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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). 

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).
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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.

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 l’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
Magallón, 2018), of which two are central to me: 
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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  Magallón,  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) (Blázquez 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  AP1
(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

10



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).

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  PhGLO2. 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; François 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: François 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 I  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 II”, 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.

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; Barrière 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  I  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.

Figure  1-2.  Prediction  and  in  vitro  validation  of
LFY binding sites in intronic sequences of AG and
SHP.
(a) Predicted binding score for Rosa chinensis LFY on
aligned intronic sequences of  AG (Arabidopsis),  AG
and  SHP from Rosa rugosa (Rr) and  Fragaria vesca
(Fv). 
(b) Gel shift assays of LFY-BS1 sites from  AG and
SHP introns from various rose species, tested with the
Rosa  chinensis LFY  protein.  Only  the  shift  in
migration is shown here, the lower and higher bands
represent the monomeric and dimeric binding states of
LFY respectively.
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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  APETALA1
(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 lfy 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  lfy  ap1
double mutants that produce leafy shoots. In Cardamine, we have found that  lfy 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  François  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  APETALA1 (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.

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
(ChAP1) locus did not alter petal number much). Conversely, variable petal number could be obtained in A.
thaliana by inserting the ChAP1 locus into an ap1 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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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
accessions.

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 µm.

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  AtAP1 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  ap1 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
cuc1/2 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  AP1
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, I 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  bri1 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 phglo1 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.

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. 

Figure 3-2:  Layer-specific  excision  of  the  dTph1 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 dTph1
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 µm.

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.

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

a. Splitting into layer-specific GRNs

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  ML1 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, PhDEF might not have access to the same target genes to
regulate. 

b. Uncovering the PhDEF layer-specific GRNs

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 I 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.

28



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. 

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.

c. Petal pigmentation as a model to study petal epidermal identity

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  AN1 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  AN1 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 PhDEF 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-bs1 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 PhDEF 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  AN1 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  IP
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.

d. Diving into non-cell-autonomous effects

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
development. These genes might be involved in cell
expansion (for instance through cell wall modification
or  turgor  pressure  building),  in  cell  division  (for
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Fig. 3-6: Photograph (A, scale bar = 4 mm) and 
scanning electron micrograph (B, scale bar = 200 
µm) of a wico tube, showing buckling of the tissue.



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).

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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Résumé

La première fleur, apparue il y a environ 250 millions d’années, est vue comme une innovation de
l’évolution. En effet, cette structure reproductrice est particulièrement efficace, en particulier grâce
à  sa  capacité  à  attirer  des  pollinisateurs,  ce  qui  assure  une fécondation  croisée  et  un brassage
génétique crucial au maitien des espèces. La fleur est à la fois une structure robuste à l’échelle intra-
spécifique, puisque son organisation ne varie pas au sein d’une espèce, et une structure plastique à
l’échelle  inter-spécifique,  puisque une grande variété de morphologies florales sont observables
chez les plantes à fleurs. La fleur montre donc une grande évolvabilité, ce qui a fasciné Darwin en
son temps, qui a qualifié l’apparition et la diversification rapide des plantes à fleurs d’« abominable
mystère ». Au cours de ma carrière de recherche, je me suis intéressée à l’évolution de la fleur sous
des  angles  moléculaires,  génétiques  et  développementaux,  en  utilisant  différentes  approches  et
différentes espèces modèles. Pendant ma thèse, j’ai étudié l’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 à 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  à  la  contribution  des  différentes  couches  cellulaires  du  pétale  à  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).

