (bp) inverted half-sites separated

by three nucleotides, but their peripheral positions
differ. The newly identified hornwort and algal
LFY proteins bind to a third motif (type III) that
resembles motif II, but without the central 3-bp
spacer (Fig. 1C). With AtLFY, PpLFY 1, and KsLFY
(from Klebsormidium subtile) as representative
proteins of the three specificities, we confirmed
that each protein displays a strong preference for
one motif type (Fig. 1D, fig. S3, and table S1).
Given the broad conservation of the LFY-DBD
sequence, we asked how these different specific-
ities could be explained molecularly. We solved
the crystal structure of PpLFY 1-DBD bound to a
motif Il DNA (Fig. 2A and table S2) and com-
pared it to the previously determined AtLFY-

dues involved in the PpLFY1-specific DNA contacts; purple rectangles, residues
involved in the interaction between DBD monomers. (C) SELEX motifs for
AtLFYA, GbLFYA (Ginkgo biloba), CrLFY2A (Ceratopteris richardii), MarpoFLO-
DBD (Marchantia polymorpha), PpLFY1 (P. patens), NaLFY (N. aenigmaticus),
and KsLFYA (K. subtile) are shown. A denotes proteins starting at amino acid
40 (on the basis of the AtLFY sequence). Cartoons at right depict binding site
organization: half-site (arrows) with or without a 3-bp spacer. (D) EMSA with
AtLFYA, PpLFY1, and KsLFYA proteins (10 nM) and the three types (I, II, I1l) of
DNA probes. Only the protein-DNA complexes are shown.

DBD dimer-type I DNA complex (7). The two
ternary complexes are highly similar (root mean
square deviation of protein backbone atoms of
0.6 A). However, PpLFY 1-DBD makes additional
contact with DNA: Aspartic acid 312 (D312) in-
teracts with the cytosine base (C) at position 6 of
the DNA binding motif, which is the nucleotide
most different between motifs I and II obtained
by SELEX (Figs. 1C and 2B). In AtLFY, position
312 is occupied by a histidine residue (H312),
which is pulled away from the DNA by an ar-
ginine (R345), a conformation that precludes
direct H312-DNA contact. In contrast, in PpLFY1,
a cysteine residue (C345) replaces R345, which
does not affect the positioning of D312, thus al-
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Fig. 2. Structural basis for
type Il specificity. (A) Crys-
tal structure of PpLFY1-DBD
(red and pink) bound to DNA
(green). The boxed area is
detailed in (B) after applying
a 70° rotation. (B) Superim-
position of AtLFY-DBD (gray)—
DNA (orange) and PpLFY1-DBD
(pink)}-DNA (green) complexes.
Specificity determinant resi-
dues and bases are represented
as sticks. For amino acids: H,
histidine; R, arginine; D, as-
partate; C, cysteine; for DNA
bases: C, cytosine; G, guanine.
(C) Effect of specific mutations
on the DNA binding specific-
ity of AtLFYA and PpLFY1 in
EMSA. Note that the H312-
(345 combination allows bind-
ing to both motifs I and I1. All
proteins are at 25 nM, and only
the protein-DNA complexes are
shown. WT, wild type; aa, amino
acid. (D) SELEX motif of the
PpLFY1-D312H protein, bear-
ing a strong resemblance to
motif 1.

lowing it to contact the cytosine base. To test
the importance of positions 312 and 345, we
swapped these residues between PpLFY 1 and
AtLFY (Fig. 2, C and D). This was sufficient to
convert specificity from type I to type II and
vice versa, confirming the key role of these two
positions. This result is consistent with an in vivo
study showing that a PpLFY1-D312H (D312H,
Asp*'*—His*'?) mutant can bind a type T se-
quence and partially complement a /fy mutation
in A. thaliana plants (9).

We next investigated binding to motif III.
Motif III half-sites are similar to those of motif II
(Fig. 1C), owing to the presence of a glutamine
(Q) at position 312 in type IIl LFYs: Q is known
to interact with multiple bases (/4) (fig. S4), and
the small residues present at position 345 (cys-
teine, alanine, or serine) allow Q312 to freely inter-
act with position 6. Critically, motif III differs
from motif I by the lack of the central 3-bp spacer
(Fig. 1C). Modeling a LFY-DBD- motif III ter-
nary complex by removing the 3-bp spacer in the
type I DNA sequence (Fig. 3A) revealed that the
interaction between helices a1 and o7, which sta-
bilizes dimeric AtLFY- and PpLFY1-DBD posi-
tioning (/7), could no longer exist for motif III.

Consistent with this observation, interacting
regions of helices a1 and o7 [including the key
amino acid H387 on 07 (11)] are highly conserved
from bryophytes to angiosperms (type II and I),
but are variable in algae (type I1I) (Fig. 1B and fig.
S1). To test the importance of the al-07 inter-
action in binding to 3-bp-spaced half-sites, we
mutated PpLFY1 H387 and R390 residues (which
make most 0.1-07 contacts). This was sufficient
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to shift the DNA binding preference of PpLFY1
from type II to type III (Fig. 3B). These obser-
vations suggest that LFY-DBD preferentially
binds to 3-bp-spaced half-sites (motifs I and II)
when the o/1-07 interaction surface is present and
to motif III in the absence of this surface. Never-
theless, both the pseudosymmetry of motif III
(fig. S2) and the size of LFY-DNA complexes
(fig. S4) suggest that LFY binds motif III as a
dimer, possibly through an alternative dimerization
surface. These analyses pinpoint the molecular
basis of DNA specificity changes to three amino
acid sites: Positions 312 and 345 determine the
half-site sequence, and position 387 determines
the dimerization mode.

However, if, as shown in P. patens and angio-
sperms, LFY plays a key role throughout plant
evolution, how could these changes have been
tolerated? Because once arisen, they would have
instantaneously modified the expression of the
entire set of LFY target genes. Our LFY phylog-
eny (fig. S5) yields two insights: (i) Although
we cannot completely rule out the occurrence of
transient ancient duplications, all known dupli-
cation events occurred subsequent to changes in
the binding specificity of the protein; therefore
the LFY gene probably evolved new DNA bind-
ing modes independently of changes in copy
number. (ii) The homwort LFY lineage diverges
from a phylogenetic node that lies between the
type III and type I-II binding specificities. On
closer examination, we realized that NaLFY from
the hornwort Nothoceros aenigmaticus had type
11T specificity according to the SELEX experiment,
despite having the H387 dimerization residue

>

) -

PpLFY1-DBD — DNA
complex structure
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Fig. 3. Structural model for type Il speci-
ficity. (A) (Top) PpLFY1-DBD dimer (in red and
pink) bound to DNA (in green, except the black
3-bp spacer). Interactions between monomers (in-
volving o helices o1 and a7) are shown with
dashed lines. (Bottom) Modeled type Ill binding
with DNA shown in blue. The dashed vertical line
denotes the center of the pseudopalindromic DNA
sequence. (B) SELEX motif of PpLFY1-H387A, R390A,
showing a strong resemblance to motif II.
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typical for type I and II specificities (Fig. 1, B
and C). Using electrophoretic mobility shift assay
(EMSA) experiments, we assayed NaLFY and
NaLFY-DBD DNA binding and found that their
dimers (fig. S6) could bind all three types of DNA
motifs (Fig. 4, and figs. S3 and S7). We also
established that NaLFY binding to motifs I and
II was allowed by the presence of a functional
ol-07 interaction surface (Fig. 4). The SELEX
experiment most likely identified only motif III
because of its slightly more efficient binding to
NaLFY (fig. S3 and table S1).

Our amino acid reconstruction analyses across
the LFY phylogeny identify the phylogenetic lo-
cation of the three specificity transitions that oc-
curred during LFY evolution (Fig. 4 and fig. S8).
Initially, the ancestral algal LFY bound motif III
as a dimer (with Q312 and C345 half-site deter-
minants). Subsequently, the evolution of the o/1-0/7
interaction surface generated a promiscuous LFY
intermediate with two modes of DBD dimeri-
zation and a versatile glutamine residue at posi-
tion 312, which bound all three types of DNA
motifs. Mutations affecting positions 312 and
345 then completed the transition to type I or II

specificities. Although this precise path cannot be
unambiguously determined by reconstruction
alone (Fig. 4 and fig. S8), the biochemical data
reveal that two LFY states (Q312-C345 and H312-
(C345) bind to both motifs I and II (Figs. 2C and 4).
Our scenario, using either of these two states as
an intermediate, provides an evolutionary route
through a promiscuous platform that avoids dele-
terious transitions. Furthermore, this scenario is
equally parsimonious in the context of all alter-
native organismal phylogenetic hypotheses (fig.
S9). Whether these transitions were accompanied
by a complete change in target gene sets or whether
some cis elements coevolved with DNA binding
specificity (15) is unknown. Scanning the P. patens
genome for PpLFY1 binding sites does not sug-
gest any global conservation of targets but does
identify several MADS-box genes potentially
bound by LFY in both Arabidopsis and P. patens
(table S3).

A highly conserved and essential TF evolved
radical shifts in DNA binding specificity by a
mechanism that does not require gene duplica-
tion. Detailed structural characterization of the
different modes of DNA binding across the tran-
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Fig. 4. Proposed evolution of LFY DNA binding specificity in green plants. The Bayesian
estimation of the posterior probability of ancestral states for amino acid positions 312, 345, and 387 is
depicted at the major phylogenetic nodes. Probabilities for different residues at a given position and node

are indicated by the relative size of stacked boxes.

The analysis shows that the ancestral LFY most likely

possessed a type lll specificity and that the promiscuous form arose when land plants emerged. DNA
binding specificity is color-coded: type I, orange; type Il, green; type IlI, blue; relaxed specificity, red.

0lo7 refers to the al-a7 dimerization interface.
binding motifs in EMSA (see also fig. S7), but not

(Inset) NaLFY interacts with all three types of DNA
with the type | mutated probe (Im). The H387A and

K390A mutations reduced the binding to type I or Il motifs, but not to type Ill. Both proteins are at 1 uM;

only the protein-DNA complexes are shown.

sition to land plants enabled us to capture LFY in
a state of increased promiscuity that has persisted
in N. aenigmaticus. This promiscuous interme-
diate probably facilitated the evolutionary transi-
tion between specificities, as previously shown
for the evolution of metabolic enzymes or nuclear
receptors (/6—18). Although we have focused on
the more intractable problem of evolution in
single-copy TFs, it is plausible that the mecha-
nisms we describe could also contribute to the
evolution of TFs encoded by multigene families.
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The role of APETALA1 in petal number
robustness
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Abstract Invariant floral forms are important for reproductive success and robust to natural
perturbations. Petal number, for example, is invariant in Arabidopsis thaliana flowers. However,
petal number varies in the closely related species Cardamine hirsuta, and the genetic basis for this
difference between species is unknown. Here we show that divergence in the pleiotropic floral
regulator APETALAT (AP1) can account for the species-specific difference in petal number
robustness. This large effect of AP1 is explained by epistatic interactions: A. thaliana AP1 confers
robustness by masking the phenotypic expression of quantitative trait loci controlling petal number
in C. hirsuta. We show that C. hirsuta AP1 fails to complement this function of A. thaliana AP1,
conferring variable petal number, and that upstream regulatory regions of AP1 contribute to this
divergence. Moreover, variable petal number is maintained in C. hirsuta despite sufficient standing
genetic variation in natural accessions to produce plants with four-petalled flowers.

DOI: https://doi.org/10.7554/eLife.39399.001

Introduction

Determining the genetic basis of developmental traits, and how these evolve to generate novelties,
is a major goal of evolutionary developmental biology. Developmental systems are remarkably
robust to natural perturbations, such that individuals tend to develop normally despite variation in
the environment or their genetic make-up (Wagner, 2005). Therefore, a particular challenge is to
understand the developmental transitions between the robust morphology of individuals within a
species, and the variation in form between species.

Petal number is a robust trait in flowering plants and usually invariant within species and even
higher taxonomic orders. For example, three petals are commonly found in monocots while five pet-
als are characteristic of many core eudicots (Endress, 2011; Specht and Bartlett, 2009). On the
other hand, petal number is much more labile in basal angiosperms (Endress, 2001; Endress, 2011;
Specht and Bartlett, 2009), suggesting that this trait was canalized during angiosperm evolution to
produce a stable phenotype in the face of genetic and environmental perturbation. Petals are usually
required to open the flower and to help attract pollinators (Fenster et al., 2004; van Doorn and
Van Meeteren, 2003), therefore a stable number of petals could ensure a reliable display of the
reproductive organs and a reproducible cue for pollinators.

The model plant Arabidopsis thaliana belongs to the Brassicaceae family, which are commonly
called crucifers after the cross-shaped arrangement of four petals in their flowers (Endress, 1992).
Petals acquire their identity via the combined activity of A- and B-class floral organ identity genes,
according to the ABC model of flower development (Coen and Meyerowitz, 1991). However, less
is known about the genetic control of petal number. In A. thaliana flowers, initiation of four petals
depends on the size of the floral meristem, the establishment of boundaries that demarcate the
position of petal primordia on the floral meristem, the transient formation of auxin activity maxima in
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elLife digest Many plants produce flowers that attract insects to land on them. Different insects
are attracted to flowers of different shapes and colors. Therefore, it is generally advantageous for
plants of the same species to produce flowers that look very similar.

For example, a small weed known as Arabidopsis — which is often used in research studies —
produces little white flowers that all have four petals. Thus, the number of petals in Arabidopsis
flowers is said to be a ‘robust’ trait. However, a closely-related plant called hairy bittercress
produces flowers with any number of petals between zero and four. Studying the genetic
differences between Arabidopsis and hairy bittercress can help to reveal why the numbers of petals
on hairy bittercress flowers vary.

A gene called APETALAT helps to control how petals form. Monniaux, Pieper et al. found that
Arabidopsis and hairy bittercress have different versions of this gene that determine whether the
number of petals may vary between individual flowers. Inserting the Arabidopsis version of
APETALAT1 into hairy bittercress plants caused the plants to produce flowers that had more similar
numbers of petals to each other, that is, the petal number became more robust.

Monniaux, Pieper et al. then used a statistical method called quantitative trait locus analysis to
identify the precise location of regions in the hairy bittercress genome that control petal number.
This showed that the Arabidopsis version of APETALA1, but not the hairy bittercress version,
conceals the action of these genes that could alter petal number.

These findings reveal that evolutionary change in a single gene of hairy bittercress unmasked the
action of other genes that caused petal number to vary. A next step will be to identify some of these
genes and understand how they control petal number.

DOI: https://doi.org/10.7554/eLife.39399.002

these positions, and the general mechanisms of lateral organ outgrowth (Huang and Irish,
2015; Huang and Irish, 2016 ; Irish, 2008). Consistent with this complexity, few A. thaliana mutants
specifically affect petal number; among them is petal loss (ptl), which displays a variable loss of pet-
als caused by mutation of the PTL trihelix transcription factor (Brewer et al., 2004; Griffith et al.,
1999). Other mutants pleiotropically affect petal number, such as mutations in the MADS-box tran-
scription factor APETALA1 (AP1), which shows floral meristem identity defects in addition to variable
petal loss (Irish and Sussex, 1990; Mandel et al., 1992).

Cardamine hirsuta is a close relative of A. thaliana that lacks a robust phenotype of four petals
(Hay et al., 2014). Instead, C. hirsuta flowers display a variable number of petals, between zero and
four, on a single plant (Monniaux et al., 2016; Pieper et al., 2016). This phenotype varies in
response to both environmental and genetic perturbation. C. hirsuta flowers show seasonal variation
in petal number, with spring-flowering plants producing more petals than summer-flowering plants
(McKim et al., 2017). Seasonal cues, such as day length, winter cold, and particularly ambient tem-
perature, all influence the number of petals produced in C. hirsuta flowers (McKim et al., 2017). Fur-
thermore, petal number is strongly influenced by natural genetic variation in C. hirsuta. A polygenic
architecture of small to moderate effect quantitative trait loci (QTL), that shift the trait in both direc-
tions, contribute to petal number variation in C. hirsuta (Pieper et al., 2016). Alleles of large effect
and low pleiotropy were identified in genetic screens for four-petalled mutants in C. hirsuta, but
were not detected by QTL analysis in natural accessions (Pieper et al., 2016). Thus, the distribution
of allelic effects found in natural populations of C. hirsuta is more likely to maintain variation, rather
than robustness, in petal number.

Petal number varies both within and between species, evolving from a robust state of four petals,
typified by A. thaliana, to a variable state in C. hirsuta. Phenotypic divergence between species is
necessarily derived from variation within species, but identifying these evolutionary transitions is not
a straight-forward task. This is because similar phenotypes that vary within and between species may
or may not be caused by similar genetic mechanisms. For example, the same light-pigmentation
alleles that are fixed in a yellow-bodied Drosophila species, segregate in a closely related brown-
bodied species and contribute to clinal variation in its body colour (Wittkopp et al., 2009). How-
ever, in another example, genes responsible for leaf shape differences between A. thaliana and C.
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hirsuta were not detected as leaf shape QTL in C. hirsuta (Cartolano et al., 2015). Therefore, to
understand how petal number variation is produced and how it evolved, it is important to investigate
both the genetic basis of variation within species and divergence between species. For example, to
address questions such as: How many genes contribute to trait divergence between species? How
large are their effects? Do they have pleiotropic functions? How do they interact with genes causing
variation in natural populations?

A simple prediction about robust phenotypes, such as petal number in A. thaliana, is that they
are invariant because genetic variation is reduced by stabilizing selection on the phenotype. On the
other hand, a developmental pathway might be robust because certain alleles prevent the pheno-
typic effects of new mutations. This would effectively buffer the phenotype and hide underlying
genetic variation. Previous studies of vulva development in Caenorhabditis (Félix, 2007), and eye
development in cavefish (Rohner et al., 2013), support the latter view, showing that there is exten-
sive, selectable genetic variation affecting robust phenotypes, which can be exposed by genetic or
environmental perturbation. Moreover, studies that use gene expression as a trait, have mapped
QTL that influence variance rather than mean expression level (Hulse and Cai, 2013), and identified
selection acting on expression noise rather than mean level (Metzger et al., 2015). However, there
are few examples (Rohner et al., 2013) where the genetic basis of morphological differences
between species can be traced to the release of cryptic variation.

In this study, we investigate the evolutionary transition from a robust phenotype of four petals,
typified by A. thaliana, to a variable petal number in C. hirsuta. We show that divergence in the
pleiotropic floral regulator AP1 can account for the difference in petal number robustness between
species. This large effect of AP1 is explained by epistatic interactions: A. thaliana AP1 masks the
phenotypic expression of all petal number QTL in C. hirsuta and, in this way, confers robustness. We
show that C. hirsuta AP1 fails to complement this function of A. thaliana AP1, conferring variable
petal number, and that upstream regulatory regions of AP1 contribute to this divergence.

Results

Petal number variation in C. hirsuta flowers

The flowers of A. thaliana and other Brassicaceae species are readily distinguished by their four pet-
als. This phenotype is robust to natural genetic variation; for example, flowers from genetically
diverse A. thaliana accessions consistently produce four petals (Figure 1a). C. hirsuta lacks this
robustness and shows variation in petal number. For example, we found similar frequencies of each
petal number between zero and four in flowers from 39 C. hirsuta accessions sampled from across
the species range (Figure 1b) (Hay et al., 2014). Therefore, petal number varies within C. hirsuta
and is a species-level trait that distinguishes C. hirsuta from A. thaliana.

Petals initiate in the second whorl of A. thaliana and C. hirsuta flowers, each positioned between
two outer sepals, with the inner whorls being occupied by male and female reproductive organs (sta-
mens and carpels) (McKim et al., 2017; Smyth et al., 1990). Small petal primordia are readily
observed in the second whorl of A. thaliana floral buds, located between first-whorl sepals and third-
whorl stamens (Figure 1c,d). In contrast to this, petal primordia were often missing in C. hirsuta
flowers at similar developmental stages (Figure 1e). Instead, we observed a flat surface in the sec-
ond whorl with no indication of outgrowths (Figure 1f). However, when we found petal primordia in
C. hirsuta flowers, their development appeared indistinguishable from those in A. thaliana (Fig-
ure 1—figure supplement 1). These petals occupied any of the four positions available in the sec-
ond whorl, with a slightly higher frequency in abaxial positions (Figure 1—figure supplement 2).
Therefore, the number of petals in a C. hirsuta flower is determined at early stages of petal initiation
and outgrowth.

Auxin activity maxima fail to form in whorl two of C. hirsuta floral
meristems

To study the earliest stages of petal initiation, we tracked floral meristem development using time-
lapse confocal laser scanning microscopy and analysed growth in these 4-dimensional image stacks
(Barbier de Reuille et al., 2015). We followed the formation of auxin activity maxima during petal
initiation in A. thaliana and C. hirsuta using the DR5:VENUS and DR5v2:VENUS auxin activity
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Figure 1. Petal number is robust in A. thaliana and variable in C. hirsuta. Four-petalled A. thaliana flower
compared with C. hirsuta flowers containing 0, 1, 2, 3 or 4 petals. (a, b) Histograms showing petal number on the
x-axis and frequency of flowers of the y-axis for (a) 17 A. thaliana accessions (n = 3725 flowers from 149 plants) and
(b) 39 C. hirsuta accessions (n = 3362 flowers from 143 plants). (¢, €) Scanning electron micrographs of stage eight
flowers with covering sepals dissected away to show medial stamen primordia and small petal primordia (dashed
circles) present in A. thaliana (c) and absent in C. hirsuta (e). (d, f) Longitudinal sections of stage eight flowers
showing small petal primordia present in A. thaliana (d) and absent in C. hirsuta (f). Abbreviations: pe, petal; st,
stamen. Scale bars: 20 um (c-f).

DOI: https://doi.org/10.7554/eLife.39399.003

The following figure supplements are available for figure 1:

Figure supplement 1. Scanning electron micrograph of a C. hirsuta stage eight flower.

DOI: https://doi.org/10.7554/eLife.39399.004

Figure supplement 2. Petal position in C. hirsuta flowers (n = 144 flowers, flower numbers 1 - 25).

DOI: https://doi.org/10.7554/eLife.39399.005

sensors (Barkoulas et al., 2008; Heisler et al., 2005; Liao et al., 2015). At sites of petal initiation in
A. thaliana, auxin activity maxima formed in 2 — 3 epidermal cells on the floral meristem flank prior
to growth of these cells (Figure 2a,b; 83% DR5::VENUS observation rate, Figure 2—figure supple-
ment 1). However, in C. hirsuta, auxin activity maxima often failed to form on the floral meristem,
and instead were either absent or aberrantly located in the first whorl between sepals (Figure 2c¢,d;
36% DR5v2::VENUS observation rate, Figure 2—figure supplement 1). Therefore, four sites of petal
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Figure 2. Auxin activity maxima fail to form in whorl two of C. hirsuta floral meristems. (a—d) Heat maps of change
in relative cell area of floral primordia over 24 hr of growth (a, ) and surface projections of DR5::VENUS
expression (b, d) in A. thaliana (a, b) and C. hirsuta (c, d). Colour bars: percentage increase (warm colours) and
decrease (cool colours) of cell area (a, ¢) and signal intensity (yellow) in arbitrary units (b, d). Dashed circles
indicate expression maxima that correspond to initiating petals. Floral primordia are shown in side view facing a
lateral sepal. () Beeswarm plot of average petal number in A. thaliana ptl-1 (n = 149 flowers, 10 plants) and ptl-1;
AtPTL:AtPTL:YFP (n = 266 flowers, 19 independent insertion lines), and C. hirsuta Ox (n = 145 flowers, 10 plants)
and AtPTL:AtPTL:YFP (n = 110 flowers, eight independent insertion lines). Red lines indicate means. (f, g) CLSM
Figure 2 continued on next page
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projections showing AtPTL::AtPTL:YFP expression (yellow) in the regions between sepals in stage 3-4 flowers of C.
hirsuta (f) and A. thaliana (g). (h) C. hirsuta ag flower. (i) Barplot of mean petal number in whorls 2 and 3 of C.
hirsuta ag flowers (n = 136 flowers, four plants). Note that mean stamen number is distributed between 4 — 5 in C.
hirsuta, reflecting variation in lateral stamen number (Hay et al., 2014), and third whorl petals show similar
variation in ag. (j) Relative expression of C. hirsuta AP1 in floral organs pooled from whorls 1, 2 (w1/w2) and whorls
3, 4 (w3/w4), in Ox compared to ag flowers, determined by quantitative RT-PCR and reported as means of three
biological replicates (Student's t-test: p<0.001). Error bars represent s.e.m. Scale bars: 20 pm (a—d, f-g), 0.5 mm
(h).

DOI: https://doi.org/10.7554/eLife.39399.006

The following figure supplements are available for figure 2:

Figure supplement 1. CLSM time-lapse series of DR5:VENUS in A. thaliana and DR5v2::VENUS in C. hirsuta
flowers.

DOI: https://doi.org/10.7554/eLife.39399.007

Figure supplement 2. Representative flowers.

DOI: https://doi.org/10.7554/eLife.39399.008

Figure supplement 3. In situ hybridization of C. hirsuta PTL.

DOI: https://doi.org/10.7554/eLife.39399.009

initiation are usually marked by auxin activity maxima in the second whorl of the floral meristem in A.
thaliana, but not C. hirsuta.

The ptl mutant in A. thaliana mimics the variable petal number found in C. hirsuta and shows a
similar distribution of auxin activity during petal initiation as wild-type C. hirsuta (Figure 2d)
(Griffith et al., 1999, Lampugnani et al., 2013). Therefore, we tested whether differences in PTL
function could explain why petal number is robust in A. thaliana but variable in C. hirsuta. A func-
tional fusion protein of A. thaliana PTL (AtPTL::AtPTL:YFP) was sufficient to restore four petals in the
ptl mutant, but did not alter petal number when expressed in C. hirsuta (Figure 2e; Figure 2—fig-
ure supplement 2). Given that AtPTL::AtPTL:YFP expressed correctly in the regions between sepals
in C. hirsuta and A. thaliana flowers (Figure 2f,g), similar to the endogenous PTL transcripts in C. hir-
suta and A. thaliana (Figure 2—figure supplement 3) (Brewer et al., 2004; Lampugnani et al.,
2012; Lampugnani et al., 2013), these results indicate that differences in PTL function are unlikely
to account for the variation in petal number between C. hirsuta and A. thaliana.

Petals are defined by both their identity and position within a flower. To test whether the variable
number of petals in C. hirsuta is dependent on their identity or on the location where they arise in
the second whorl, we used the homeotic mutant agamous (ag), to alter floral organ identity. In C.
hirsuta ag mutants, four petals replaced the four stamens normally found in the third whorl of wild-
type flowers, while petal number remained variable and lower than four in the second whorl
(Figure 2h,i). This means that floral organs with petal identity show no variation in number if they
arise outside the second whorl. As predicted by the ABC model (Coen and Meyerowitz, 1991), we
found AP1 ectopically expressed in third whorl petals of ag mutants in C. hirsuta (Figure 2j). There-
fore, ectopic expression of AP1 is associated with an invariant number of petals, whereas endoge-
nous AP1 expression in whorl two of the C. hirsuta floral meristem is associated with variable petal
number.

A. thaliana AP1 confers robust petal number in C. hirsuta and masks
natural variation

We reasoned that APT might be a good candidate to contribute to petal number variation in C. hir-
suta, particularly given that ap1 mutants in both C. hirsuta and A. thaliana show variable petal loss
(Bowman et al., 1993; Monniaux et al., 2017). To test this possibility, we used a genomic construct
of A. thaliana AP1 (AtAP1::AtAP1:GFP (Urbanus et al., 2009)), which was sufficient to restore four
petals in the ap1 mutant (Mann-Whitney U test, p=1.07e-06) and eliminate the ectopic flowers that
characterize the partial loss of floral meristem identity of ap1 mutants (Mann-Whitney U test,
p=2.92e-06; Figure 3a-c). We found that this transgene was sufficient to convert C. hirsuta petal
number from variable to robust, elevating petal number towards the A. thaliana value of four petals
(pairwise Mann-Whitney U test with Bonferroni correction, p=2.4e-08; Figure 3a,d,e). In contrast to

Monniaux et al. eLife 2018;7:€39399. DOI: https://doi.org/10.7554/eLife.39399 6 of 22

55



e LI F E Research article

a A. thaliana C. hirsuta
e o petals D3
i ectopic flowers — —
3 ? ®
=
2 3 )
g 8 _g_
2
© 24 [
@
o g R 8
« _s_
§ : | 2 e
< T ® ®
£ 8
.§ ) )
0. i
ap1-12 ap1-12; wt gAtAP1 gChAP1
gAtAP1-GFP -GFP -GFP
LY
é L
ap1-12;
gAtAP1-GFP sl gAtAP1-GFP
1 - | 3 4 5 6 : 8
f nooA as " R B f
| ik § .
N g 4 H H H H
] H H J H i
H H$ U 0 Hi
L J Ae [ U=
i g 0 H
U H
H = AP1 endogenous locus < =
1 = gAtAP1-GFP transgene locus :'QJ
o
g
g 40 {gAtAP1-GFP wild type
©
e
gm 30
Sw 20
o
2 5
w
-g 10
5
£ 0
0 1 2 3 4 0 1 2 3 4
Petal number Petal number

Plant Biology

Figure 3. A. thaliana AP1 confers robust petal number in C. hirsuta and masks natural variation. (a) Beeswarm plot
of average petal number (black) and average number of ectopic flowers (grey) in A. thaliana ap1-12 (n = 375
flowers, 15 plants) and ap1-12; gAtAP1-GFP (AtAP1:AtAP1:GFP; n = 472 flowers, 19 plants, two independent
insertion lines), and average petal number (black) in C. hirsuta wild-type (wt; n = 331 flowers, 14 plants), gAtAP1-
GFP (n = 1286 flowers, 57 plants, five independent insertion lines) and gChAP1-GFP (ChAP1::ChAP1:GFP) (n = 628

Figure 3 continued on next page
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Figure 3 continued

flowers, 26 plants, two independent insertion lines). Red lines indicate means. Differences between C. hirsuta
genotypes assessed by pairwise Mann-Whitney U test with Bonferroni correction: ***p=2.4e-08; *p=0.015; n.s.
p=0.07. (b—e) Representative flowers of A. thaliana ap1-12 (b), ap1-12; gAtAP1-GFP (c), and C. hirsuta wild type (d),
gAtAP1-GFP (e). Scale bars: 0.5 mm. (f) QTL for average petal number detected in the C. hirsuta Ox gAtAP1-
GFP x Nz F2 mapping population are shown as arrows on the 8 chromosomes of the genetic map. Positions with
the most significant effects are indicated by horizontal black lines and the length of the arrows is scaled to the 2
(Log(p)) interval for each QTL. Arrow direction indicates whether the Ox allele for each QTL increases (upward
pointing) or decreases (downward pointing) petal number. Positions of the APT endogenous locus (blue line) and
the gAtAP1-GFP transgene (orange line) are indicated on the genetic map. Scale bar: 25 cM. (g) Distribution of
average petal number in plants of the Ox x Nz F2 population that segregate homozygous for the gAtAP1-GFP
transgene (left histogram) or without the transgene (right histogram).

DOI: https://doi.org/10.7554/eLife.39399.010

this, the distribution of petal number remained variable in C. hirsuta lines expressing the endoge-
nous AP1 locus (ChAP1::ChAP1:GFP; pairwise Mann-Whitney U test with Bonferroni correction,
p=0.07: Figure 3a). This suggests that the function of the endogenous AP1 locus to confer four pet-
als is attenuated in C. hirsuta. Therefore, divergence in AP1 function likely contributed to the varia-
tion in petal number between A. thaliana and C. hirsuta.

This raises the question whether petal number variation both between and within species may be
caused by similar genetic changes. If AP1 divergence contributed to petal number variation between
species, do AP1 polymorphisms contribute to this phenotype within C. hirsuta? To address this ques-
tion, we inspected the locations of petal number QTL previously identified in five mapping popula-
tions derived from bi-parental crosses of different C. hirsuta accessions (Pieper et al., 2016), and an
additional population constructed in this study (Figure 3f). We found that none of the QTL mapped
to the AP1 locus, which was represented by a specific genetic marker on chromosome 2 (Figure 3f,
Table 1) (Pieper et al., 2016). Therefore, allelic variation at AP1 does not contribute to the quantita-
tive variation in petal number mapped in C. hirsuta.

However, an alternative possibility is that AP1 divergence indirectly caused petal number to vary
within C. hirsuta by altering the robustness of this phenotype to genetic variation. Given that petal
number is a canalized trait in A. thaliana and robust to genetic variation (Figure 1a), we hypothe-
sized that AP1 divergence may have decanalized petal number in C. hirsuta, giving phenotypic
expression to formerly cryptic variation (Figure 1b) (Félix, 2007; Paaby and Rockman, 2014). A key
prediction of this hypothesis is that A. thaliana AP1 should canalize petal number in C. hirsuta via

Table 1. A. thaliana AP1 masks the effects of C. hirsuta petal number QTL

QTL Chromosome Position QTL effects
gAtAP1
(cM) Wild-type plants homozygous plants

additive dominance additive dominance
Q1 1 147.8 -0.18 0.28 - -
Q2 (gAtAPT) 2 11.9 n.a. n.a. n.a. n.a.
Q3 4 1.6 - 0.32 - -
Q4 4 53.9 -0.19 - - -
Q5 4 98.6 =0.33 - - -
Q6 5 25.7 0.28 - -
Q7 6 748 -0.28 - -
Q8 6 116.6 0.82 - - -
Q9 8 63.5 -0.27 - - -
Q10 8 1056 038 - - -
n.a. — not available because the effects of all other QTL were determined conditional on zygosity at this QTL. ‘= ‘= No significant effect.
DOI: https://doi.org/10.7554/eLife.39399.011
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Figure 4. AP1 divergence contributes to species-specific petal number. (a) A. thaliana flowers of ap1-12; gChAP1-
GFP (ChAP1::ChAP1:GFP) genotype. (b) Beeswarm plot of average petal number (black) and average number of
ectopic flowers (grey) in A. thaliana wild-type (n = 369 flowers, 15 plants), ap1-12 (n = 375 flowers, 15 plants) and
ap1-12; gChAP1-GFP (n = 598 flowers, 25 plants, two independent insertion lines). Red lines indicate means.
Levene's test showed that the variance in petal number differed between wild-type and ap1-12 (***p=5.588e-05)
and wild-type and ap1-12; gChAP1-GFP (**p=0.005823), but not between ap1-12 and ap1-—12; gChAP1-GFP
(p=0.282). (c) Beeswarm plot of average petal number in A. thaliana ap1-12 plants either untransformed or

transformed with chimeric AP1 constructs comprising the promoter sequences from either AtAP1 (A. thaliana) or
ChAP1 (C. hirsuta) and the cDNA sequences from either AtAPT or ChAP1. A two-way ANOVA test on ranked data

Figure 4 continued on next page
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Figure 4 continued

showed a significant effect of promoter sequence on petal number (p=9.45e-08) but no effect of coding sequence
(p=0.103) and no interaction effect between the promoter and coding sequences (p=0.258). Post-hoc Tukey's HSD
tests showed that AP1 constructs containing the A. thaliana promoter had significantly higher petal number than
those containing the C. hirsuta promoter, and all transgenic genotypes had higher petal number than ap1-12 at
0.05 level of significance. ap1-12: n = 375 flowers, 15 plants; ap1-12; pAtAP1::AtAP1: n = 1454 flowers, 37 plants,
10 independent insertion lines; ap1-12; pAtAP1::ChAP1: n = 1414 flowers, 36 plants, nine independent insertion
lines; ap1-12; pChAP1::AtAP1: n = 986 flowers, 25 plants, five independent insertion lines; ap1-12; pChAP1::
ChAP1: n = 717 flowers, 18 plants, five independent insertion lines. (d) Beeswarm plot of relative APT expression
levels in inflorescences of C. hirsuta transgenic lines of gChAP1-GFP (black) and gAtAP1-GFP (orange) with 2 or
four transgene copies. APT expression is quantified by gRT-PCR in three biological replicates of each sample and
expressed relative to AP1 expression in wild-type inflorescences (dashed line). Relative AP1 expression is higher
for gAtAP1-GFP lines, both for two (Student's t-test, p<0.01) and four (p<0.05) transgene copies. n = 26 plants
from six independent insertion lines for gAtAP1-GFP; n = 24 plants from five independent insertion lines for
gChAP1-GFP. (e—f) Surface projections showing nuclear expression (green) of gAtAP1-GFP (d) and gChAP1-GFP
(e) in stage 4 C. hirsuta flowers viewed from the lateral sepal. The dashed circle indicates the petal initiation
domain on the floral meristem. (g) Boxplot of the size of inter-sepal regions (Physical) and the extent of AP1
expression along these transects into whorl 2 (AP1 expr) in C. hirsuta stage four floral meristems of gAtAP1-GFP
and gChAP1-GFP. Size of the AP1 expression domain differs significantly between genotypes (Wilcoxon test,
p<0.001; n = 7 samples each genotype) but physical size does not (p=0.44). Box and whiskers: quartiles, circles:
outliers, black lines: median. Scale bars: 0.5 mm (a), 20 um (e, f).

DOI: https://doi.org/10.7554/eLife.39399.012

The following figure supplements are available for figure 4:

Figure supplement 1. Quantification of ectopic flowers produced by chimeric AP1 constructs complementing
A. thaliana ap1-12.

DOI: https://doi.org/10.7554/eLife.39399.013

Figure supplement 2. Example of a time-lapse series for AtAP1::AtAP1:GFP and ChAP1::ChAP1:GFP

flowers in C. hirsuta.

DOI: https://doi.org/10.7554/eLife.39399.014

Figure supplement 3. Quantitative image analysis of C. hirsuta stage-4 flower meristems expressing AtAP1::
AtAP1:GFP.

DOI: https://doi.org/10.7554/eLife.39399.015

Figure supplement 4. Measurements of the physical boundary size and the AP1 expression boundary size (as
defined in Figure 4—figure supplement 3) in 7 samples of AtAP1::AtAP1:GFP and ChAP1::ChAP1:GFP stage-4
flowers in C. hirsuta.

DOI: https://doi.org/10.7554/eLife.39399.016

Figure supplement 5. Variability of measurements of the physical boundary size and the AP1 expression
boundary size, as defined in Figure 4—figure supplement 3.

DOI: https://doi.org/10.7554/eLife.39399.017

Figure supplement 6. Measurements of the lateral and median lengths of the flower and of the meristem, and
the meristem area (as defined in Figure 4—figure supplement 3) in 7 samples of AtAP1::AtAP1:GFP and ChAP1::
ChAP1:GFP stage-4 flowers in C. hirsuta.

DOI: https://doi.org/10.7554/eLife.39399.018

Figure supplement 7. CLSM projections of C. hirsuta (a) and A. thaliana (b) stage four flowers co-expressing
gAtAP1-GFP (green) and gChAP1-RFP (red).

DOI: https://doi.org/10.7554/eLife.39399.019

epistatic interactions with petal number QTL. We tested this genetic prediction in an F2 population
created by crossing C. hirsuta Ox containing the A. thaliana AP1 genomic locus (AtAP1::AtAP1:
GFP), with the Nz accession (Figure 3f). We detected nine petal number QTL in addition to the A.
thaliana AP1 transgene locus (Table 1, Figure 3f). Strikingly, the allelic effects of these 9 QTL were
undetectable in the presence of the A. thaliana AP1 genomic locus (Table 1). This epistasis was read-
ily observed in the distribution of petal number between plants homozygous for the A. thaliana AP1
transgene, which had four petals, and plants that lacked the transgene, which had variable petal
number (Figure 3g). Thus, A. thaliana AP1 canalized C. hirsuta petal number by masking the pheno-
typic effects of at least 9 QTL.
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Changes in AP1 expression contribute to species-specific petal number
Our findings suggest that the AP1 genes from A. thaliana and C. hirsuta may have a differential abil-
ity to confer four petals. To test whether or not C. hirsuta AP1 could fully complement the function
of A. thaliana AP1, we introduced a ChAP1::ChAP1:GFP transgene into an ap1 mutant background
in A. thaliana. Rather than restoring four petals like ap1-12; AtAP1::AtAP1:GFP (Figure 3a), we
found that the distribution of petal number remained variable in ap1-12; ChAP1::ChAP1:GFP flowers
(homogeneity of variance accepted by Levene's test, p=0.282; Figure 4a,b), mimicking the variable
petal number found in C. hirsuta. Petal number varied between zero and four, and the average petal
number was significantly lower in ap1 plants expressing the AP1 genomic clone from C. hirsuta
rather than A. thaliana (Figures 3a and 4a,b, Mann-Whitney U test p=2.08e-07). In contrast, ChAP1::
ChAP1:GFP expression was sufficient to reduce the ectopic flowers in ap1 mutants (Figure 4b), indi-
cating that AP1 divergence between C. hirsuta and A. thaliana affected petal number independently
of floral meristem identity. Therefore, the results of these gene swaps indicate that C. hirsuta AP1
has a reduced ability to promote four petals when compared to A. thaliana AP1.

Next, we considered the relative contributions of regulatory and coding sequences to this spe-
cies-specific difference in AP1 function. To address this question, we expressed endogenous and chi-
meric versions of A. thaliana and C. hirsuta AP1, swapping the promoter and coding sequences, in
an ap1 mutant background in A. thaliana. We found that petal number was significantly elevated by
the A. thaliana AP1 promoter, compared to the C. hirsuta AP1 promoter, irrespective of the AP1
coding sequence driven by these promoters (Figure 4c). Whereas all constructs functioned equiva-
lently to rescue the ectopic flowers found in ap1 mutants (Figure 4—figure supplement 1). There-
fore, functional differences in AP1 that are responsible for petal number variation between A.
thaliana and C. hirsuta, are more likely to reside in regulatory regions of the gene rather than coding
sequences.

Species-specific AP1 expression

Since upstream regulatory regions contributed to AP1 divergence, we investigated whether expres-
sion differed between C. hirsuta and A. thaliana AP1. We reasoned that the reduced function of C.
hirsuta AP1 to promote four petals may reflect reduced levels of gene expression. To test this pre-
diction, we compared AP1 expression between C. hirsuta lines with matched copy numbers of either
AtAP1::AtAP1:GFP or ChAP1::ChAP1:GFP transgenes, and found that expression levels were signifi-
cantly lower in floral tissues of ChAP1::ChAP1:GFP than AtAP1::AtAP1:GFP lines (Figure 4d). To
visualize the spatiotemporal dynamics of expression, we localized AP1:AP1:GFP fusion proteins
from each species in the four-dimensional context of the growing C. hirsuta flower (Figure 4—figure
supplement 2). In stage four floral buds, we observed A. thaliana AP1::AP1:GFP nuclear signal in
the sepal whorl and on the flanks of the floral meristem, in the small regions where petals initiate in
whorl two (Figure 4e). In contrast to this, C. hirsuta AP1::AP1:GFP was essentially restricted to the
sepal whorl throughout stages 4 and 5 (Figure 4f, Figure 4—figure supplement 2). Using top-view,
two-dimensional snapshots of these curved surface images, we measured how far the AP1::AP1:GFP
signal extended into whorl two in each transgenic line (Figure 4—figure supplements 3-5). We
found that the expression of A. thaliana AP1::AP1:GFP extended significantly further than C. hirsuta
AP1::AP1:GFP (approximately 5 um, Figure 4g). Moreover, we found no significant change in size or
geometry between flowers expressing either the A. thaliana or C. hirsuta AP1 genomic constructs
(Figure 4g, Figure 4—figure supplement 6). This contrasts with the changes in growth and matura-
tion of floral buds that are associated with the regulation of C. hirsuta petal number by seasonal
changes in temperature (McKim et al., 2017). Therefore, the expression domain of ChAP1::ChAP1:
GFP is reduced compared to AtAP1::AtAP1:GFP, comprising fewer cells in the petal whorl on the
flanks of the floral meristem in C. hirsuta.

By co-localizing the expression of both AtAP1::AtAP1:GFP and ChAP1::ChAP1:RFP in stage 4
flowers of C. hirsuta and A. thaliana, we also found that C. hirsuta AP1::AP1:RFP expression is
enriched in the regions between sepals (Figure 4—figure supplement 7). Since peaks of auxin activ-
ity are displaced away from the petal whorl to the region between sepals in C. hirsuta flowers
(Figure 2d), and since distortions of this region have been shown to influence petal initiation in A.
thaliana (Baker et al., 2005; Lampugnani et al., 2012; Lampugnani et al., 2013; Laufs et al., 2004;
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Figure 5. Petal number distributions differ between natural and experimental populations of C. hirsuta and outcrossing frequency associates with petal
number. (a-b) Distributions of C. hirsuta petal number in 45 natural accessions (a) and a population of RiLs derived from Ox and Wa accessions (b,
reproduced from (Pieper et al., 2016)). Mean petal number of Ox and Wa are indicated in (a). (c) Average petal number (+s.e.m.) at every floral node in
homozygous wild-type and fp2 plants (genotyped at SNP:2:2905982) in field conditions (n = 10 plants from each genotype). Flowers 1-10 were removed
from every plant (indicated by dashed line) since petal number in these flowers did not differ significantly between genotypes (p>0.05, Mann-Whitney U
test). Seeds produced from remaining flowers on the main inflorescence were harvested. (d) Progeny of 10 wild-type and 10 fp2 mothers were
genotyped at SNP:2:2905982 to determine their paternity (n = 1703 wild-type and 1610 fo2 seedlings). Pollination events were considered as selfing
when the genotype of the progeny corresponded to the maternal genotype; outcrossing when the genotype of the progeny was heterozygous; and
contaminant when the genotype of the progeny corresponded to the other parental genotype. These were likely seed contaminants from the outside
of collection bags. Rates of outcrossing were significantly different between genotypes, p<0.05, whereas rates of contaminations were not p>0.05 (Chi-
square test with Yates' continuity correction). Moreover, outcrossing and contaminations per parent plant were not correlated (* = 0.025), suggesting
that they are independent events.

DOI: https://doi.org/10.7554/eLife.39399.020

The following figure supplements are available for figure 5:

Figure supplement 1. Measurement of fitness traits in wild-type (Ox) and AtAP1::AtAP1:GFP plants.

DOI: https://doi.org/10.7554/eLife.39399.021

Figure supplement 2. Field experiment to paternity-test progeny of C. hirsuta wild-type and four petals2 (fo2) genotypes.

DOI: https://doi.org/10.7554/eLife.39399.022

Mallory et al., 2004), the enrichment of C. hirsuta AP1 in this domain might be relevant for petal
number variation in C. hirsuta.

Maintaining variable petal number in C. hirsuta

Our findings suggest that petal number is a robust phenotype in A. thaliana that became decanal-
ized in C. hirsuta, such that AP1 divergence allowed previously cryptic loci to quantitatively affect
petal number. Allelic variation at these QTL maintains the distribution of petal numbers found
among natural accessions of C. hirsuta (Pieper et al., 2016). A striking feature of this distribution is
the absence of natural accessions with four petals (Figure 5a). Moreover, few accessions have an
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Figure 6. Cartoons depicting the proposed role of APT in phenotypic buffering and canalization. (a) Non-linear relationship between AP1 expression
and petal number (black line). The range of AtAPT expression (orange) is within a zone of high phenotypic robustness, while the range of ChAP1
expression (brown) is outside of this robust zone, such that petal number is sensitive to perturbations. (b) Left: decanalization of petal number in C.
hirsuta from an invariant phenotype of four petals, typified by A. thaliana. AP1 divergence (orange arrow) allowed phenotypic expression of QTL (blue
arrows) in the C. hirsuta genome to quantitatively affect petal number. Right: cartoons of Waddington's landscape depicting petal number as a
canalized phenotype in A. thaliana (ball rolls down path of least resistance shaped by canals in the landscape); this landscape is underpinned by a
genetic network including AP (orange rope) and QTL (blue ropes). Decanalization of petal number in C. hirsuta involved regulatory changes in AP1
(cut orange rope) that relaxed its epistasis over QTL that cause petal number to vary (deformations in the landscape). Based on (Waddington, 1957,
Paaby and Rockman, 2014).

DOI: https://doi.org/10.7554/eLife.39399.023

average petal number approaching four (Figure 5a). To explore the genetic basis of this phenotypic
distribution, we constructed experimental populations from founder accessions with phenotypes
close to the mean (arrowheads, Figure 5a). These recombinant inbred populations contained a high
frequency of lines with high average petal numbers, including four petals (Figure 5b, and other
examples in (Pieper et al., 2016)). This shows that there is sufficient standing genetic variation to
produce phenotypes through recombination that are not observed in natural accessions.
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To explore this finding, we reasoned that producing four-petalled flowers could incur an ener-
getic cost. However, in standard growth conditions, we could not detect any difference in seed out-
put between C. hirsuta wild-type and AtAP1::AtAP1:GFP plants that differed in petal number
(Figure 5—figure supplement 1). Alternatively, variable petal number could be the cause or conse-
quence of variation in other trait(s) that contribute to maintaining petal number within its variable
range. Given that petals are responsible for the opening of most flowers (van Doorn and Van
Meeteren, 2003), thus allowing cross-pollination, we tested whether petal number was associated
with outcrossing rate in C. hirsuta. Using field conditions to grow two genotypes that differed signifi-
cantly in petal number (2.65 + 0.08 vs 3.45 + 0.05, Mann-Whitney U test p<0.001; Figure 5¢, Fig-
ure 5—figure supplement 2), we paternity-tested the progeny of these plants and found a
significantly higher outcrossing rate in the genotype with higher petal number (Chi-square test
p<0.05, Monte-Carlo permutation test p<0.001, Figure 5d, Figure 5—figure supplement 2). There-
fore, outcrossing frequency is associated with petal number in C. hirsuta.

Discussion

In this study, we identified AP1 as a gene of major effect in the evolutionary transition from a robust
phenotype of four petals, typified by A. thaliana, to a variable petal number in C. hirsuta. Despite
this large effect, AP1 polymorphisms do not contribute directly to within-species variation in C. hir-
suta petal number. Instead, the decanalization of petal number in C. hirsuta involved regulatory
changes in AP1 that relaxed its epistasis over alleles that cause petal number to vary. Therefore, our
results suggest that AP1 divergence likely exposed cryptic genetic variation in C. hirsuta that con-
tributes directly to maintaining variable petal number within natural accessions of C. hirsuta.

AP1 is an important regulator of A. thaliana flower development, acting early to initiate flowers
and later to specify floral organs (Bowman et al., 1993; Irish and Sussex, 1990, Mandel et al.,
1992). It functions predominantly as a transcriptional repressor during floral initiation and later as an
activator during sepal and petal initiation, and has been described as a ‘true hub’ in the gene regula-
tory network that initiates flower development (Kaufmann et al., 2010). We found that AP1 genes
from A. thaliana and C. hirsuta diverged in their ability to specify an invariant number of four petals.
This difference mapped broadly to upstream regulatory rather than coding regions of AP1, and did
not alter the function of AP1 in flower initiation or sepal specification; suggesting that regulatory
sequence divergence can disable specific linkages in gene regulatory networks while maintaining
pleiotropic functions in other tissues (Rebeiz and Tsiantis, 2017).

We showed that differences in APT expression are associated with the functional divergence in
AP1 between A. thaliana and C. hirsuta. Specifically, C. hirsuta AP1 transcript levels are reduced in
floral tissues and protein abundance is reduced in the small regions of stage four flowers where pet-
als initiate. Robustness to variation in developmental systems is often a consequence of nonlinear
dose-response curves between gene activity and phenotype (Félix and Barkoulas, 2015). For exam-
ple, vulva development in Caenorhabditis elegans is robust to genetic variation in lin-3 expression,
such that 15-50 /in-3 mRNA molecules defines a robust range that allows wild-type cell fate pattern-
ing, bounded by two thresholds, beyond which the phenotype varies (Barkoulas et al., 2013). We
propose that the expression of A. thaliana AP1 defines a robust range where petal number is buff-
ered against perturbations (Figure 6a). C. hirsuta AP1 is expressed below this threshold, such that
petal number varies in response to genetic, environmental, and stochastic perturbations (Figure 6a)
(McKim et al., 2017; Monniaux et al., 2016; Pieper et al., 2016).

Waddington’s model of canalization invokes a similar concept of phenotypic buffering against
natural variation. In his classical metaphor of marbles rolling down canals, he depicted the surface of
the landscape being pulled down by guy ropes and fastened to anchors that represented genes
(Waddington, 1957). Like this, the genetic underpinnings of the landscape may vary, but produce a
consistent phenotype (e.g. A. thaliana petal number, Figure 6b) (Paaby and Rockman, 2014). Petal
number is invariant among natural accessions of A. thaliana, reflecting its robustness to genetic vari-
ation. However, we could change A. thaliana petal number to variable by complementing ap1
mutants with the AP1 genomic locus from C. hirsuta. These flowers mimicked the variable petal num-
ber found in C. hirsuta, suggesting that there may be variability in the gene regulatory network con-
trolling petal number in A. thaliana that is hidden beneath the uniformity of wild-type development.
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In C. hirsuta, petal number is decanalized, such that natural genetic variation deforms Wadding-
ton's landscape, producing a variable phenotype (Figure 6b). We mapped this natural variation to
specific QTL in the C. hirsuta genome and showed that introducing the A. thaliana AP1 locus
masked the effects of all QTL. Therefore, petal number was effectively canalized in C. hirsuta via
epistasis of A. thaliana AP1 over existing QTL. Based on these results, we propose that AP1 diver-
gence perturbed the genetic equilibrium in C. hirsuta that confers petal number robustness. Given
the large effect of the A. thaliana AP1 locus on petal number, it is interesting that endogenous AP1
polymorphisms do not contribute directly to petal number variation in C. hirsuta. Rather, it is the
ability of APT to exert epistasis over other loci that diverged between A. thaliana and C. hirsuta
(Figure 6b). We propose that this change in genetic interactions was the likely mechanism by which
cryptic variation was exposed in C. hirsuta, contributing to the evolution of variable petal number.

Materials and methods

Key resources table

Reagent type (species) or resource Designation Source or reference Identifiers Additional information
Gene AP1 Gan et al. (2016) CARHR062020
(Cardamine hirsuta)

Gene PTL Gan et al. (2016) CARHR209620

(C. hirsuta)

Gene AG Gan et al. (2016) CARHR225900

(C. hirsuta)

Gene Clathrin/AP2M Gan et al. (2016) CARHR174880

(C. hirsuta)

Biological sample Ox Hay and Tsiantis (2006) herbarium specimen
(C. hirsuta) voucher Hay 1 (OXF)
Biological sample Col-0 CS60000

(Arabidopsis thaliana)

Genetic reagent

pDR5rev::3XVENUS-N7

Heisler et al., 2005

(A.thaliana)

Genetic reagent pDR5rev::3XVENUS-N7 Barkoulas et al., 2008

(C. hirsuta)

Genetic reagent DR5-v2::3xVenus Liao et al., 2015

(C. hirsuta)

Genetic reagent apl-12 N6232

(A.thaliana)

Genetic reagent ptl-1 N276

(A.thaliana)

Genetic reagent ag-1 this paper EMS mutant

(C. hirsuta)

Genetic reagent fp2 Pieper et al. (2016)

(C. hirsuta)

Genetic reagent AtPTL:AtPTL:YFP this paper 2.9 kb genomic
(A.thaliana) sequence of PTL
Genetic reagent AtPTL:AtPTL:YFP; ptl-1 this paper 2.9 kb genomic
(A.thaliana) sequence of PTL
Genetic reagent AtPTL:AtPTL:YFP this paper 2.9 kb genomic

(C. hirsuta)

Genetic reagent
(A.thaliana)

Genetic reagent
(C. hirsuta)

AtAP1::AtAP1:GFP

AtAP1::AtAP1:GFP

Urbanus et al., 2009

Urbanus et al., 2009

sequence of PTL

Genetic reagent
(C. hirsuta)

Continued on next page

ChAP1:ChAP1:GFP

Monniaux et al., 2017
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Reagent type (species) or resource Designation Source or reference Identifiers Additional information
Genetic reagent ChAP1:ChAP1:GFP; ap1-12 Monniaux et al., 2017
(A. thaliana)
Genetic reagent AtAP1::AtAP1:GFP; ap1-12  Urbanus et al., 2009
(A. thaliana)
Genetic reagent ChAP1::ChAP1:RFP; this paper 6.6 kb genomic
(A. thaliana) AtAP1:AtAP1:GFP sequence of AP1
Genetic reagent ChAP1::ChAP1:RFP; this paper 6.6 kb genomic
(C. hirsuta) AtAP1:AtAP1:GFP sequence of AP1
Genetic reagent PAtAP1::AtAP1; ap1-12 this paper 2.9 kb promoter

(A. thaliana)

Genetic reagent
(A. thaliana)

Genetic reagent
(A. thaliana)

sequence of AP1
driving AP1 cDNA

PAtAP1::ChAP1; ap1-12 this paper 2.9 kb promoter
sequence of AP1
driving AP1 cDNA

pChAP1::ChAP1; ap1-12 this paper 2.9 kb promoter

sequence of AP1
driving AP1 cDNA

Genetic reagent
(A. thaliana)

Genetic reagent
(C. hirsuta)

pChAP1::AtAP1; ap1-12 this paper 2.9 kb promoter
sequence of AP1
driving AP1 cDNA

Ox gAtAP1-GFP x Nz F2 this paper 312 individuals
used for QTL analysis

Software

MorphoGraphX Barbier de Reuille et al., 2015

Accession numbers and plant material

The wild-type genotype in C. hirsuta is the reference Oxford (Ox) accession, herbarium specimen
voucher Hay 1 (OXF) (Hay and Tsiantis, 2006), and in A. thaliana, the reference Col-0 accession.
DR5::VENUS transgenic lines in A. thaliana (Heisler et al., 2005) and C. hirsuta (Barkoulas et al.,
2008) have been described previously. NASC accession numbers for A. thaliana mutants: ap1-12
(N6232), ptl-1 (N276). Additional A. thaliana and C. hirsuta accessions have been described previ-
ously (1001 Genomes Consortium. Electronic address: magnus.nordborg@gmi.oeaw.ac.at and
1001 Genomes Consortium, 2016; Hay et al., 2014). C. hirsuta genome assembly gene identifiers:
ChAP1 (CARHR062020), ChPTL (CARHR209620), ChAG (CARHR225900), Clathrin/AP2M
(CARHR174880) (Gan et al., 2016).

Plant growth conditions and petal number scoring

All plants were grown in long day conditions unless otherwise stated. Greenhouse: 16 hr light (22°C),
8 hr dark (20°C); controlled environment room long days: 16 hr light (21°C), 8 hr dark (20°C) and
short days: 10 hr light (21°C), 14 hr dark (21°C); growth cabinet short days: 8 hr light (22°C), 16 hr
dark (20°C). Petal number was generally scored on 10-15 plants from each genotype, except when
scoring the T1 generation of transgenic lines. Flowers were scored every second day by removing
them from the plant with tweezers, and observing them with a head band magnifier or stereo micro-
scope. For the C. hirsuta ag mutant, flowers from four plants were removed every second day and
scored with a binocular loop. Whorl one was removed to allow scoring of whorl two organs, which
were then removed to score whorl three organs.

EMS mutagenesis and ag mutant isolation

C. hirsuta Ox seeds were mutagenized by agitation with ethyl methanesulfonate (EMS, Sigma), sown
on soil, harvested as pools of five M1 plants, and M2 plants were screened for floral phenotypes as
described previously (Pieper et al., 2016). The four petals 2 (fp2) (Pieper et al., 2016) and agamous
(ag-1) mutants were isolated and backcrossed twice to Ox. The ag-1 sequence bears a C to T single
nucleotide change predicted to convert a Gln residue to a stop codon and produce a truncated 33
AA protein. Expressing an AtAG:GFP translational fusion (gift from G. Angenent (Urbanus et al.,
2009)) complemented the C. hirsuta ag-1 mutant phenotype.
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Quantitative RT-PCR (qPCR) and transgene copy number determination
Five and ten flowers from one plant of C. hirsuta wild-type and ag-1, respectively, were pooled to
generate one biological replicate for RNA extraction. Three biological replicates were generated per
genotype. For quantification of AP1 expression levels in C. hirsuta AtAP1::AtAP1:GFP and ChAP1::
ChAP1:GFP lines, a secondary inflorescence from 29 and 24 plants from five independent lines,
respectively, was used for RNA extraction, together with three wild-type biological replicates. For
these plants, transgene copy number was determined from genomic DNA by a Tagman gPCR assay
using the Hygromycin resistance gene (IDna Genetics, Norwich, UK). RNA was extracted using Spec-
trum Plant Total RNA kit (Sigma) and DNA was digested by on-column DNase | digestion (Sigma).
Reverse Transcription was performed with SuperScript lll Reverse Transcriptase (ThermoFisher Scien-
tific) using 1 ug of RNA template. Quantitative PCR was performed with the Power SYBR Green
Master Mix (ThermoFisher Scientific) with the following primers: AP1-gPCR-F (5'- CCAGAGGCATTA
TCTTGGGGAAGACTTG) and AP1-gPCR-R (5'- GCTCATTGATGGACTCGTACATAAGTTGGT) to
amplify either ChAP1 or AtAP1, and Clathrin-gPCR-F (5'- TCGATTGCTTGGTTTGGAAGATAAGA)
and Clathrin-qPCR-R (5'- TTCTCTCCCATTGTTGAGATCAACTC) to amplify the reference gene Cla-
thrin/AP2M. Expression was calculated with the AACt method (Pfaffl, 2001), normalized against the
reference gene, and expressed relative to wild-type levels.

Transgenic plant construction

For the AtPTL::AtPTL:YFP construct, a 2.8 kb PTL promoter up to the second exon, driving func-
tional PTL expression (Lampugnani et al., 2012), was amplified with primers pPTL-F (5'-ATATA
TTGAGAAGAGATTAAAAACTTAG) and pPTL-R (5'-GTATCCATGTTCCTCGGACA) from Col-0 geno-
mic DNA and cloned into the multiSite Gateway donor vector pDONR-P4-P1R. The full 2.9 kb geno-
mic sequence of PTL was amplified with primers gPTL-F (5'-ATGGATCAAGATCAGCATC) and
gPTL-R (5'-CTGATTCTCTTCTTTACTGAGC) from Col-0 genomic DNA and cloned into the multiSite
Gateway donor vector pDONR-221. The YFP coding sequence was cloned into the multiSite Gate-
way donor vector pDONR-P2R-P3. The AtPTL::AtPTL:YFP construct was created by recombining
together the three previous vectors into the pGll-0229 destination vector, as described in the Multi-
Site Gateway manual (Thermo Fisher Scientific). Eight and nineteen independent lines of AtPTL:
AtPTL:YFP were generated in C. hirsuta wild type and A. thaliana ptl-1 respectively. Petal number
was scored on all independent lines in the T1 generation, together with C. hirsuta wild type and A.
thaliana ptl-1.

Twenty independent lines of AtAP1::AtAP1:GFP (gift from G. Angenent (Urbanus et al., 2009))
were generated in C. hirsuta wild-type and A. thaliana ap1-12 backgrounds. This translational fusion
contains a 6.6 kb genomic fragment of A. thaliana AP1 including 3 kb of regulatory sequence
upstream of the translational start. ChAP1::ChAP1:GFP was previously described (Monniaux et al.,
2017) and contains a comparable 6.6 kb genomic fragment of C. hirsuta AP1. Ten independent lines
of ChAP1::ChAP1:GFP were generated in C. hirsuta wild type and A. thaliana ap1-12. For all the
AP1-related lines, petal number was scored on 2 to 5 single-insertion homozygous T3 lines, together
with wild-type C. hirsuta and A. thaliana ap1-12.

ChAP1::ChAP1:RFP was constructed in the modified destination vector pB7RWG2 (gift from M.
Kater (Gregis et al., 2009)) by recombining the same C. hirsuta AP1 genomic fragment used above.
Six independent lines were generated in A. thaliana AtAP1::AtAP1:GFP for co-localisation studies.
Four independent lines were generated in C. hirsuta and selected for strong expression in the third
generation. Homozygous plants were crossed to an AtAP1::AtAP1:GFP strong expressing line for
co-localisation studies.

The pAtAP1::AtAP1, pAtAP1::ChAP1, pChAP1::AtAP1 and pChAP1::ChAP1 constructs were gen-
erated by three-fragment multi-site Gateway in the pGll-0227 destination vector. The AtAP1 and
ChAP1 promoters contain 2.9 kb upstream of the start codon and were amplified with primers
pAtAP1-F (5- CGAACGTGGTGGTTAGAAGA) and pAtAP1-R (5'-TTTTGATCCTTTTTTAAGAAAC
TT), and primers pChAP1-F (5'-CATATAGCTTGGATCATGCTC) and pChAP1-R (5'-TTTGATCCTA
TTTTGAGAAACTTCTT) respectively. Ten independent lines, with five plants per line, were scored
for petal and ectopic flower number together with A. thaliana wild type and ap1-12. Lines with a
clear ap1-12 phenotype were considered not to be complemented by the transgene and were
removed from the analysis.
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The DR5-v2::3xVENUS plasmid was a gift from Dolf Weijers (Liao et al., 2015). Eleven indepen-
dent insertion lines were generated in C. hirsuta wild type. All lines were checked for expression in
the T1 generation and two representative lines were selected to image by time-lapse CLSM in the
T2 generation.

All binary vectors were transformed into C. hirsuta or A. thaliana by Agrobacterium tumefaciens
(strains GV3101 or C58)-mediated floral dip.

Scanning electron microscopy (SEM)

Shoot apices were induced to flower by a shift from short to long day conditions and fixed in FAA,
post-fixed in osmium tetraoxide, dehydrated, critical point dried and dissected before coating with
gold/palladium for viewing in a JSM-5510 microscope (JEOL). Floral primordia were staged accord-
ing to (Smyth et al., 1990).

Confocal laser scanning microscopy (CLSM) and quantitative image
analysis

Time-lapse imaging was performed using 4-5 week old plants grown on soil in long day conditions.
The inflorescence was cut and flowers were dissected off to uncover young floral primordia at the
shoot apex. Dissected shoots (around 0.5 cm long sections) were transferred to 2 MS medium sup-
plemented with 1.5% plant agar, 1% sucrose and 0.1% Plant Preservative Mixture (Plant Cell Tech-
nology). To outline cells, samples were stained with 0.1% propidium iodide (PI, Sigma) for 2 = 5 min
before each observation. Floral primordia were immersed in water and imaged from the top at 24 hr
intervals. Confocal imaging was performed using a Leica SP8 up-right confocal microscope equipped
with a long working-distance water immersion objective (L 40x/0.8 W) (Leica) and HyD hybrid detec-
tors (Leica). Excitation was achieved using an argon laser with 514 nm for VENUS and PI. Images
were collected at 526 — 545 nm for VENUS, and 600 — 660 nm for Pl. Between imaging, samples
were transferred to a growth cabinet and cultured in vitro in standard long day conditions at 20°C.
Confocal image stacks of time-lapse series were analyzed using MorphoGraphX software
(Barbier de Reuille et al., 2015; Kierzkowski et al., 2012). The outer 10 Full datasets of A. thaliana
and C. hirsuta time-lapse series used to track growth and DR5:VENUS and DR5v2:
VENUS expression shown in Figure 2—figure supplement 1. To measure physical boundary size
and size of AP1-GFP expression, the epidermal (2 to 5 pm) GFP signal was projected on the surface
of the sample with MorphoGraphX. Top-view snapshots of the flower meristem with GFP-projected
signal were acquired and subsequently analyzed with FiJi (Schindelin et al., 2012) as described in
Figure 4—figure supplement 3.

Histology and in situ hybridization

Shoot apices were induced to flower by a shift from short to long day conditions. Digoxigenin-
labeled antisense RNA probes to C. hirsuta ChPTL were generated by mixing together three syn-
thetic probes covering the whole ChPTL cDNA (GenScript HK Limited, USA). 8 - 10 um inflorescence
cross-sections were fixed, embedded in paraffin and hybridized with the ChPTL probe as previously
described (Vlad et al., 2014). The signal was observed and images were acquired with a Zeiss Axi-
olmager.M2 light microscope equipped with an Axiocam HR color camera. To cover the entire
hybridization pattern in depth, images of two consecutive sections were registered and minimal pro-
jections generated using the image processing package Fiji (Schindelin et al., 2012). Cropping,
gamma and colour correction were done using Photoshop CS5 and performed on entire images
only. For semi-thin sections, apices were fixed in 2.5% glutaraldehyde in phosphate buffer, dehy-
drated, step-wise infiltrated with and embedded in TAAB Low Viscosity resin (TAAB) and 1.5 um sec-
tions were stained with 0.05% toluidine blue.

Quantitative trait locus (QTL) analysis

QTL analysis of petal number was performed on a C. hirsuta F2 population derived from a cross
between an AtAP1::AtAP1:GFP transgenic line in the Ox accession and the Nz accession. Petal num-
ber was quantified in 312 individuals that were pre-screened by PCR amplification of the GFP
sequence such that approximately 1/4 of the plants were wild-type. The first 25 flowers on each
plant were removed on the day they opened and petal number was counted using a dissecting
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microscope. The 312 F2 plants were genotyped with 155 Sequenom markers (Welcome Trust Center
for Human Genetics, High Throughput Genomics, Oxford, UK) designed to cover the whole genome
according to an early version of the C. hirsuta genome assembly (Gan et al., 2016), and a dCAPS
marker was generated for the C. hirsuta AP1 locus using primers AP1cisF1 (5'-TCCCTAAAACCGC
TCTTAGC) and AP1cisR1 (5'-AGAGAGATAAAGAAGAGTTCAGGC) and the restriction enzyme Alul.
The genetic map was made using JoinMap 4 (Van Ooijen, 2006), including the genotype for
AtAP1::AtAP1:GFP as a dominant marker to determine the location of the transgene, and had a
total length of 910 centiMorgans in eight linkage groups. QTL analyses were performed with Gen-
stat 13th Edition (VSN International, Hemel Hempstead, UK) using all 312 F2 plants. Genetic predic-
tors were calculated with a maximum distance of 2 ¢cM between them from the molecular marker
data and the genetic map. Average petal number per F2 plant was used as a phenotype for QTL
analysis. Simple interval mapping and composite interval mapping were performed. The latter pro-
cedure was repeated several times while adding and/or removing cofactors until no further improve-
ment could be made. The resulting set of 10 cofactors was used in a final QTL model to estimate
QTL effects. A model with nine cofactors, when excluding the AtAP1::AtAP1:GFP locus, was fitted
to data from F2 plants that were either homozygous for the AtAP1::AtAP1:GFP transgene or wild-

type.

Field experiment and paternity testing of C. hirsuta wild type and four
petals 2 (fp2)

Seeds from Ox and fp2 (Pieper et al., 2016) were stratified for 1 week at 4°C and sown on
15.03.2016 on hydrated Jiffy plugs. Seedlings were first grown in a greenhouse without temperature
or light control, and later transferred to the field on 13.04.2016. More details on experimental
design can be found in Figure 5 and Figure 5—figure supplement 2. Genomic DNA was extracted
from parent and progeny plants with Edwards Buffer and isopropanol precipitation and amplified
with primers m458 (5'-GCCTAATCTTGCACAACACGAAATCT) and m459 (5'-GATTCTAAAGTTCTG
TCAAAAGGAGAAACCTGA), designed with dCAPS Finder (http://helix.wustl.edu/dcaps/dcaps.
html), to genotype SNP:2:2905982 by dCAPS. PCR was performed with Mango Taq polymerase
(Bioline) under the following conditions: initial denaturation of 5 min at 95°C, 40 cycles of 30 s at
95°C, 30 s at 56°C and 30 s at 72°C, final extension of 10 min at 72°C. 1/5™" volume of the reaction
was digested with 2.5 units of Ddel (New England Biolabs) for 2 hr at 37°C and migrated on a 3%
agarose gel to resolve the uncut 141 bp amplicon for fp2, and the two cut fragments of 116 bp and
25 bp for Ox.

Fitness measurements

40 plants of C. hirsuta wild type and a homozygous T4 line of AtAP1::AtAP1:GFP were grown in a
greenhouse with standard conditions (20°C, long days). 20 of these plants were scored for petal
number, and the other 20 were bagged carefully to recover all seeds. A fraction of the seeds was
counted and weighed with the seed analyser MARVIN (GTA Sensorik GmbH) and total seed number
was estimated by proportionality with the total seed weight.
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ABSTRACT

Floral homeotic MADS-box transcription factors ensure the correct development of floral organs
with all their mature features, i.e. organ shape, size, colour and cellular identity. Furthermore, all
plant organs develop from clonally-independent cell layers, deriving from the meristematic
epidermal (L1) and internal (I.2 and 1.3) layers. How cells from these distinct layers acquire their
floral identities and coordinate their growth to ensure reproducible organ development 1s unclear.
Here we study the development of the Petfunia x hybrida (petunia) corolla, which consists of five
fused petals forming a tube and pigmented limbs. We present petunia flowers expressing the B-class
MADS-box gene PhDEF in the epidermis or in the mesophyll of the petal only, that we called wico
and star respectively. Strikingly, the wico flowers form a very small tube while their limbs are
almost normal, and the star flowers form a normal tube but very reduced and unpigmented limbs.
Therefore, the star and wico phenotypes indicate that in the petunia petal, the epidermis mainly
drives limb growth and pigmentation while the mesophyll mainly drives tube growth. As a first step
towards the identification of candidate genes involved in specification of petal layer identities and
tube/limb development, we sequenced the star and wico whole petal transcriptome at three
developmental stages. Among downregulated genes in star petals, we found the major regulator of
anthocyanin biosynthesis ANTHOCYANIN 1 (AN1), and we showed that, in vitro, PhDEF directly
binds to its terminator sequence, suggesting that it might regulate its expression. Altogether this
study shows that layer-specific expression of PADEF drives petunia tube or limb development in a
highly modular fashion, which adds an extra layer of complexity to the petal development process.
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INTRODUCTION

All plant aerial organs derive from clonally-distinct layers, named LI, 1.2 and 1.3 in the
shoot apical meristem (SAM) (Satina et al., 1940). Within the L1 and 1.2 layers, cells divide
anticlinally, thereby maintaining a clear layered structure in all aerial organs produced by the SAM
(Meyerowitz, 1997; Stewart and Burk, 1970; Scheres, 2001). Already at the meristematic stage, cell
layers express different genes and thereby have their own identity (Yadav et al., 2014). For flower
formation, floral organ identity will be appended on top of layer identity by the combinatorial
expression of homeotic floral genes, most of which are MADS-box genes (Coen and Meyerowitz,
1991; Schwarz-Sommer et al.,, 1990). How these master floral regulators specify all floral organ
features, such as organ size, shape, pigmentation, and cellular characteristics, while maintaining
layer-specific features, remains unknown.

Petals are often the most conspicuous organs of the flower, and they display a tremendous
diversity in size, shape and pigmentation across flowering plants (Moyroud and Glover, 2017).
Floral organ identity is specified by a combination of A-, B- and C-class identity genes as proposed
by the classical ABC model established on Arabidopsis thaliana (Arabidopsis) and Antirrhinum
majus (snapdragon), and B-class genes are particularly important for petal identity (Coen and
Meyerowitz, 1991; Schwarz-Sommer et al., 1990). B-class proteins, belonging to MADS-box
transcription factors, are grouped in the DEF/AP3 and the GLO/PI subfamilies, named after the
snapdragon/Arabidopsis B-class proteins DEFICIENS/APETALA3 and GLOBOSA/PISTILLATA
(Purugganan et al., 1995; TheiRen et al., 1996). These proteins act as obligate heterodimers
consisting of one DEF/AP3 and one GLO/PI protein, and this complex activates its own expression
for maintenance of high expression levels all along petal and stamen development (Trobner et al.,
1992). In petunia, gene duplication has generated four B-class genes, namely PhDEF and PhTM6
belonging to the DEF/AP3 subfamily, and PAGLOI and PhGLO2 belonging to the GLO/PI
subfamily (Vandenbussche et al., 2004; Rijpkema et al., 2006; van der Krol et al., 1993; Angenent et
al., 1992). Mutating the two members of each subfamily (phdef phtm6 or phgiol phglo2 double
mutants) produces a classical B-function mutant phenotype with homeotic transformation of petals
into sepals and stamens into carpels (Vandenbussche et al., 2004; Rijpkema et al., 2006).
Additionally, gene copies within the DEF/4P3 subfamily have subfunctionalized: while PADEF
exhibits a classical B-class expression pattern largely restricted to developing petals and stamens,
atypically PhTM6 is mainly expressed in stamens and carpels, and its upregulation depends on the
petunia C-function genes (Rijpkema et al., 2006; Heijmans et al., 2012). As a consequence, the

single phdef mutant displays a homeotic conversion of petals into sepals, while the stamens are
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unaffected due to redundancy with PATM6 (Rijpkema et al., 2006). The petunia phdef mutant is
therefore an interesting model to study the mechanism of petal identity specification alone since it
displays a single-whorl complete homeotic transformation, which is quite rare for floral homeotic
mutants that generally show defects in two adjacent whorls.

Flowers from the Pefunia genus develop five petals, that arise as individual primordia and
fuse congenitally. Mature petals are fully fused and the corolla is organized in two distinct domains:
the tube and the limbs. Variation in the relative size of these subdomains of the corolla are observed
between wild species of Petunia, where flowers with a long tube grant nectar access to long-
tongued hawkmoths or hummingbirds, while wide and short tubes are easily accessible to bees
(Galliot et al., 2006). The short- and long-tube species cluster separately on a phylogeny made from
20 wild Pefunia species, and the short-tube phenotype is likely the ancestral one (Reck-Kortmann et
al., 2014). Pollinator preference assays and field observations have confirmed that tube length and
limb size are discriminated by pollinators and thereby might play a role in reproductive isolation,
together with multiple other traits of the pollination syndromes such as limb pigmentation (Venail et
al., 2010; Hoballah et al., 2007; Galliot et al., 2006).

Although the petunia petal tube and limbs seem to play important ecological roles, the
mechanisms driving their development are mostly unknown. Tube and limb develop as relatively
independent entities in flowers from the Solanaceae family, to which petunia belongs: for instance,
tube length and limb width are uncorrelated traits in intra-specific crosses performed in Nicotiana
and Jaltomata (Bissell and Diggle, 2008; Kostyun et al., 2019). Moreover, tube and limb identities
can be acquired independently: this is strikingly observed in the petunia h/ind mutant, a partial A-
class mutant, that forms an almost wild-type tube topped by functional anthers (Cartolano et al.,
2007). Apart from the petal identity genes, the molecular players involved in petunia tube or limb
growth are mostly unknown. General growth factors affect petal development as a whole (both tube
and limbs) together with other vegetative or reproductive traits (Vandenbussche et al., 2009; Terry
et al., 2019; Brandoli et al., 2020), but to our knowledge, only one gene has been found to
specifically affect growth of one subdomain of the petal: downregulation of PAEXPI, encoding an
o-expansin expressed in petunia petal limbs, leads to a specific decrease in limb area without
affecting tube length (Zenoni et al., 2004). Therefore, the mechanisms of petunia tube and limb
growth remain to be fully explored. In contrast, the genetic and molecular bases of petunia petal
pigmentation are extremely well characterized, thanks to the plethora of mutants that have been
isolated over decades of breeding and research (Bombarely et al., 2016; Tornielli et al., 2009).
Petunia limb pigmentation is mainly due to the presence of anthocyanins in the vacuole of

epidermal cells. Briefly, the earliest steps of anthocyanin production are ensured by a MBW
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regulatory complex composed of ANTHOCYANIN1 (ANI1, a bHLH transcription factor), ANI1I1 (a
WD-repeat protein) and an R2R3-MYB transcription factor (either AN2, AN4, DEEP PURPLE or
PURPLE HAZE), which drives the expression of anthocyanin biosynthesis enzymes and proteins
involved in vacuolar acidification of epidermal cells (Koes et al., 2005; Albert et al., 2011). How
this pathway is activated, after regulators such as PhDEF have specified petal identity, has not been
determined so far.

In this work, we present petunia flowers with strongly affected tube or limb development,
that we respectively named wico and star, and that spontaneously arose from plants mutant for
PhDEF. We provide genetic and molecular evidence that these contrasting flower phenotypes both
are periclinal chimeras, resulting from the layer-specific transposon excision of the phdef-151 allele,
restoring PhDEF activity either in the epidermis or in the mesophyll of the petal. The star and wico
phenotypes indicate that in the petunia petal, the epidermis mainly drives limb growth and
pigmentation while the mesophyll mainly drives tube growth. This is seemingly different from
previous studies in Antirrhinum majus flowers, where def periclinal chimeras led the authors to
conclude that epidermal DEF expression was making a major contribution to petal morphology
(Perbal et al., 1996; Vincent et al., 2003; Efremova et al., 2001). We characterized in detail the star
and wico petal phenotypes at the tissue and cellular scale, and found evidence for non-cell-
autonomous effects affecting cell identity between layers. We sequenced the total petal
transcriptome from wild-type, wico and star flowers at three developmental stages, and we found
that a large proportion of the genes involved in anthocyanin production were downregulated in star
petal samples, as could be expected from their white petals. We further showed that PhDEF directly
binds in vitro to the terminator region of ANI, thereby possibly regulating its expression and
triggering the early steps of limb pigmentation. Our results and our unique star and wico material
promise to improve our understanding of tube and limb development in petunia, and address the
broader question of how organ identity and cell layer identity superimpose during organ

development.

76



bioRxiv preprint doi- https-//doi org/10.1101/2021 04.03.438311; this version posted April 4, 2021. The copyright halder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the prepnint in perpetuity. It is
made available under aCC-BY-NC-MND 4.0 Intemational license.

Results

Spontaneous appearance of two phenotypically distinct classes of partial revertants from the
phdef-151 locus

Previously described null alleles for the PADEF gene (also named GP or pMADSI) were obtained
by either ethyl methanesulfonate (EMS) mutagenesis (de Vlaming et al., 1984; Rijpkema et al.,
2006) or by y-radiation (van der Krol et al.,, 1993). In our sequence-indexed dTphl transposon
mutant population in the W138 genetic background (Vandenbussche et al., 2008), we identified a
new mutant allele of PADEF, named phdef-151, referring to the dTphl insertion position 151 bp
downstream of the ATG in first exon of the PADEF gene, disrupting the MADS-domain. As
observed for previously identified phdef null alleles, phdef-151 flowers display a complete
homeotic conversion of petals into sepals (Fig. 1A-D). phdef-151 is thus very likely a null mutant
allele.

While growing homozygous phdef-151 individuals during several seasons, we repeatedly
observed the spontaneous appearance of inflorescence side branches that developed flowers with a
partial restoration of petal development (Fig. 1E-H, Fig. S1). Interestingly, these partially revertant
flowers could be classified as belonging to either one of two contrasting phenotypic classes, that we
named star and wico. For both phenotypic classes, we obtained more than 10 independent reversion
events. The star flowers (Fig. 1E, F), named in reference to their star-shaped petals, grow an
elongated tube similar to wild-type flowers, but their limbs are underdeveloped: they appear to
mainly grow around the mid-vein with reduced lateral expansion, hence losing the typical round
shape of wild-type limbs. Moreover, they do not display pigmentation, apart from occasional red
sectors (Fig. SIB-F). We quantified these changes in flower morphology and found that total limb
area was reduced almost 5-fold in star flowers (Fig. 1K). In contrast total tube length was only
slightly reduced in star as compared to wild type (Fig. 17), and this was mainly due to a reduction in
length of domain DI, corresponding to the part of the tube fused with stamens (as defined in
(Stuurman et al., 2004), Fig. 1I), while length of the rest of the tube (domain D2) remained
unchanged (Fig. 1], Fig. 82). As a result, the ratio between limb area and tube length, which we use
as a simple measure for overall corolla morphology, is reduced about 4-fold in star flowers as
compared to wild type (Fig. 1L). The wico flowers, named after their wide corolla, grow round-
shaped and pigmented limbs while their tube remains very small (Fig. 1G, H). Limb pigmentation
ranged from pink to bright red, and green sepaloid tissue was observed around the mid-veins,
especially on the abaxial side of the petals (Fig. SIH-P). Total tube length was reduced about 3-fold

in wico flowers, with domain D1 being absent since stamens were totally unfused to the tube (Fig.
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S2). while domain D2 was significantly reduced in size (Fig. 1J). Limb area was also about 2-fold
reduced in wico as compared to wild type flowers (Fig. 1K), but the ratio between limb area and
tube length was higher than in wild type (Fig. 1L), indicating the larger contribution of limb tissue
to total corolla morphology in wico. In summary, the star flowers form an almost normal tube but
small, misshaped and unpigmented limbs, while the wico flowers form almost normally shaped and
pigmented limbs but a tube strongly reduced m length. These contrasting phenotypes suggest that

tube and limb development can be uncoupled in petunia flowers, at least to some degree.

The star and wico flowers result from excision of the d7phl transposon from the phdef-151
locus

Reversion of a mutant phenotype towards a partial or a complete wild-type phenotype is classically
observed in unstable transposon insertion mutant alleles. In the petunia W138 line from which
phdef-151 originates, the d7phl transposon is actively transposing (Gerats et al., 1990). We
assumed therefore that the star and wico flowers were caused by the excision of d7phl from the
PhDEF locus. dIphl transposition is generally accompanied by an 8-bp duplication of the target
site upon insertion, and excision can have various outcomes depending on the length and nature of
the remaining footprint (van Houwelingen et al., 1999). Hence we first hypothesized that the
distinct star and wico phenotypes were caused by different types of alterations of the PADEF coding
sequence after the excision of d7phl.

To test this hypothesis, we characterized the phdef~-151 locus from in total 14 star and 14
wico independent reversion events. For this we extracted genomic DNA from sepals or petals of star
and wico flowers, and we amplified the part of the PADEF locus containing the d7phl transposon
with primers flanking the insertion site (Fig. 2A). All samples produced a mixture of PADEF
fragments, some containing the dTphl transposon and some where dTphl had been excised (Fig.
2B). We specifically sequenced the small fragments resulting from dTphl excision in star and wico
petal samples, including phdef-151 second whorl organs as a control (Fig. 2C). In phdef-151 the
dTphl-excised alleles were always out-of-frame, with either 7 or 8 additional nucleotides as
compared to the wild-type sequence. Due to a reading frame shift, both of these alleles are expected
to produce an early truncated protein likely not functional (Fig. 2C), in line with the normal phdef
mutant phenotype observed in these plants. In contrast, in both star and wico flowers we could find
either wild-type sequences (found 1 time and 3 times independently in star and wico flowers
respectively) or in-frame footprint alleles consisting of various additions of 6 nucleotides (alleles
further named PhDEF+6, found 13 times and 11 times independently in star and wico flowers

respectively, Fig. 2C). These last insertions are predicted to result in proteins with 2 additional
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amino-acids inserted towards the end of the DNA-binding MADS domain (Fig. 2C). Together these
results demonstrate that wico and star revertant flowers depend on the presence of an in-frame def-
151 derived excision allele that partially restores petal development. In contrast to our initial
expectations however, there was no correlation between the sequence of the locus after excision and
the phenotype of the flower, and both star and wico flowers could be found with a wild-type
PhDEF excision allele or with an identical PADEF+6 allele (e.g. the 6-bp GTCTGG footprint allele
was frequently found both in wico and star flowers). This indicates that the phenotypic difference
between the star and wico flowers cannot be explained by a differently modified PADEF sequence
after dTphl excision. Secondly, since the phdef mutation is fully recessive (Vandenbussche et al.,
2004), the presence of one transposon mutant allele combined with the wild-type revertant
sequence, normally should lead to wild-type flowers. Together this implied that another molecular

mechanism is causing the difference between wico and star flowers.

The star and wico phenotypes are not heritable

To further explore the genetic basis of the star and wico phenotypes, we analyzed the progeny after
selfing of a series of independent wico and star flowers (Table 1). Because all wico and star flowers
were heterozygous at the PhRDEF locus (they still carried the original transposon allele in a
heterozygous state), both the original transposon allele and the in-frame footprint allele were
expected to segregate independently in the progeny of these flowers. Remarkably however, neither
the star nor the wico phenotypes turned out to be heritable. First of all, we found that the progeny of
the wico flowers almost exclusively displayed a phdef mutant phenotype, undistinguishable from
the parental phdef-151 allele. In line with that, no 6-bp footprint alleles could be detected in these
plants, indicating that the in-frame wico footprint alleles were not transmitted to the progeny. This
suggested that the gametes generated by the wico flowers exclusively carried the mutant phdef-151
allele, hence resulting in homozygous phdef-151 mutants in the progeny.

On the other hand, both the original transposon allele and the in-frame footprint allele were
found to segregate independently in the progeny of star flowers as was expected, but despite that,
the star phenotype itself was not transmitted to the progeny. The progeny of the star flowers with a
PhDEF+6 allele yielded three different phenotypic classes (in a proportion close to 1:1:2; Table 1):
plants displaying a phdef phenotype, plants having wild-type flowers, and plants carrying flowers
with a wild-type architecture but with reduced pigmentation, further referred to as « pink wild-
type » (Fig. S3). We genotyped the PhDEF locus in plants descendant from one star parent and
carrying flowers with a wild-type architecture (Table S2). We found that all plants with a pink wild-
type phenotype were heterozgyous with an out-of-frame phdef allele and an in-frame PhDEF+6
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allele, while fully red wild-type flowers had in-frame PRDEF+6 alleles at the homozygous state.
This indicates that the PhDEF protein with 2 additional amino acids is not 100% fully functional, as
it leads to a reduction in limb pigmentation when combined with an out-of-frame allele. The fact
that it can ensure normal petal development when at the homozygous state indicates that this is
dosage dependent. In summary, the segregation ratio shows that the star gametes carried either the
phdef-151 allele or an in-frame PADEF allele at a 1:1 ratio, and hence that the germ cells generating
these gametes were heterozygous for these two alleles. Therefore, analysis of the star and wico
progeny informed us about the genotype of the parental germ cells, and the non-heritability of the

star and wico phenotypes suggested that these flowers were genetic mosaics.

Cell layer-specific PhDEF expression correlates with the wico and star phenotypes
Excision of dTphl from a gene can occur at different times during plant development: if happening
at the zygotic stage, then the whole plant will have a dTphl-excised allele. If excision occurs later,
this will result in a genetic mosaic (chimera) with a subset of cells carrying the dTphl insertion at
the homozygous state and others having a d7phl-excised allele. This typically leads to branches or
flowers with a wild-type phenotype on a mutant mother plant (supposing a recessive mutation).
Furthermore, since all plant organs are organized in clonally-independent cell layers, excision can
happen in one cell layer only, thereby creating a periclinal chimera, i.e. a branch or flower where
cell layers have different genotypes (Frank and Chitwood, 2016; De Keukeleire et al., 2001).
Several pieces of evidence suggested that the star and wico flowers were periclinal
chimeras: (1) when amplifying the PADEF fragment spanning the d7phl excision site, the intensity
of the bands obtained from the sepal and the petal tissues were consistently different, likely
reflecting the quantity of dTphl-excised fragment found in the original tissue (Fig. 2B). This
suggested that in wico flowers the dTphl-excised fragment was more present in petals than in
sepals, and the opposite for star flowers. Sepals generally have a much thicker mesophyll than
petals, therefore the relative contribution of the epidermis (L1-derived) and mesophyll (L2-derived)
tissues is different. Thus this result tended to indicate that in wico and star flowers the excision
happened in the epidermal and mesophyll layers respectively. (2) The non-heritability of the star
and wico phenotypes and the genotype of their germ cells suggested that 1.2-derived cells, to which
germ cells belong, had a different genotype than L 1-derived cells. For instance, we found that germ
cells were homozygous mutant for phdef-151 in wico, which should result in a phdef phenotype if
the epidermal tissue had the same genotype. (3) Finally, periclinal chimeras for DEF were already

obtained in Antirrhinum majus and were found to partially restore petal development, suggesting
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that similar processes could be at stake here (Vincent et al., 2003; Perbal et al., 1996; Efremova et
al., 2001).

To investigate if the star and wico flowers were indeed the result of a layer-specific excision
of dTphl from PhDEF, we localized the PADEF transcript in these flowers by in situ hybridization
(Fig. 3, Fig. S4). In wild-type flowers, the PADEF transcript is first detected in the stamen initiation
domain, then shortly after in incipient stamen and petal primordia (Fig. 3A, B). At all stages
observed, PhDEF expression appears quite homogeneous in all cell layers of the organs, with a
stronger expression in the distal part of the petal (Fig. 3C, Fig. S4C). In star flowers, the dynamics
of PhDEF expression was similar to wild-type flowers, but strikingly PhDEF expression was absent
from the L1 and epidermis (Fig. 3D-F, Fig. S4D-F). At the petal margins, underlying layers were
also devoid of PhDEF expression (Fig. 3F), which likely corresponds to the restricted petal area
where cells of L1 origin divide periclinally and invade the mesophyll (Satina and Blakeslee, 1941).
In wico flowers we observed the exact opposite situation to the star flowers, with PADEF
expression restricted to the L1 and epidermis, all throughout petal development (Fig. 3G-I, Fig.
S4G-I). Thus the star and wico flowers are respectively the result of an early dTphl excision event
in one cell from the 1.2 or L1 meristematic layer, resulting in a chimeric flower expressing PADEF
only in the mesophyll (L2-derived cells) or in the epidermis (L1-derived cells) of petals.
Considering the star and wico phenotypes, these results suggest that the epidermis is the main driver

for limb growth, shape and pigmentation, while the mesophyll mainly drives tube growth.

Non-autonomous effects of layer-specific PADEF expression on cell identity

Knowing the genetic basis of the star and wico phenotypes, we wondered how layer-specific
PhDEF expression affects the determination of cell identity, in the layer where PADEF is expressed
(cell-autonomous effect) but also in the layer devoid of PADEF expression (non-cell-autonomous
effect). For this, we focused on star petals and examined the appearance of their epidermal cells by
scanning electron microscopy, to compare with wild-type petals and sepals, and wico petals (Fig.
4A, B, Fig. S5C, D).

On the adaxial side of the wild-type petal, cells from the limb are round and adopt the
classical conical shape found in many angiosperm petals, while cells from the tube are elongated
with a central cone (Fig. 4B). In contrast, the adaxial epidermis of wild-type sepals
(indistinguishable from phdef-151 second whorl organs) displays typical leaf-like features (Morel et
al., 2019), with puzzle-shaped cells interspersed with stomata and trichomes (Fig. 4B). Epidermal
cell shape thus appears as a good parameter to discriminate epidermal cell identity between petals

and sepals. In star petal tubes, epidermal cells have a similar appearance as in a wild-type petal tube
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but are slightly less elongated (Fig. 4B, D). In contrast, cells from the adaxial side of the star limbs
are domed, reminiscent of wild-type conical cells, but they appear flatter and are about 3-times
larger (Fig. 4C). We occasionally observed pigmented revertant sectors on star flowers, resulting
from an additional independent d7ph! excision in the epidermis, generating wild-type sectors on a
star flower (Fig. S5A). These sectors allow the immediate comparison between star and wild-type
epidermal cells on a single sample, confirming the difference in conical cell size, shape and colour
(Fig. S5A-D). Moreover, the star limbs occasionally form trichomes on their abaxial epidermis (Fig.
S5C), which is a typical sepal feature that is normally not observed on petal limbs. Altogether these
observations suggest that epidermal cells from star limbs have an intermediate identity between
petal and sepal cells. Since star petals do not express PRDEF in their epidermis, these observations
show that non-cell-autonomous effects are at stake to specify cell identity. The interpretation of

these effects is summarized in Fig. S6.

In wico petals, epidermal limb cells are conical, similar to wild-type cells from the same
area, although slightly bigger (Fig. 4B, C). In contrast, cells from the tube, albeit displaying similar
shape than wild-type cells, are strongly reduced in length (Fig. 4B, D). This suggests that in
addition to the absence of the D1 region of the tube (Fig.S2), a defect in cell elongation in the D2
region 1is, at least partly, responsible for overall tube length reduction in wico petals. Also, we
observed after peeling the epidermis from wico petal limbs (at the base of the limbs or along the
petal midveins) that the underlying mesophyll was chloroplastic, similar to a sepal mesophyll and in
striking contrast with the white mesophyll of wild-type petal limbs (Fig. 4E). This suggests that
mesophyll identity in wico petals in similar to the one of sepals, and hence that it is defined cell-
autonomously, although additional histology analyses would be required to examine cell identity in

more details.

We wondered if the non-cell-autonomous effects that we observed between layers in the star
petals were also influencing cell identity within a layer. The revertant sectors observed on star
flowers showed a very abrupt transition between pigmented and non pigmented epidermal cells
(Fig. S5B), together with a quite sharp transition in conical cell shape and size (Fig. S5C). In
particular, we found a clear file of pigmented cells on a star petal and the scanning electron
micrograph revealed that these cells were also conical, in stark contrast with the flat surrounding
cells of the petal mid-vein (Fig. S5D). Therefore we conclude that within the epidermal layer, cell
shape and pigmentation are defined cell-autonomously, suggesting that different processes are at

stake for cell-cell communication between and within layers.
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Transcriptome sequencing of star and wico petals

To better understand the molecular basis for the star and wico phenotypes, we performed RNA-Seq
on total petal tissue at three developmental stages, including wild-type and phdef-151 samples. We
chose an early stage (stage 4 as defined in (Reale et al., 2002)) when no major difference between
genotypes is visible by eye, an intermediate stage (stage 8) when tube length is at half its final size,
suggesting that tube growth is still active, and a late stage (stage 12) before limbs are fully
expanded, suggesting that limb growth is still active (Fig. SA). For phdef~151 we only sequenced
second-whorl sepal tissue at stage 12. Principal component analysis showed that developmental
stage is the first contributor to variation in gene expression, while genotype corresponds to the
second axis of variation (Fig. 5B). All samples clustered separately except wico and wild-type
samples which were globally highly similar at all stages. We analyzed one-to-one differential gene
expression between mutant and wild-type samples with DESeq2 (Love et al., 2014) and we found
on average 5,816 deregulated genes in phdef-151, as compared to 1,853 and 1,115 deregulated
genes in star and wico respectively, when averaging for all stages (Fig. 5C, Table S3). There were
generally more downregulated genes than upregulated ones in mutant or chimeric genotypes, and
the number of deregulated genes increased with ageing of the petal in both star and wico (Fig. 5C).
A large proportion of genes (58-61%) deregulated in star or wico samples at stage 12 were also
deregulated in phdef~-151 samples at the same stage (Fig. 5D), as expected since star and wico
flowers are mutant for PhDEF in one cell layer. Genes uniquely deregulated in star or wico flowers
represented 36% of deregulated genes for each, and only 16-29% of deregulated genes were jointly
deregulated in star and wico flowers, consistent with the very different phenotypes of these flowers.
These proportions indicate that the star and wico phenotypes are mostly subtended by the
deregulation of sets of genes also deregulated in phdef-151, together with the deregulation of a
unique set of genes set for each genotype. Altogether these transcriptomes constitute a promising
dataset to identify genes involved in the establishment of petal epidermis and mesophyll identities,

and in tube and limb development.

PhDEF directly binds in vifro to the terminator region of ANI, encoding a major regulator of
petal pigmentation

To evaluate the potential for our transcriptomic dataset to decipher the gene regulatory networks
underlying petal development, we decided to focus our attention on genes involved in petal
pigmentation. Indeed, the players and regulatory pathways involved in anthocyanin biosynthesis in

the petal epidermis have been extremely well described but their relationship with the specifiers of
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petal identity, to whom PhDEF belongs, is so far unknown. The absence of pigmentation in star
petals, the restoration of pigmentation in late revertant sectors and the phenotype of the pink wild-
type flowers prompted us to investigate the direct link between PRDEF expression and petal
pigmentation. For this, we examined the 504 genes down-regulated in both phdef-151 and star
samples (at any stage) but not deregulated in wico samples (Table S4), and we found 24
anthocyanin-related genes in this gene set (out of a total of 41 in the whole genome), which
constitutes an exceptionally high enrichment for this gene function (p < 0.001, Fisher’s exact test).
In particular, we found the genes encoding the major regulators ANTHOCYANINI (AN1), AN2,
PH4 and DEEP PURPLE, as well as many genes encoding anthocyanin biosynthesis enzymes, in
this dataset. We hypothesized that, since PADEF is expressed throughout petal development, the
most upstream genes in the anthocyanin production pathway might be direct targets of PhDEF. Of
particular interest for us were the genes 4N/ and 4AN2, encoding transcription factors taking part in
the MBW regulatory complex triggering anthocyanin biosynthesis in the limbs (Spelt et al., 2000;
Quattrocchio et al., 1999), whereas DEEP PURPLE is mostly involved in tube pigmentation ( Albert
et al,, 2011), and PH4 in vacuolar acidification of petal epidermal cells but has no role in
anthocyanin production (Quattrocchio et al., 2006). Therefore, we aimed to test if PhDEF could be
a direct activator of ANT or AN2 expression.

We first attempted to predict PhDEF binding on the genomic sequences of AN and AN2.
For this, we used the high-quality transcription factor (TF) binding profile database Jaspar (Fornes
et al., 2020; Sandelin et al., 2004), using position weight matrices for each TF to compute relative
binding scores that should reflect in vitro binding preferences (Stormo, 2013). The exact DNA-
binding specificity of PhDEF has not been characterized, but only the one of its Arabidopsis
homologs AP3 and PI (Riechmann et al., 1996b). Therefore, since PADEF DNA-binding specificity
might be slightly different to those of AP3 and PI, we decided to predict binding for all MADS-box
TFs available in Jaspar 2020, accounting for 23 binding profiles (Fornes et al., 2020). This approach
should identify high-confidence CArG boxes (the binding site for MADS-box proteins), and we still
paved a special attention to AP3 and PI predicted binding sites (Fig. 6). As a validation of this
strategy, we analyzed the genomic sequence of PADEF and found a high-confidence CArG box in
the PhDEF promoter (visible by the presence of good predicted binding sites for several MADS-
box proteins and therefore appearing as a clear black line in Fig. 6A, and indicated by a red arrow),
also predicted to be a high-affinity binding site for both AP3 and PI, lying in a region shown to be
important both for 4P3 petal-specific expression and for its auto-activation in Arabidopsis, and
extremely conserved between distantly-related flowering plants (Wuest et al.,, 2012; Hill et al.,
1998; Rijpkema et al., 2006). We next applied this predictive approach to the genomic sequences of
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ANI and AN2. The genomic region of AN/ appears to be a good binding environment for MADS-
box proteins, with several high-confidence CArG boxes predicted (Fig. 6B). In particular, we
predicted a binding site (4N/-bsI) with a very high score, for all MADS-box proteins and for AP3
and PI in particular, in the terminator region of the AN/ gene. In contrast, in the genomic region of
AN2 we found only sites with moderate binding scores (Fig. S§7), therefore we decided not to
investigate this gene any further.

To determine if PhDEF could indeed bind to ANI-bsl and potentially regulate AN7
expression, we performed gel shift assays using in vitro translated PhDEF and/or PhGLO1 proteins
(Fig. 6C). We found that, when incubating a 60-bp fragment containing ANI-bs1 in its center with
either PhDEF or PhGLO1, no shift in migration was visible, meaning that neither protein could bind
to this site alone. However when incubating AN/-bs! with both PhDEF and PhGLO1 proteins, we
observed a clear shift in migration, consistent with the obligate heterodimerization of these proteins
for DNA binding (Riechmann et al., 1996a). A control 60-bp fragment named 4AN/-bs2, also located
in the AN/ terminator region but predicted to have a very low binding score (relative score under
0.8 both for AP3 and PI), was indeed not bound by the PhDEF + PhGLO1 proteins, showing that
our assay was specific. Therefore PhDEF, when dimerized with PhGLO1, is able to bind to a
putative regulatory region in AN/, suggesting that it might regulate ANI expression. Although
additional assays are needed to validate this binding in vive and the regulatory action of PhDEF +
PhGLO1 on ANI, this constitutes to our knowledge the first evidence of a putative direct link
between petal identity regulators and petal pigmentation.
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hypothesized that the petunia petal is formed similarly. Consistently, we only obtained two
phenotypic classes, star and wico, suggesting that L3-specific PADEF expression probably might
only lead to a phdef mutant phenotype.

Different cell layers drive tube and limb growth

The star and wico phenotypes revealed that in petunia petals, the epidermis is the main driver for
limb growth while the mesophyll is the main driver for tube growth. Kutschera and others proposed
the epidermal-growth-control theory (Kutschera and Niklas, 2007; Kutschera et al., 1987), where
the epidermis is under tension and restricts growth from the inner tissues; therefore, the inner tissues
drive organ growth but the epidermis determines the final size of the organ. This theory has been
based on physical experiments performed on the shoot from several organisms: inner tissues expand
when they are separated from the epidermis that retracts. However, this is opposed by genetic
evidence suggesting that the epidermis can also be an active driver of shoot growth, and that
signaling between layers coordinates growth at the organ level (Savaldi-Goldstein et al., 2007).
Moreover, seemingly opposing conclusions have been drawn using different mutants and genetic
systems (Savaldi-Goldstein and Chory, 2008), leading to the idea that any layer could be driving
organ growth, depending on the species, the organ or the gene studied. In the case of the petunia
petal, it is not entirely surprising that the epidermis would be the active driver of limb growth, since
the limb mesophyll tissue is thin and lacunous. In particular, petal edges whose mesophyll tissue is
L1-derived, can only grow if L1-derived cells are actively expanding or dividing. The fact that the
tube growth is L.2-driven is consistent with its tissue architecture (large mesophyll cells with less

lacunes than in the limbs) and as such, it behaves more like a shoot.

Observing these apparently conflicting growth behaviours, one may wonder how general our
observations are. In Antirrhinum majus (Antirrhinum) and Arabidopsis, periclinal chimeras for
orthologs of PADEF (DEF and AP3 respectively) or PhGLO1/PhGLO2 (GLO and PI respectively)
have been previously obtained (Perbal et al., 1996; Vincent et al., 2003; Efremova et al., 2001;
Boubhidel and Irish, 1996; Jenik and Irish, 2001). In Antirrhinum, expression of DEF only in the L1
layer largely restores petal development, particularly in the limbs, in contrast to the 1.2/1.3 specific
DEF or GLO expression which causes reduced limb growth (Perbal et al., 1996; Vincent et al.,
2003; Efremova et al., 2001). Petals are fused into a tube in Antirrthinum flowers, but the tube 1s
much more reduced than in petunia, hence conclusions on tube length restoration in the chimeras
were not drawn by the authors. However, in light of our results, it is clear that Antirthinum chimeras

expressing DEF or GLO in the 1L.2/1.3 layers restore tube development to a higher degree than limb
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development, similar to what we observed. In Arabidopsis that has simple and unfused petals, petal
shape and size were never fully restored when 4P3 was expressed in one cell layer only (Jenik and
Irish, 2001); in contrast epidermal expression of PI was sufficient to restore normal petal
development (Bouhidel and Trish, 1996). Therefore, it seems that epidermis-driven limb growth and
mesophyll-driven tube growth is a shared property between petunia and Antirthinum petals. We
could thus infer that this property applies to the whole clade of euasterids I to which the two species
belong. Interestingly, euasterids mainly form flowers whose petals are fused into a tube, with a
likely single origin for petal fusion (Zhong and Preston, 2015), suggesting the attractive but highly
speculative hypothesis that petal fusion and layer-driven growth of tube vs. limbs could have arisen

simultaneously.

Autonomous and non-autonomous effects of PADEF expression on petal traits

Our study revealed that petal traits were affected differently by layer-specific PhDEF expression
(Fig. S6). For instance, epidermal pigmentation is a clearly autonomous trait, since star petals are
not pigmented except when wild-type revertant sectors arise. On the contrary, epidermal cell shape
appears to behave as a partially autonomous trait since star epidermal cells are domed, but larger
and flatter than wild-type conical cells. Finally, organ size and shape are specified non-
autonomously in sub-domains of the petal: PhADEF expression in the L1 or L2 is sufficient to
specify correct shape of the limbs or correct size and shape of the tube respectively, suggesting that
in these petal domains, layer-specific PADEF expression is sufficient to signal cells from the other
layer to grow normally. The mechanisms for this inter-layer communication remain unknown. We
were not able to detect PhDEF protein localization in the star and wico flowers so far, therefore we
do not know if the PhDEF protein itself might be moving between layers, which would be the
simplest mechanistic explanation for the non-autonomous traits that we observe. Indeed, in
Antirrhinum petals expressing DEF in the L2/L3 layers, the DEF protein was found in small
amounts in the epidermis (Perbal et al., 1996). In contrast, Arabidopsis AP3 and PI proteins are
unable to move between cell layers (Urbanus et al., 2010). In any case, even if the PhDEF protein
moves between layers in our chimeric flowers, it is likely to be in small amounts only, otherwise
both flower types would have a wild-type phenotype. Therefore, it is unlikely to be the reason for
tube and limb correct development in the star and wico flowers. Alternatively, the non-autonomous
effects that we observed might be triggered by mechanical signals transmitted between layers. For
instance, in star flowers normal growth of the mesophyll could merely drag along epidermal cells,
since cells are connected by their cell walls, which could be sufficient to trigger their expansion and

division. More specifically, conical cells are shaped by a circumferential microtubule arrangement
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controlled by the microtubule-severing protein KATANIN, and altering this arrangement affects
conical cell shape (Ren et al., 2017). Microtubule arrangement responds to mechanical signals
(Hamant et al., 2008), which are likely to be transmitted between layers. Therefore, it is possible
that the formation of domed cells in the star epidermis is merely triggered by mechanical signals
from the growing underlying layer, independent of any petal identity specifier. The molecular or
physical nature of the signals involved in communication between layers deserves to be explored in

full depth.

Towards the gene regulatory networks of petal development

Our star and wico material granted the opportunity to explore the gene regulatory networks driving
petal development in petunia, more specifically by decoupling tube vs. limb development on one
hand, and epidermis vs. mesophyll development on the other hand. However, these effects are
confounded in our dataset, since mesophyll and tube development are linked in star flowers,
whereas epidermis and limb development are linked in wico flowers. Further analyses, like for
instance sequencing the transcriptome from star and wico limb and tube tissues separately, would
help uncouple these effects. Anyhow, to evaluate the potentiality of our transcriptomic dataset to
yield functional results, we focused our analysis on anthocyanin-related genes since we expected
them to be downregulated in the white petals of star flowers, and because the anthocyanin
biosynthesis and regulatory pathways are very well characterized. Therefore, we examined the
presence of anthocyanin-related genes among genes downregulated both in star and phdef-151
samples, but not deregulated in wico samples. We found a very high number of anthocyanin-related
genes in this dataset, suggesting that the initial triggering event for most of the anthocyanin
production pathway was missing in star flowers. Most of these genes were downregulated in star
samples from stage 8 onwards, which is consistent with the late appearance of pigmentation in the

limbs of wild-type petals.

Finally, we investigated the direct link between PhDEF and petal pigmentation and found
that, in vitro, the PADEF + PhGLOI protein complex directly binds to a good predicted binding site
in the regulatory region of ANI. Specifically, this site lies in the terminator region of ANI, which 1s
not incompatible with an activating role in transcription, through DNA looping to the promoter
(Jash et al., 2012) or by promoting transcription termination and reinitiation (Wang et al., 2000).
Therefore, we hypothesize that PhDEF directly activates 4ANI expression, thereby triggering the
petal pigmentation program. Indeed petunia an/ mutants have completely white petals, consistent
with the most upstream position of AN1 in the anthocyanin regulatory pathway (Doodeman et al.,
1984; Spelt et al., 2000). If confirmed, the fact that PhDEF regulates the expression of pigmentation
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genes would contribute to fill the « missing link » between the identity of a floral organ and its final

appearance (Dornelas et al., 2011).
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MATERIALS AND METHODS
Plant material, growth conditions and plant phenotyping

The phdef-151 plants were obtained from the Perunia x hybrida W138 line and were grown in a
culture room in long day conditions (16h light 22°C; 8h night 18°C; 75-WValoya NS12 LED bars;
light intensity: 130 pE). The wico and star flowers were repeatedly obtained from several different
phdef-151 individuals and were maintained by cuttings. Plant and flower pictures were obtained
with a CANON EOS 450D camera equipped with objectives SIGMA 18-50mm or SIGMA 50mm.
To measure tube length, the flower was cut longitudinally and photographed from the side. To
measure limb area, the limbs were flattened as much as possible on a glass slide covered with
transparent tape and photographed from the top. The photographs were used to measure D1 and D2
lengths and limb area with Image].

Genotyping

Extraction of genomic DNA from young leaf tissue was performed according to Edwards et al.,
1991. The region spanning the dZphl insertion site in PhADEF was amplified using primers
MLY0935/MLY0936 (Table S1). PCR products were separated on a 2% agarose gel, fragments of
interest were purified using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel), and

sequenced with Eurofins SupremeRun reactions.
In situ RNA Hybridization

Floral buds from wild-type, 2 wico and 1 star lines were fixated overnight in FAA (3.7%
formaldehyde, 5% acetic acid, 50% ethanol), cleared in Histo-clear and embedded in paraffin to
perform 8 um sections. PhDEF ¢DNA was amplified from wild-type petunia inflorescence cDNAs
with primers MLY1738/MLY 1739 (Table S1), generating a 507 bp fragment excluding the part
encoding the highly conserved DNA-binding domain. The digoxigenin-labeled RNA probe was
synthesized from the PCR fragment by in vitro transcription, using T7 RNA polymerase
(Boehringer Mannheim). RNA transcripts were hydrolyzed partially for 42 min by incubation at
60°C in 0.1 M Na,COs/NaHCO; buffer, pH 10.2. Later steps were performed as described by
(Canas et al., 1994). For imaging, slides were mounted in Entellan (Sigma) and imaged with a Zeiss

Axio Imager M2 light microscope equipped with a Zeiss Axio Cam HRc camera.
Scanning Electron Microscopy (SEM)

Scanning electron micrographs were obtained with a HIROX SH-1500 bench top environmental

scanning electron miscroscope equipped with a cooling stage. Samples were collected and quickly
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imaged to limit dehydration, at -5°C and 5 kV settings. For cell area and length measurements,
pictures were taken from 3 petal tubes and 3 petal limbs from different wild-type, star and wico
flowers. For each sample, 3 pictures were taken and 5 cells (for the tube) or 10 cells (for the limbs)
were measured for each picture. Measures were performed with TmageJ by manually drawing the

outline or length of the cells.
RNA-Seq

Petal tissue was collected at 1 pm from several plants steming from a single star line, a single wico
line, and several individual wild-type plants (progeny of a single star flower) and phdef-151 plants
(progeny of the same star flower). Tube length was macroscopically measured to compare stages,
the corolla was cut open and stamens were removed as much as possible from the corolla by pulling
on the filaments fused to the tube. One biological replicate contains total petal tissue from 2
flowers. Tissue was grounded in liquid nitrogen and RNA was extracted with the Spectrum Plant
Total RNA Kit (Sigma) including on-column DNase digestion (Sigma). RNA integrity and quantity
were determined by a Bioanalyzer RNA 6000 Nano assay (Agilent). Libraries were prepared with
poly-A enrichment and single-end 75-bp sequencing was performed on a NextSeq 500 platform
(Illumina). 16 to 23 million reads were recovered per library. Reads were checked for quality with
FastQC v0.11.4 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), adaptors and low-
quality ends were trimmed with Cutadapt v 1.16 (Martin, 2011) and custom Perl scripts. The
reference genome sequence used for transcriptome analysis is the Petunia axillaris v1.6.2 HiC
genome published in (Bombarely et al., 2016) and further scaffolded by HiC by DNAzoo
(Dudchenko et al., 2017, 2018); gene annotations were transferred from the published assembly to
the HiC-scaffolded version using Blat (Kent, 2002), Exonerate (Slater and Birney, 2005) and
custom Perl scripts. The complete set of reads was mapped on the reference genome sequence using
HISAT2 v2.2.1 (Kim et al., 2015) to identify splicing sites, before performing mapping sample per
sample. Reads per gene were counted using FeatureCounts v1.5.1 (Liao et al., 2014). DESeq2
version 3.12 (Love et al., 2014) was used with R version 4.0.3 to perform the Principal Component
Analysis and the differential gene expression analysis. Genes having less than 10 reads in the sum
of all samples were considered as non-expressed and discarded. Genes were considered to be
deregulated if log2FoldChange > 1 or < -1, and p-adjusted value < 0.01. Venn diagrams were built
with InteractiVenn (Heberle et al., 2015).

Prediction of MADS-box TF binding sites

Genomic sequences, starting 3 kb upstream the START codon and ending 1 kb downstream the
STOP codon, from PhDEF, AN1 and AN2 were scanned with all MADS-box TF matrices included
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in the Jaspar 2020 database (http://jaspar.genereg.net), only removing matrices from AGL42 and
AGL55 which are much shorter than the other matrices and therefore yield much higher scores.

Relative scores above 0.86 were plotted against their genomic position.
Electrophoretic Gel Shift Assays (EMSAs)

CDS sequences from PHDEF and PhGLOI were amplified from Pefunia x hybrida R27
inflorescence ¢cDNAs with primers MLY2382/MLY2383 and MLY2384/2385 respectively (Table
S1) and cloned into the in vifro translation vector pSPUTK (Stratagene) by Ncol/Xbal restriction.
From these vectors, the PhDEF and PhGLO1 proteins were produced with the TnT SP6 High-Yield
Wheat Germ Protein Expression System (Promega) according to the manufacturer’s instructions.
The genomic sequence from AN/ terminator (0.8 kb) was amplified from Petunia x hybrida R27
genomic DNA with primers from Table SI and cloned into pCR-BluntII-TOPO (ThermoFisher).
Binding sites were amplified from these plasmids with primers listed in Table S1, with the forward
primer labelled with Cy3 in 5°. The labelled DNA was purified and incubated with the TnT in vitro

translation mixture as described in (Silva et al., 2015) before loading on a native acrylamide gel.
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Figure 1. Macroscopic description of the star and wico flowers.

(A-J) Wild type (A, B), phdef-151 (C, D), star (E, F) and wico wico (G, H) flowers from a top and
side view respectively. Scale bar: | cm. (I) Schematic cross-section of a wild type flower, showing
stamens (in green) partially fused to the petal tube. The region of the tube fused to stamens is

named D1, and the region of the tube where stamens are free is named D2, as defined in (Stuurman
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et al., 2004). (J) Average length of regions D1, D2 and total tube length in wt, star and wico
flowers. (K) Average limb area in wt, star and wico flowers. (L) Average ratio between limb area
and tube length in wt, star and wico flowers. n =7 wt flowers, n= 12 star flowers from 4 different
branches, n= 18 wico flowers from 5 different branches. Student's t test (* p <0.05, ** p <0.01,

*#% p < 0.005). Error bars represent + s.e.m.
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Phenotype Allele Nucleotidic sequence Protein Sequence
wt PhDEF CCAGTA------ CTEG--—=—-== CAAGCTTCAT DAKVSIIMISS--TG--KLHEFIS
phdef phdef (+8) CCAGTA----—~- CTGGCAGTCTGGCAAGCTTCAT DAKVSIIMISS--TGSLASFMNSL (+22aa)*
phdef (+7) CCAGTA------ CTGGC-GTCTGGCAAGCTTCAT DAKVSIIMISS--TGVWQAS*
star PhDEF CCAGTA---=-=-~ CTGG-======= CAAGCTTCAT DAKVSIIMISS--TG--KLHEFIS
phdef (+6a) CCAGTA------ CTGG--GTCTGGCAAGCTTCAT DAKVSIIMISS--TGSGKLHEFIS
phdef (+6b) CCAGTA------ CTGGCA-T-TGGCAAGCTTCAT DAKVSIIMISS--TGIGKLHEFIS
wico PhDEF CCAGTA------ CTEG- s rmome CAAGCTTCAT DAKVSIIMISS--TG--KLHEFIS
phdef (+6a)  CCAGTA------ CTGG--GTCTGGCAAGCTTCAT DAKVSIIMISS--TGSGKLHEFIS
phdef (+6c) CCAGTA------ CTGGCA--CTGGCAAGCTTCAT DAKVSIIMISS--TGTGKLHEFIS
phdef (+6d)  CCAGTAGCCAGTCTGG----—=== CARGCTTCAT DAKVSIIMISSSQSG--KLHEFIS

Figure 2. Sequencing the PhDEF excision alleles in star and wico flowers.

(A) PhDEF gene model indicating the position of the d7phl insertion in the first exon (black

triangle) and the primers used for subsequent amplification and sequencing (in red). (B) Amplicons

o~

PFwadw

generated with primers spanning the dTph! insertion site, on genomic DNA from phdef-151 second

whorl organs and star and wico sepals and petals. The large fragment still contains the dTph !
transposon inserted (expected size: 407 bp), while small fragments result from different events of

dIphl excision (expected size: 115 bp) and were subsequently sequenced. (C) The small PADEF

fragments from (B) were sequenced in the second whorl organs of flowers with a phdef (n = 2), star

(n = 14) and wico (n = 14) phenotype. The nucleotidic sequence and predicted protein sequence are

indicated, with STOP codons represented by a star. Additional nucleotides or amino-acids as
compared to the wild-type sequences are indicated in red. n = number of independent reversion

events where the same excision footprint was found.
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Figure 3. Localization of the PhDEF transcript in wild-type, star and wico flowers by in situ
hybridization.

Longitudinal sections of wild-type (A, B, C), star (D, E, F) and wico (G, H, I) flowers or young
petals hybridized with a DIG-labelled PADEF antisense probe. At the earliest stage chosen (A, D,
G), sepals are initiating and PhDEF is expressed in the future petal / stamen initiation domain. Note
that if the section was not performed at the center of the flower, the PADEF signal might artificially
appear to be in the middle of the flower (as in D) whereas it is actually on its flanks. At the middle
stage chosen (B, E, H), stamens (white arrowhead) and petals (red arrowhead) are initiating, and
PhDEF is expressed in both primordia. PADEF expression is also detected at the tip of young petal
limbs (C, F, I). se: sepals. Scale bar: 50 um.
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Figure 4. Epidermal cell identities in wt petals and sepals, and star and wico petals.

(A) From left to right: wt petals, wt sepals, star petals and wico petals cut open longitudinally to
show areas used for scanning electron microscopy and cross-sections. Petals were subdivided into
limb and tube area, and sepals were subdivided into a distal and a proximal part, as shown by the
dotted white rectangles. (B) Representative scanning electron micrographs from the adaxial side of
a wt petal, wt sepal, star petal and wico petal (from left to right). The red arrow points to a stomata
and the white arrow points to a trichome. Scale bar: 30 pm. (C) Average limb cell area from the
adaxial side of wild-type, star and wico petals (n = 30 cells). Student's t test (* p < 0.05, ** p <0.01,
*#k p < 0.005). (D) Average tube cell length from the adaxial side of wild-type, star and wico petals
(n =45 cells). Wilcoxon rank sum test (* p < 0.05, ** p < 0.01, *** p < 0.005). Error bars represent

+s.e.m. (E) Limb area from wild-type (top) and wico (bottom) petals, after their adaxial epidermis
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was manually peeled. For wt, the upper half of the picture shows the white underlying mesophyll.

For wico, the green triangular area shows the green (chloroplastic) underlying mesophyll
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Figure 5. Gene deregulation in star and wico petals.

(A) Flowers from wild-type, star, wico and phdef-151 at stages 4, 8 and 12 (only stage 12 for phdef-
151), whose petals or sepals were harvested for transcriptome sequencing. Flowers at anthesis are
shown for comparison. Scale bar: 1 cm. (B) Principal Component Analysis plot of the samples after
analysis of variance with DESeq2, showing that the first principal component corresponds to the
developmental stage and the second principal component corresponds to the genotype. (C) Number
of upregulated and downregulated genes in star, wico and phdef-151, as compared to wild-type at
the corresponding stages. (D) Venn diagram recapitulating the number of deregulated genes in star,
wico and phdef-151 petal samples at stage 12, as compared to wild-type, and their different
intersections. Each sector contains the number of deregulated genes, and between parenthesis is the
percentage of genes that it represents from the total number of deregulated genes in the
corresponding sample, with a colour code (red = percentage of deregulated genes from star

samples / blue = from wico samples / black = from phdef-151 samples).
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Phenotype of the progeny (%o of the total)

phdef wild-type pink wild-type

wico-1 15 (94%) 1 (6%)
wico-2 14 (88%) 1 (6%) 1 (6%)
Wico-3 16 (100%)
wico-4 15 (94%) 1 (6%)
Wico-5 16 (100%)

Parent flower wico-6 12 (100%)
wico-7 12 (100%)
star-1 11 (46%) 4 (17%) 9 (38%)
star-2 4 (25%) 4 (25%) 8 (50%)
star-3 7 (29%) 5(21%) 12 (50%)
star-4 3 (19%) 3 (19%) 10 (63%)

Table 1. Progeny of the star and wico flowers after selfing.

7 wico flowers and 4 star flowers have been selfed and their progeny has been phenotyped and

classified into phdef, wild-type or pink wild-type phenotype. Summing the star progeny for the 4

parents gives 25 phdef, 16 wild-type and 39 pink wild-type plants, which is not significantly

different to a 1:1:2 ratio (chi-square test, p = 0.22). Note that for wico, we found 4 plants with wild-

type or pink wild-type flowers in the progeny, and all of them were linked to the presence of a de

novo transposon excision from the PADEF locus, restoring either a PADEF+6 (in the case of pink

wild-type progeny) or a wild-type PADEF (in the case of the wild-type progeny) allele.
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Résumeé

La premiere fleur, apparue il y a environ 250 millions d’années, est vue comme une innovation de
I’évolution. En effet, cette structure reproductrice est particuliérement efficace, en particulier grace
a sa capacité a attirer des pollinisateurs, ce qui assure une fécondation croisée et un brassage
génétique crucial au maitien des espéces. La fleur est a la fois une structure robuste a 1’échelle intra-
spécifique, puisque son organisation ne varie pas au sein d’une espéce, et une structure plastique a
I’échelle inter-spécifique, puisque une grande variété de morphologies florales sont observables
chez les plantes a fleurs. La fleur montre donc une grande évolvabilité, ce qui a fasciné Darwin en
son temps, qui a qualifié I’apparition et la diversification rapide des plantes a fleurs d’« abominable
mystére ». Au cours de ma carriére de recherche, je me suis intéressée a I’évolution de la fleur sous
des angles moléculaires, génétiques et développementaux, en utilisant différentes approches et
différentes espéces modeles. Pendant ma thése, j’ai étudié 1’évolution biochimique de LEAFY, un
régulateur clé de la formation de la fleur, pourtant aussi présent dans le reste des plantes terrestres
qui ne forment pas de fleurs. Au cours de mon post-doc, je me suis intéressée a la base génétique et
développementale de la robustesse du patron floral, en étudiant la perte variable de pétales chez la
Cardamine. Enfin, je m’intéresse actuellement aux processus du développement du pétale chez
Petunia, et en particulier a la contribution des différentes couches cellulaires du pétale a sa
morphologie finale. Ces différentes étapes de mon parcours m’ont permis d’avoir un regard large
sur les processus évolutifs et développementaux des plantes.

Summary

The first flower, that appeared around 250 million years ago, is generally seen as a key
evolutionary innovation. Indeed, this reproductive structure is particularly efficient, in particular
because it attracts pollinators, which ensures cross-pollination and the maintenance of genetic
diversity important for species survival. The flower is, on the one hand, a robust structure at the
intra-specific scale, since its organization does not vary within a single species, and on the other
hand, a plastic structure at the inter-specific scale, since a very large diversity of floral
morphologies can be found in flowering plants. The flower is highly evolvable, which fascinated
Darwin who qualified the emergence and rapid radiation of flowering plants as an “abominable
mystery”. Throughout my research career, I have studied flower evolution under its molecular,
genetic and developmental aspects, using a wide range of approaches in different model species.
During my PhD, I investigated the biochemical evolution of LEAFY, a key regulator of flower
formation, but still present in other land plants that do not form flowers. During my post-doc, I
got interested in the genetic and developmental basis for floral bauplan robutness, through the
study of variable petal loss in Cardamine. Now, I am investigating the process of petal
development in Petunia, and in particular the role of cell layers in petal final morphology. These
different steps of my research career have given me a large vision on plant evolutionary and
developmental processes.



	One may wonder if the star and wico flowers are merely a peculiarity found in petunia and if any conclusions drawn with this system will be general. In snapdragon and Arabidopsis flowers, periclinal chimeras for orthologs of PhDEF (DEF and AP3 respectively) or PhGLO1/PhGLO2 (GLO and PI respectively) have been previously obtained (Perbal et al., 1996; Vincent et al., 2003; Efremova et al., 2001; Bouhidel and Irish, 1996; Jenik and Irish, 2001; Urbanus et al., 2010). In snapdragon, expression of DEF only in the L1 layer largely restores petal development, particularly in the limbs, in contrast to the L2/L3 specific DEF or GLO expression which causes reduced limb growth (Perbal et al., 1996; Vincent et al., 2003; Efremova et al., 2001). Petals are fused into a tube in snapdragon flowers, but the tube is much more reduced than in petunia, hence conclusions on tube length restoration in the chimeras were not drawn by the authors. However, in light of our results, it is clear that snapdragon chimeras expressing DEF or GLO in the L2/L3 layers restore tube development to a higher degree than limb development, similar to what we observed. In Arabidopsis that has simple and unfused petals, petal shape and size were never fully restored when AP3 was expressed in one cell layer only (Jenik and Irish, 2001; Urbanus et al., 2010); in contrast epidermal expression of PI was sufficient to restore normal petal development (Bouhidel and Irish, 1996). Therefore, it seems that epidermis-driven limb morphogenesis and mesophyll-driven tube morphogenesis is a shared property between petunia and snapdragon petals, but not shared with Arabidopsis petals. From this, and although we are well aware that there are only two examples from the literature, we might conclude that this property is shared by species from the orders of Lamiales and Solanales, to which Antirrhinum and Petunia respectively belong. This might account for about 28,000 species (Encyclopedia Britannica), i.e. about 8-9 % of flowering diversity, which is not insignificant.
	Could we imagine any benefit of having clonally-independent cell layers then? We observed in petunia that growth of the petal tube and limbs are driven by different cell layers. This property grants modularity to the process of petal development, since tube and limb can develop more or less independently. Developmental modularity is generally believed to be linked with a higher potential to evolve (evolvability) by allowing for co-option of entire modules for new functions and reducing pleiotropic effects of mutations (Wagner and Altenberg, 1996; Verd et al., 2019). For instance, if we imagine that a mutation affects a gene controlling growth of mesophyll cells specifically, this would modify tube length without modifying limb area, thereby reducing the pleiotropic effect of the mutation.
	Although this is highly speculative, evolution of petal morphology in the Petunia genus fits in this conceptual framework: tube length and limb area have varied independently during Petunia evolution. The Petunia genus contains around 20 wild species whose phylogeny has been reconstructed (Reck-Kortmann et al., 2014) (Fig. 3-7). A short petal tube, as is observed in P. inflata, is very likely the ancestral state. A long-tube clade emerged once in the genus, and is represented today by P. axillaris and P. exserta among others. P. exserta, with its reduced limb area and everted petals, is likely recently-derived from a P. axillaris-like ancestor (Sheehan et al., 2016). Several traits have coevolved at once in the Petunia genus, giving rise to distinct pollination syndromes (Galliot et al., 2006) (Fig. 3-7). For instance, P. inflata flowers have a short and wide tube, are pigmented by anthocyanins and do not emit much volatiles, and these traits are associated to diurnal pollination by bumblebees. In contrast, P. axillaris flowers have a long and narrow tube, lost their petal pigmentation but do emit large amounts of volatiles, which is associated to nocturnal pollination by hawkmoths with a long proboscis. Tube length likely restricts nectar accessibility to certain pollinators; however it is only one of the multiple traits that were modified during pollination syndrome evolution, and it is unknown if this trait drove or only reinforced pollinator selection, leading in fine to reproductive isolation between emerging species (Rodrigues et al., 2018).

