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Résumeée

Dans le domaine des plantes, la formation de la fleur a été un pas crucial dans la
capacité des végétaux a coloniser une grande diversité de niches écologiques sur notre
plancte. Les deux especes Petunia x hybrida et Arabidopsis thaliana représentent deux groupes
majeurs des plantes a fleur. Nous avons montré que les genes a homéodomaine d’une
famille appelée WOX (Wuschel homeobOX) sont fortement impliqués dans le
développement des organes dotés de polarité (dont les feuilles et des organes de la fleur :
sépales, pétales, carpelles). Un double mutant (waw mawb), chez le Pétunia, développe des
pétales en forme de filament, avec disparition du tube floral. De plus, nous avons
découvert que ces mémes genes interagissent au niveau génétique avec d’autres genes
(appelés genes a boite MADS) dans la formation des ovules, structures a partir desquelles
les graines se forment. Nous avons aussi montré que des genes de la méme famille sont
impliqués dans la formation d’autres structures chez le Pétunia : les trichomes ou poils
aériens de surface. Ces derniers sont impliqués dans plusieurs taches, qui vont de la
protection contre les pathogenes a celles contre les stress abiotiques. Grace a des études de
génétique fonctionnelle nous avons pu montrer un recrutement différentiel des genes
WOX ici étudiés, dépendant de l'organe et de I'espéce. Ces travaux de thése montrent
I'importance de cette famille génique pour les études d’evo-devo (Biologie Evolutionniste
du Développement). Finalement, une analyse de RNA-Seq (séquencage du transcriptome),

dévoile les réseaux génétiques controlés par ces genes WOX.



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

Les deux espéces étudiées, Pesunia x hybrida (nom commun : Pétunia) et Arabidopsis
thaliana (nom commun : Arabette), représentent bien les deux groupes majeurs des
eudicotylédones, auxquels ils appartiennent, respectivement les Asteridae et les Rosidae. A
cela il faut ajouter que ces deux especes montrent deux types d’architecture florale bien
distincts : pétales fusionnés (avec formation d’un tube floral) pour le Pétunia, pétales
séparés pour I’Arabette. La fusion des pétales représente une barriere pre-zygotique
fondamentale dans la séparation entre espéces, du fait que une (seule) espece de plante peut
développer une relation monogamique avec une (seule) espece de pollinisateur. Le
pollinisateur aura une morphologie adaptée a celle de la fleur de 'espece partenaire. Chez le
Pétunia, il a été montré que mutations dans le gene MAEWEST (MAW) produisent des
fleurs a pétales partiellement séparés (Vandenbussche et al. 2009). Cela est da au fait que
Pexpansion latérale des pétales est affectée, empéchent leur fusionnement dans la coté
distale. Ces défauts d’expansion latérale des organes ne sont pas limités aux pétales, mais ils
s’étendent a tous les organes dotés de polarité, tels que les carpelles et les sépales dans la
fleur, et aussi les feuilles. Ces observations suggerent un réle tres large pour MAW dans le
développement végétal, li¢ a la capacit¢ de MAW de controler le développement
médiolatéral des organes latéraux des plantes (tels que les feuilles, sépales, pétales,
carpelles). MAW code pour un facteur de transcription 2 homéodomaine appartenant a la
sous-famille MAW/WOX1 des génes WOX (Wuschel related homeobOX), genes spécifiques
des végétaux. Dans la sous-famille MAW/WOXI1, deux génes sont répertoriés chez
I’Arabette : WOXT et WOXG6. Toutefois, ni les mutants simples wox7 et wox6, ni le double
wox1 wox6 n’ont montré un phénotype altéré. Par contre, le mutant wox7 prs chez I’Arabette
(Vandenbussche et al. 2009) montre un phénotype comparable a celui des mutant zaw chez
le Pétunia, a savoir que les pétales et les sépales sont tres étroits. Cet observation est plutot
remarquable si on considére que le gene PRS (lui aussi un WOX), fait partie de la sous-

famille WOX3/PRS : Les génes WOX3/PRS n’ont pas la méme structure génique que les
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génes de la sous-famille MAW/WOXI. Il faut remarquer que, si pétales et sépales sont
séverement affectés chez les mutants wox7 prs d’Arabette, les carpelles, au contraire,
gardent un phénotype sauvage, ce qui marque une différence avec le Pétunia. Ces
observations suggerent un recrutement différentiel des genes WOX au cours du

développement des végétaux.
Objectif

Dans ce projet, nous avons adopté a la fois une approche génétique et comparative
pour comprendre les différentes relations fonctionnelles des genes WOX entre le Pétunia
et PArabette, et une approche moléculaire pour cadrer les fonctions géniques dans leurs

réseaux géniques respectifs.
Résultats

Afin d’effectuer une analyse comparative des tous les membres des sous-familles
MAW/WOXT1 et PRS/WOX3 dans les deux espéces, nous avons analysé les fonctions des
génes Ph-WOX3 et Ph-WOX3B (sous-famille PRS/WOX3), et un deuxiéme membre de la
sous-famille MAW/WOX1, Ph-MAWB, chez le Pétunia. Nous avons obtenu les
correspondants a partir de notre collection des lignées a transposons (collection basée sur
le transposon dIphT) et nous avons analysé les mutants et combinaisons de mutants

suivants : zawb, maw mawb, wox3, wox3b, wox3 wox3b, maw mawb wox3 wox3b.

Le mutant zawbh montre un phénotype sauvage, alors que le double mutant zaw mawb
nous a révélé un phénotype tres intéressant : pétales et sépales (mais aussi les feuilles) sont
trés étroits, ce qui améne a la disparition complete du tube floral. Les carpelles sont
raccourcis et non fusionnés, par rapport au WT, avec production de carpelles
surnuméraires. Nous avons pu montrer, avec analyse au microscope électronique a
balayage (MEB), que ces carpelles surnuméraires dérivent trés probablement de la

transformation homéotique des ovules.
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Une différence remarquable entre les réles des genes MAW/WOXT chez le Pétunia et
chez I’Arabette, est représentée par le fait que chez le Pétunia les mutants maw et maw mawb
sont affectés aussi au niveau des carpelles. A Topposé, cela n’a pas été observé chez
I’Arabette dans les mutants pour les genes orthologues. Apres analyse phénotypique et
statistique sur différents mutants pour les génes WOXT7 et WOX6 (sous-famille
MAW/WOX1), et PRS (sous-famille PRS/WOX3), le triple mutant wox? prs wox6 s’est
révélé affecté au niveau du développement du stigma. Ce fait est donc dans la méme
direction que les précédents. Néanmoins, seulement un peu moins d’1/4 des fleurs chez les
plantes wox1 prs wox6 montre un phénotype au niveau du stigma. Il faut aussi remarquer
que les ovaires et le style restent de phénotype sauvage, ce qui pourrait indiquer que, chez
I’Arabette, d’autres genes sont impliqués avec les WOX dans le fusionnement des carpelles

au niveau du style et de ovaire.

Dans le modele actuel du développement de la fleur, le développement des différents
organes est régulé par des génes appartenant a différentes classe (A, B, C et D), avec les
genes de classe C et D impliqués dans le développement des ovules. Chez le Pétunia, nous
avons montré une interaction entre les génes de la lignée D et les génes MAW/WOXT
avec la production de mutants multiple pour FB7, FBP11, MAW et MAWB. Dans ces
mutants multiples, nous avons observé la transformation homéotique compléte des ovules
en carpelles. Ce phénotype est identique a celui des mutants pour les génes C et de la lignée
D déja décrits en littérature (Heijmans et al. 2012a), ce qui suggere pour la premiere fois
I'implication des genes de la sous-famille WOX1 dans lidentité des ovules. Les mutants

multiples obtenus ont été caractérisé au niveau phénotypique (MEB et photographie).

Nous avons aussi testé la capacité de Ph-MAW de restaurer le phénotype sauvage dans
le mutant wox1 prs d’Arabette. Nous avons observé une restauration du phénotype presque

compléte, ce qui suggere la capacité de Ph-MAW d’agir au sein du méme réseau de
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régulation génique chez I’Arabette, que nous supposons étre conservé entre les deux

especes.

Pour identifier les réseaux géniques affectés par la perte de la fonction WOX, ainsi que
pout identifier les cibles directes de MAW/MAWB, nous avons adopté une approche
transcriptomique. Plus précisément, une analyse RNA-Seq sur le WT, le mutant zaw et le
double mutant maw mawb a été effectuée en collaboration avec la Scuola Superiore

Sant’Anna de Pise (Italie), dans le cadre de la cotutelle de thése.

Le nombre des genes différentiellement exprimés (DEGs) partagé par les trois
différentes conditions testées (W'T, waw, et maw mawb) est autour de 2.600. Parmi ces genes,
nous avons sélectionné uniquement les genes avec un profil d’expression ou le mutant maw
montre clairement un niveau d’expression intermédiaire entre le WT et le double mutant.
Nous avons identifié et annoté environ 550 DEGs présentent ces profils. Parmi ceux-ci,
nous avons répertorié plusieurs genes liés a 'auxine, ainsi que des génes a2 homéodomaine.
Cette analyse, en plus de donner un cadre général des réseaux génétiques controlés par
MAW et MAWB, pourra permettre des cibler des candidats intéressants pour I'analyse
fonctionnelle. Dans cette méme démarche, la construction inductible pMAW:GR-MAW a
été introduite dans le double mutant maw mawh, avec I'objectif d’identifier par analyse
transcriptomique les cibles directes de MAW aprés induction de pAMAW:GR-MAW par

dexaméthasone.

Pour compléter ’analyse comparatives des sous-familles WOX1 et WOX3, nous avons
analysé les double mutants wox3 wox3b de Pétunia, qui se sont révélés affectés au niveau de
la production de trichomes, ce qui montre un role différent pour les génes PRS/WOX3
chez le Pétunia par rapport a ’Arabette. Notamment, les plantes ont révélé un aspect plus
glabre, compatés aux sauvages, particuliérement évident au niveau de la tige et sur la face

adaxiale des feuilles et des bractées. Au contraire, le développement des trichomes au
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niveau de la fleur semble étre moins affecté. Ces observations ont été confirmées apres
caractérisation phénotypique et analyse au MEB. Pour supporter le lien entre le phénotype
observé et la mutation dans PRS et WOX3B chez le Pétunia, nous avons exploité la
susceptibilité de notre lignée a I'excision du transposon dIph1. Normalement, 'excision va
créer une emprunte de 8 pb (« fantéme »). I peut néanmoins arriver que la taille de cette
trace soit différente. Si la taille est 3 pb ou un multiple de trois, le cadre de lecture est
restauré. Si la mutation étudiée et le phénotype observé sont liés et le cadre de lecture est
restauré, la plante peut potentiellement montrer un phénotype WT (donc, avec restauration
du phénotype avec trichomes). Nous sommes en train d’étudier les patrons d’expression de

PRS et WOX3B par hybridation 7 situ.
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1. Introduction

Angiosperms’ story: Why flowers matter

Flowering plants have always fascinated biologists and natural philosophers, even
before the emergence of biology as a separate and defined discipline. The two ways to
understand a flower, Development and Ewvolution, have evolved in parallel for a long time
before fusing together in modern evo-devo. The integration of genomics into evo-devo has
been a major step in recent years (de Bruijn et al. 2012). Taxonomists have been able to
quantify part of the diversity of angiosperms: More than 300,000 different species of
flowering plants have been identified (304,419 accepted names of different angiosperm
species can be found in catalogues (“The Plant List (2013). Version 1.1.”). Each of these
species is defined by specific morphological characters. Most of these chatacters are linked
to flower structure and organization, partly because flowers are immediately appealing the
eye (simplifying the task to researchers), partly because, as reproductive structures, they are
extremely important for plant species, and represent a major target for natural selection.
However, morphological characters are just the tip of an iceberg, the result of tightly
regulated developmental processes. These processes are mostly made possible by
underlying gene regulatory networks, in which some genes are more or less dispensable,
whereas other genes play a fundamental role. Often, these fundamental genes are called
master regulators because they control other genes on their turn involved in other gene
regulatory networks. Master regulators genes typically code for transcription factors,

proteins able to bind DNA and perform transcription, starting a regulatory cascade.

The core of this doctoral project is the understanding of the functional and
evolutionary role of a handful of plant-specific transcription factors, belonging to the

WOX (Wuschel homeobOX) family. We focused our attention on these particular OX

20
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genes because of their dramatic effects on plant morphology, in particular at the flower
level. The importance of WOX genes in the evolutionary process is not fully understood,
as well as their role in leading to the astonishing diversity of floral and plant forms that we
can observe today. For these reasons, WOXes represent an interesting area of research for

plant evo-devo.

Plant evo-devo

Gocthe, the famous German philosopher, is usually referred to as among the firsts to
realize that “all is leaf”, recognizing that flower organs (ze., sepals, petals, stamens, and
carpels) are different manifestations of leaves. Goethe probably intended the homology
among leaves and flower organs only in idealist terms (Friedman and Diggle 2011),
meaning that he didn’t think in an evolutionary perspective (70 years separate his VVersuch
die Metamonphose der Pflangen zu erkliren from On the Origin of Species). This is well illustrated by
a famous picture, drawn by the botanist and illustrator Pierre Jean Francois Turpin
(published in 1837), of a primitive, ideal plant (Goethe et al. 1837; Minelli 2009) which was
intended as an archetype for all plants. This is distant from our current view of plant
development and evolution. However, years before the famous sentence of Goethe, the
botanist Caspar Friedrich Wolff already stated that flower organs are transformed leaves (as
acknowledged by the same Goethe). Wolff founded his statements not upon an archetypal
plant, but from the direct observation of the shoot apex and the fact that leaves and flower
organs share a similar way of development. Moreover, Wolff demonstrated that leaf
primordia are not miniature leaves that will slowly grow till their final size (in fact,
preformationist ideas were still largely spread in the biology of the time) (Friedman and

Diggle 2011), in this way setting the basis of modern plant morphology and development.

Accurate morphological analyses of flower development were later performed, in a

parallel way to the work of zoologists of the time concerning embryo development in
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animals. However, these developmental observations were not concerned with evolution.
Only after the birth of the “Theory of evolution by means of natural selection” of Darwin
(and Wallace), the problems of morphology and development could be finally seen in the
light of evolution (Dobzhansky 1973). Charles Darwin, in a famous letter (“Darwin
Correspondence Project”), defined the emergence of angiosperms as an “abominable
mystery”, referring to the apparently abrupt emergence and rapid diversification of
flowering plants during the Cretaceous period. This observation was questioning some
crucial points of the evolutionary theory: Rapid and possibly saltational zersus long and
gradual evolutionary processes (Friedman 2009). To explain the rapid emergence of
angiosperms in the fossil record, Darwin even postulated the existence of a small continent
in the Southern hemisphere as a birthplace for angiosperms, suggesting their cryptic

evolution in that place before spreading all over the world.

Interestingly, in the same letter Darwin was also reporting an ecological explanation,
attributed to botanist Gaston de Saporta: The interaction between flowers and insects
(Friedman 2009) which, nowadays, is considered as a major driver of flower evolution

(Grimaldi 1999; Batrett and Willis 2001).

Fossil flowers, phylogeny and genes

The direct evidence for the emergence of early flowers is mainly linked to their
discovery as fossils or fossil traces. Several mesofossils of early flowers (small fossils of few
millimeters in size, still visible at naked eye but requiring some kind of microscopic
technique for an accurate analysis) are known from the Cretaceous period; fossil traces,
such as fossil pollens, can be dated back till the Hauterivian (early-Cretaceous) about 136
Myr ago (Frohlich and Chase 2007). The presence of flowering plants even much before, in
the Jurassic period, has also been suggested, accordingly to recently published phylogenies

based on molecular and morphological characters (Zeng et al. 2014) (see also the
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International Chronostratigraphic Chart in Chapter VII — Materials and Methods —
Appendix I, for further details about geological times nomenclature). If flowering plants
really emerged in the Jurassic, then a striking parallel between the emergence of flowering
plants and pollinators may explain the rapid diversification of angiosperms (Zeng et al.
2014), confirming the ecological explanation reported by Darwin in his famous letter
(Friedman 2009). Recent studies, based upon relaxed clock analyses, provided evidence for
phylogenetic proliferation of angiosperms taking place in the Early Cretaceous (Magallon et
al,, 2015). This do not exclude possible earlier emergence of angiosperms, however, further
studies might better compare angiosperm and insect diversification in that period, therefore
providing evidence (or not) concerning the “ecological explanation”. Although the fossil
record might virtually provide excellent tests for different scenarios (for example, by
accidental discovering of “missing links” fossils) (Frohlich 2003), the cutrent absence of a
clear stem-group fossil flower is problematic (even a famous discovery, the Archacfructus,
doesn’t seem to be a stem-group angiosperm) (Sun et al. 2002; Frohlich and Chase 2007).
For these reasons, morphological and phylogenetic analyses (including molecular

phylogenies) represent a major way to understand the emergence of angiosperms.

The origin of carpels and hermaphrodite flowers

Modern phylogenies state that extant gymnosperms are monophyletic, and
consequently they are all equally distant from flowering plants (Frohlich and Chase 2007;
Xi et al. 2013). From a morphological point of view, ovule structure and organization can
be considered the main discriminant between gymnosperms and angiosperms. In fact,
angiosperm ovules are protected by carpels, whereas Gymnosperms are not always
protected by specific structures. This is eatly observation of botanists was marked in their
definition: Gymno- (from Greek yopvog, e “naked”) and angio- (from Greek ayygwov, ze.
“receptacle”). Plants “beating naked seeds/ovules” versus plants provided with “protected

seeds/ovules”. Of course, we nowadays know other (and, possibly, motre important)
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differences between gymnosperms and angiosperms. However, the general absence of
protecting structures in gymnosperms matked their etymology in botanical textbooks
forever. In angiosperms, carpels provide fundamental facilities for their reproduction, such
as mechanisms for pollen recognition (including pollen self-incompatibility), or pollen-
capture trough the stigma (the apical part of the carpel) and papillae (finger-like structures
supported by the same stigma), which represents specific characters of angiosperms. Carpel
tissue is transformed into fruit after pollination, ensuring seed dispersal/protection as well
as a fundamental source of food for mankind (Scutt et al. 2006). Like other floral organs,
carpels are probably derived from leaves. The problem has been how to explain this
process from an evolutionary perspective. Different theories have been looking for
complex and long-lasting intermediate steps leading to modern angiosperm features (such
as hermaphroditism or ovule coating). A more radical view of the origin of carpels and
hermaphrodite flowers has recently been developed [supported, among others, by Mathews
and Kramer (Mathews and Kramer 2012)]. This view is of interest because it very well
frames also the findings, illustrated in this thesis, concerning the evo-devo role of WOX

genes.

At the core of this view of plant development is the modular organization of plants
and the special role played by meristems. The gene WUSCHEL (WUS) in Arabidopsis
plays a central role in organizing the shoot apical meristem, maintaining stem-cell niches
there, whereas other genes [such as CLLAI"ATA3 (CL173)] are involved in restricting the
role of WUS. Interestingly, the same WUS is also needed for proper ovule development:
WUS is expressed in the nucellus (the distal part of the ovule) and waus mutants expressing
the CLI7:WUS construct resulted in naked ovules, without integuments (CLI/7 is

expressed in the meristem but not in the ovule) (Gross-Hatdt et al. 2002).
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The placenta is the meristematic structure from which ovules emerge, and ovules are
characterized by being determinate structures. Mathews and Kramer (2012) noticed that
ovules display analogies with apical meristems: Ovules express WUS and they have their
own “lateral organs” (the integuments, expressing adaxial-abaxial sets of genes typical of
lateral organs, such as HDZIPIII or KANADI). A similar genetic module can be found one
step back, at the carpel level. Carpels can also be described as structures analogous to
lateral organs. In fact, carpels use genetic modules from the peripheral zone of meristems
(PZ) in a female reproductive background (Mathews and Kramer 2012). Highlighting the
fact that similar genetic modules can be found behind different morphological structures
(such as leaves, carpels and ovule integuments) leads to the possibility that, during plant
evolution, simple genetic shifts resulted in the rapid and independent emergence of these

structures among different lineages.

Leaf development: A snapshot

All the components of the flower derive from leaves. For this reason, it is of interest to

rapidly describe what is known about the developmental pathways leading to a leaf.

PRODUCTION OF PRIMORDIA - In Arabidopsis, leaf primordia originate from
the shoot apical meristem (SAM), in which auxin maxima form. Production of auxin
maxima is associated with proper patterning of PIN1 proteins (auxin efflux carrier)
(Reinhardt et al. 2003; Traas and Monéger 2010) and repression of KINOX genes (Jackson
et al. 1994; Lincoln et al. 1994; Long et al. 1996; Sinha 1999) [N.B., this sequence of events
seems not conserved among all plant species (Tomescu 2009)]. The role of auxin is

therefore fundamental in leaf and lateral organ development among different species.

CELL PROLIFERATION - When leaf primordia are formed, cell proliferation and
proper organ development take place. The final organ derives from the correct interplay

between three different axis of leaf polarity: Proximo-distal (from the base to the tip),
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adaxial-abaxial (the side before the stem, and its opposite), and mediolateral (from the
center to the margins). A genetic basis for the axis of cell proliferation going from the
centre of the leaf till the boundary, which is required to explain lamina expansion, was
firstly provided by the phantastica mutant in snapdragon. phantastica displays leaf-phenotypes
including needle-like (full abaxialization) and string-like leaves (lamina expansion defects),

also depending on temperature (Waites and Hudson 1995).

In Petunia, the maw mutant, central to this thesis, is affected in blade expansion in
leaves and floral organs, leading to a partial lack of petal fusion in the corolla
(Vandenbussche et al. 2009). Among the first mutants for lamina expansion in Arabidopsis,
the ago7 mutant displays narrow leaves, sepals and petals (Bohmert et al. 1998). AGO7
codes for an ARGONAUTE protein requited for m/R165/166 activity. MiR165/166 a
repressor of adaxial-specific HD-ZIP III transcripts in the abaxial region of organs (Kidner
and Martienssen 2004; Mallory et al. 2004; Bowman 2004). More precisely, HD-ZIP IIIs are
HOMEOBOX genes (PHABULOSA, PHAVOLUIA, REVOLUTA), required for
adaxial identity (Otsuga et al. 2001; McConnell et al. 2001). AGO10 (also known as
ZWILLE/PINHEAD) (Lynn et al. 1999) competes with AGO1, in this way repressing
miR165/ 166 activity and protecting HD-ZIP III transctipts (Zhang and Zhang 2012). Other
players of the adaxial side in Arabidopsis include the TAS3 tasiRNA, regulated by
AGO7/ZIP (Hunter et al. 2003, 2006), a trepressor of ETTIN and ARF4 (abaxial-
specxific) (Garcia et al. 2006; Hunter et al. 2006), and MYB genes AS7 ¢ 2 (Byrne et al.
2000; Semiarti et al. 2001). Additionally, AGO7 and AS7 together regulate the abaxial-

specific gene FIL.

CELL EXPANSION - At the end of leaf development, once organ polarity is
established and the final form has been reached, cell proliferation is followed by cell

expansion (Dkhar and Pareck 2014). This process is associated with endoreduplication
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(D’Amato, F 1952; Beemster et al. 2005), and forecasted by abrupt arrest of the cell cycle
along the proximo-distal axis (from the tip to the basis of the leaf) (Donnelly et al. 1999).
Since this is a coordinated process, a cell-cycle arrest front moves along the leaf

(Andriankaja et al. 2012).

All the previous steps (emergence of primordia, cell proliferation, and cell expansion)

are common to leaves but also lateral organs in general, including flower organs.

Petunia: The evolution of a model system

The majority of the experimental work reported in this thesis has been performed
using the model species Pefunia x hybrida, characterized by the following floral formula:
CasCo(5)AsG(2). The genus Petunia is native of South-America and belongs to the larger
group of Solanaceae. Interestingly, the name Petunia itself comes from an indigenous
appellation given to Tobacco. Pefunia as a genus was described for the first time by Jussieu
(1803) and then revised by other authors, including De Candolle, till the large revision of
the genus performed by Fries in 1911 (Stehmann et al. 2009). Another landmark in Petunia
taxonomy is at the end of the ’80, the early *90 of the XX Century, when a division
between species with 2n = 18 and species with 2n = 14 was eventually adopted by
taxonomists. “Petunias” with 2n = 18 formed the genus Calibrachoa, and the ones with 2n =
14 formed the genus Petunia, as it is known today (Stehmann et al. 2009). This classification
was further confirmed by molecular phylogenetic analysis (Ando et al. 2005). Petunia x
hybrida (HooK.) Vilm. (garden Petunia, 2n = 14) is reported as obtained around 1834 on
the British Isles, from an intended hybridization event (Stehmann et al. 2009). Wijsman
(Wijsman 1982) proposed, based on taxonomic analysis and herbaria inspection, that only
two species were involved in originating P. x bybrida: P. axillaris, characterized by white
corolla and long petal tube (pollinated by sphyngid hawk moths), and P. inflata,

characterized by purple corolla and short petal tube (pollinated by diurnal bees) (Stuurman
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et al. 2004). Petunia genetic studies were originally developed at the University of
Amsterdam (The Netherlands), and the INRA group in Dijon (France). Unfortunately,
most of the genetic material developed in these centres was loss when these groups were
closed. Along with tomato, and before Arabidopsis, Petunia was originally proposed as an
outstanding model system for the community of plant researchers (Gerats and
Vandenbussche 2005). In fact, Petunia has a life cycle of ~3-3,5 months from seed to seed;
it can be easily reproduced by cutting; it is easy to use for cytogenetic or biochemical
analysis, because of its large flowers and leaves; large sets of mutants are available; standard
and efficient protocols for stable transformation (van der Meer 2006; Avila and Day 2014)
and virus induced gene silencing (VIGS) (Broderick and Jones 2014) have been developed
(Gerats and Vandenbussche 2005). Today, an outstanding interest of Petunia relies on the
fact that Petunia can be used to address questions that can’t be addressed in Arabidopsis:
Flower colour; root-mycorrhyza interaction; petal fusion; production of volatile organic
compound; or pollination syndromes. For laboratory purposes, three different cultivars of

P. x hybrida are widely used: The W138 line, Mitchell, and V26.

W138 is a Petunia line of which its compact architecture is particularly well adapted to
high densitity cultivation in green-house and growth chamber culture. The W138 is an
high-copy number transposon line with more than 200 copies of the dIph7 transposon in
each plant and ~20-40 copies moving from one generation to the next one (dIph7 is a
ClassII DNA-DNA transposon, similar to the well known the A¢/Ds- system) (Gerats et
al. 2013). This line has been widely used to create transposon-based mutant collections
(Vandenbussche et al. 2008), such as the in-house collection from which the mutants used
in this study are derived (Morel et al., unpublished). The dIph7 transposon has a length of
~284 bp (Gerats et al. 1990) and, depending on in which region the insertion takes places,
it can (or not) impair gene functionality. Because of its small size, insertions outside of the

CDS/inside intronic regions are unlikely to distupt gene functionality (unless in some
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special cases, in which intronic regions have a regulatory function, or when the insertion
impairs correct splicing). Insertions in the promoter +5’'UTR or into the exonic region can
affect gene functionality. In the first case, another possible effect is a change in the
expression pattern of the gene. When the insertion is located in an exon into or upstream
of a functional region (e.g., DNA binding domains, functional domains, etc.) it is likely that
the resulting mutant will be a full knock-out. Note that, again due to its small size, d1ph7
insertions in coding sequences usually do not lead to changes in transcript levels, with the
exception of insertions into the coding sequence of genes coding for autoregulatory
transcription factors. Instead the 4Iph1 sequence is usually co-transcribed in the mRNA.
However, translation results in truncated proteins, since dIph! encodes multiple stop
codons in all six possible reading frames. As stated before, the JIph7 transposon can
undergo excision and move elsewhere in the genome. In this case, d1ph7 typically leaves an
8 bp footprint at the original insertion site, corresponding to the target site duplication
(Levin and Moran 2011) that maintains the mutation because of the frameshift. More
rarely, the footprint left behind is a 3 bp sequence (or a multiple), therefore restoring the
reading frame and, possibly, gene function. Other events include excision with restoration
of the WT sequence (no footprint left), and deletions in which part of the genomic
sequence is taken away by the excision process. Also in these cases, gene functionality can
be restored along with the correct reading frame. One drawback of the W138 line is that it
is virtually not transformable as a pure line. However, F; progeny detrived from W138

crosses with e.g. V26 or Mitchell (see further) displays superior transformation capacity.

The “Mitchell” line is a doubled-haploid derived from the 7z vitro culture of anthers
from a plant obtained by crossing P. axillaris X (P. axcillaris X P. x hybrida, cv. “Rose du Ciel”).
Mitchell was widely used in the ’80 as genetic system because of the high degree of

homozygosity (Kole 2011). Nowadays, the Mitchell line is especially useful for its genetic
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transformability using Agrobacterium. Mitchell retains some aspects of P. axillaris, such as

longer stems and white, bigger flowers, compared with other cultivars.

The V26 line is also efficiently transformable with Agrobacterinm tumefaciens (van der
Meer 2000), and typically displays datk putple flowers. Although not growing as high as

Mitchell, V26 displays also a much less compact growth habit than W138.

Until recently, no sequenced genome was available for the Petunia system. The Petunia
Genome Consortium made available, to participating laboratories, including the Evolution
& Development of the flower team in the RDP, the draft sequences of P. axillaris and P.
inflata in 2010. The two sequenced genomes are, for the moment, available only as scaffold
assemblies (P. inflata N50 406 Kb; N90 2,450 Kb - P. axillaris N50 309 Kb; N90 1,051 Kb;
Petunia genomes assemblies Status at February 2014 — unpublished presentation), meaning that it
is not possible to establish the exact scaffold order, or to map sequences on chromosomes.
Additionally, a consensus GFF file (coordinate file of the genome) is not currently available
tor P. axillaris and P. inflata. Despite of that, we have obtained and implemented different
GFT files suitable for RNA-Seq analysis. We also developed a de novo transcriptome aimed
at helping bio-informatics analysis of gene sequences, for example, by facilitating the

identification of upstream and downstream regions of the coding sequence.
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I1. The role of WOX genes in flower development
Enrico Costanzo’?, Christophe Trehin! & Michiel 1 andenbussche’.

The following chapter has been partly published in “Costanzo et al., The Role of WOX Genes in Flower
Development., Annals of Botany, 2014, 114 (7): 1545-53. doi:10.1093/a0b/mcul23” by permission of Oxford
University Press (license number 3577101105448 — figures —, and license number 3577100998064 — text —).

BACKGROUND:

WOX (Wauschel-like homeobOX) genes form a family of plant-specific HOMEODOMAIN transcription factors, the
members of which play important developmental roles in a diverse range of processes. I’OX genes were first
identified as determining cell fate during embryo development, as well as playing important roles in maintaining
stem cell niches in the plant. In recent yeats, new roles have been identified in plant architecture and organ
development, particularly at the flower level.

SCOPE:

In this review, the role of WOX genes in flower development and flower architecture is highlighted, as evidenced
from data obtained in the last few years. The roles played by IWOX genes in different species and different flower
organs are compared, and differential functional recruitment of WOX genes during flower evolution is
considered.

CONCLUSIONS:

This review compares available data concerning the role of IWOX genes in flower and organ architecture among
different species of angiosperms, including representatives of monocots and eudicots (rosids and asterids). These
comparative data highlight the usefulness of the WOX gene family for evo-devo studies of floral development.

KEYWORDS:

Arabidopsis thaliana; EVERGREEN/WOX9; HOMEOBOX; MAW/WOX1; PRS/WOX3; Petunia X hybrida;
WOX genes; WUSCHEL; eudicots; flower development; monocots; plant evo—devo.

"Laboratory of Reproduction and Development of Plants, UMR5667, Ecole Normale Supérienre de Lyon,
Lyon, FRANCE

Istituto di Scienge della Vita, Scuola Superiore Sant’Anna, Pisa, ITALY

33



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

WOX genes are HOMEOBOX genes
The > than 250,000 wild species of flowering plants display an incredible diversity of

flower shapes (Krizek and Fletcher 2005), whose architectural traits (such as fused versus
free-standing petals and large versus narrow petals) can be very different from one species to

another.

Despite the fact that the genetic basis of organ identity in the flower is well understood
nowadays, thanks to the development of the ABCE model of flower development, mainly
based of the MADS BOX gene family (Smaczniak et al. 2012; Heijmans et al. 2012b;
Bowman et al. 2012), little is known about organ shape and the general morphology of the
flower, for which such a general model is still lacking. Interestingly, whereas MADS BOX
genes are involved in organ identity at the flower level in plants, organ identity in animals is
based on a completely different class of genes, the HOMEOTIC BOX (or HOMEOBOX)
genes (Holland 2013). First discovered in the fruit fly Drosophila melanogaster (Carroll 1995;
Castelli-Gair 1998), HOMEOBOX genes derive their name from William Bateson’s
concept of homeosis, since mutations in these genes may led to transformation of one part
of the embryo into another one during development (Robert 2001). At the molecular level,
HOMEOBOX proteins ate characterized by the HOMEODOMAIN, composed of 60
amino acids on average and arranged in space with a N-terminal arm plus three a helixes
able to bind DNA (Wolberger 1996). At least 14 different classes of HOMEOBOX genes
(where specific conserved domains, in addition to the shared HOMEODOMAIN, can be
found) have been described in plants, from angiosperms to red algae, and many of them

have been shown to play a role in plant development (Mukherjee et al. 2009).

Plant HOMEOBOX genes sharing sequence identity with the gene WUSCHEL (A#WUS)
from arabidopsis are referred as WOX (Wuschel related homeobOX) genes. A+WUS was
identified as a central player in stem cell maintenance in the shoot apical meristem (SAM),
although not required for SAM initiation (Laux et al. 1996; Liu et al. 2011). The name
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wuschel apparently derives from the bristled and bushy phenotype of the mutants, in which

ectopic meristems are repetitively produced and prematurely terminated (Laux et al. 1996).

Since the discovery of A~WUS, several IWOX genes have been characterized in different
species. Other members of the WOX family are usually referred as “IWOX” followed by an
Arabic numeral (with few exceptions), and can be grouped in different subfamilies or

subfamilies (van der Graaf et al. 2009; Vandenbussche et al. 2009).

WOX genes play different roles in plant development

In arabidopsis, WOX genes have been shown to play a broad role in plant development,
from stem cell maintenance at the meristem level (IWUSCHEL in shoot meristem, WOX4
in cambium, WOX5 in root meristem) till embryo patterning (Laux et al. 1996; Haecker et
al. 2004; Ananda K Sarkar et al. 2007; Ji et al. 2010). We know from Picea abies that all the
major WOX subfamilies, with the exception of the MAW/WOX1 subfamily, probably
originated before the separation of angiosperms from gymnosperms. A relationship
between WOX gene number and body pattern complexity among different species, all
from the ‘green lineage’ (a grouping of land plants and green algae), has also been proposed
(Hedman et al. 2013). In fact, WOX genes can be divided into three different lineages that
are supposed to reflect their ancestry: an ancient lineage (comprising A+W0OXT70, Az
WOX13, ArWOX14 and their homologues), an intermediate lineage (comprising Az
WO0X8-9-11-12 and their homologs), and a new or “WUS” lineage (other times called
“WUS clade”, see Nardmann and Werr 2013), comprising AAPOXT to 7, including
WUSCHEL (Haecker et al. 2004; Nardmann and Werr 2012). Moreover, WOX genes
from the WUS lineage are absent from green algae, bryophytes and ferns (with the
exception of Leptosporangiatae). Further diversification, sub-functionalization and
recruitment in different stem-cell niches of these genes in angiosperms (but also

gymnosperms), has been considered as contributing to the body plan diversity and
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evolutionary success of these groups (Nardmann and Werr 2012). At the molecular level,
the acquisition of repressive activity by proteins from the modern lineage, mainly due to an
aminoacidic domain called the “WUSCHEL box” (see red box on gene pictograms in Fig.
1), has been proposed to play a major role in this process (Lin, Niu, McHale, et al. 2013).

In this review we will further focus on the implication of WOX gene function during floral

development.
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FIG.1 Phylogenetic tree of WOX sequences

WOX sequences from different species (Am, Antirrhinum majus; At, Arabidopsis thaliana; Mt,
Medicago truncatula; Ns, Nicotiana sylvestris, Ph, Petunia X hybrida; Os, Oryza sativa;
S1, Solanum bycopersicum; Zm, Zea mays) are clustered into different subfamilies
(WOX3, WOX1, WUS, WOXD9) after phylogenetic analysis. The phylogenetic
tree is based on the HOMEODOMAIN sequences. The WOX13 sequence
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(dark red) from arabidopsis is used as outgroup. To support WOX
relationships, 1000 bootstrap samples were obtained using the software
TREECON (Van de Peer and De Wachter, 1994). Bootstrap values <65 %
are not shown and corresponding branches are displayed as unresolved. On
the right of the tree, gene structure is displayed for most of the WOX gene
sequences (solid blue bars are used for exons and thin black lines for introns),
also depicting conserved amino acidic boxes (HD, HOMEODOMAIN; red
rectangle, WUSCHEL box; green rectangle, MAEWEST /WOX4 box, as in
Vandenbussche et al., 2009). In addition, conserved amino acid residues are
displayed for the MAEWEST/WOX4 box and the WUSCHEL box. Note
that WOX sequences also display characteristic C-terminal motifs with
functional properties (not shown), as illustrated in Vandenbussche et al.
(2009). Where not specified, accession numbers are the same as in
Vandenbussche et al. (2009); Mt-STF (AEL30892.1), Nt-STF1 (AEL30893.1)
and Sl-Compound Inflorescence (NP_001234072.1) are from GenBank. The
WUS LINEAGE (also called WUS clade, see Nardmann and Werr 2013), that
is, the modern lineage of WOX genes to which the same WUS belongs, is
highlighted on the left.

At-WUSCHEL is required for stem-cell maintenance in the flower (WUS lineage)
WUSCHEL (WUS) is the founding member of the WOX family and is also representative

of a subfamily, the so called “WUS lineage” (FIG. 1). WUS was initially isolated in
arabidopsis (Laux et al. 1996) and its function has been thoroughly investigated in this

model species.

WUS promotes the identity and maintenance of stem cells, a pool of undifferentiated and
continuously dividing cells located in the central zone of both the SAM and the flower
meristem (FM) (Laux et al. 1996; Besnard et al. 2011). Thus, on a waus genetic background,
the SAM, instead of producing new organs throughout the life of the plant, stops
functioning prematurely in an aberrant flat morphology. However, waus plants are still able
to initiate secondary meristem, but it fails to self-maintain, resulting in plants with a highly
disorganized, bushy architecture. Similatly, wus flowers display many fewer stamens (usually
one or two) and no carpels, consistent with precocious FM termination (Laux et al. 1996).
WUS is therefore necessary for meristem maintenance, but is not requited for their

initiation. Consistent with this function, WUS expression is restricted to a small domain,
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the organizing center, located in the basal part of the central zone, beneath the 1.3 layer in
the SAM and beneath the 1.2 layer in the FM (Mayer et al. 1998). Mechanistically, it is
known now that WUS acts non cell-autonomously to both promote stem cell identity and
directly activate CL.AV.ATA3 (CL173) expression within the central zone (Schoof et al.
2000; Yadav et al. 2011). In turn, the CLE peptide CLV3 diffuses outside of the central
zone, binds to the CLV1 and CLV2/CORYNE receptor kinases and thus triggers the
signaling pathway that eventually leads to the restriction of WUS expression within the
organizing centre (Schoof et al. 2000; Brand et al. 2000; Lenhard and Laux 2003; Nimchuk
et al. 2011; Katsir et al. 2011). Much evidence suggest that POLTERGEIST and
POLTERGEIST LIKE]1 are signaling intermediates between CLV3 perception and WUS
regulation (Yu et al. 2000; Song et al. 2006). WUS is thus part of a negative genetic
feedback loop that ensures the homeostasis of the meristem. Within this loop, it is
interesting to note that WUS is also directly repressing CL177 expression (Busch et al.

2010).

Identification of additional direct WUS targets, such as the A-type Arabidopsis Response
Regulators7 (ARR7), shed light on the way WUS specifies stem cell identity (Leibfried et al.
2005). By repressing the expression of ARR7, WUS counteracts the inhibitory activity of
ARR7 on cytokinin signaling in the center of the SAM (To et al. 2004; Leibfried et al.
2005). WUS can therefore act both as an activator and a repressor of transcription (Ikeda et
al. 2009; Busch et al. 2010), and the WUS box has been reported to be absolutely required
for these two types of activity (Ikeda et al. 2009). The role of WUS as a transcriptional
repressor was further underscored by its interaction with two co-repressors,

WSIP1/TOPLESS and WSIP2 (Kieffer et al. 2006; Long et al. 2006).

Under inductive conditions, the vegetative SAM can switch to an inflorescence SAM

(iSAM or IM) which, instead of producing leaves on its flanks, generates FM. All the data
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gathered on WUS function cannot be generalized to the FM, as exemplified for instance
with TOPLESS RELATEDT and 2, which are repressed by WUS in the SAM but
activated in the FM (Busch et al. 2010), further confirming the complex regulatory
interaction reported eatlier (Ikeda et al. 2009). However, the majority of data are common
to both meristems. This is especially true for the stem cell maintenance process and the
WUS/CLV negative feedback loop, with some minor differences, such as reduced
sensitivity to changes in CLV signaling in the FM compared with the SAM (Laux et al.
1996; Clatk et al. 1997; Mayer et al. 1998; Schoof et al. 2000; Miiller et al. 2006; Yadav et al.
2011). In arabidopsis, the WUS/CLV loop is absent in incipient floral primordia but it is
rapidly set up, with the activation of WUS expression at stage 1, followed by that of CLLI"3
at stage 2-2!/2, However, and contrary to what happens in the SAM, stem cell maintenance
is only transient in the FM (Prunet et al. 2009). Indeed, once all floral organs have been
initiated, activity of the FM stops and the flower becomes determinate. The mechanism
controlling FM termination has been described mainly in arabidopsis. It has been shown to
rely on a second genetic feedback loop that implies WUS and AGAMOUS (AG) (Lenhard
et al. 2001; Lohmann et al. 2001). AAG encodes a C-Class MADS box protein that also
controls the identity of stamens and carpels, the male and female reproductive organs,
respectively (Yanofsky et al. 1990; Bowman et al. 1991). The feedback loop starts with the
activation of AG transcription, at stage 3, by WUS together with LEAFY (LFY), which
acts in a partially redundant way in this process (Yanofsky et al. 1990; Lohmann et al.
2001), and ends up with the repression of WUS in the centre of the FM, at stage 0,
concomitantly with or immediately after carpel initiation. This second part of the loop
absolutely requires AG, making AG the main developmental switch to FM termination.
Thus, on an ag genetic background, flowers are indeterminate and keep producing floral
organs in their centre, and this phenotype coincides with the maintenance of WUS

expression within the FM organizing centre (Bowman et al. 1991; Lenhard et al. 2001,
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Lohmann et al. 2001). FM termination is therefore closely linked to initiation of carpel
development. However, these two processes are not coincident and are uncoupled
although both controlled by AG (Mizukami and Ma 1995; Ji et al. 2011). Very interestingly,
the fact that organizing centre cells retain a molecular identity distinguishable from that of
surrounding cells even after the cessation of WUS expression further confirms the
separation of the two processes but also demonstrate that organizing centre cells persist
after FM termination and are not incorporated into carpels (Liu et al. 2011). Recently, two
different mechanisms of repression of WUS by AG have been reported. They both explain
why AG does not repress WUS expression right from the stage 3. In the first mechanism,
AG represses WUS expression indirectly by activating KNUCKLES (KINU, a C2H2-type
zinc finger transcription factor) expression, which in turn represses WUS expression
directly or indirectly (Sun et al. 2009). In this model, KNU expression is blocked by
repressive marks that are removed in an AG-dependent manner at stage 6. In the second
mechanism, AG also directly represses WUS expression by recruiting polycomb group
proteins (PcG) to WUS earlier than in the first model, at stage 5 (Liu et al. 2011). These
two mechanisms are probably coordinated and act in parallel to each other in terminating

floral stem cell maintenance.

From this detailed analysis in arabidopsis, it is clear now that to make a flower with a fixed
number of floral organs it is of crucial importance that WUSCHEL is switched off at very
precise moments during development of the floral bud. Not all flowering species display
such a rigidly controlled floral organ number within their flowers, which seems to be a
character acquired later in angiosperm evolution. It would be interesting to investigate
whether changes in the WUS regulatory network have occurred during evolution that
might have led to an increased robustness of the system, resulting in fully determined
flower architectures. Likewise, one can question whether floral meristem termination

occurs at the same moment in species with different placentation topologies (Colombo et
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al. 2008). For example in Petunia and rice, which belong to the central placentation types,
the floral meristem remains active after carpel primordia have been produced, because the
placenta (and later on the ovules) develops directly from the floral meristem centre
between the carpels. By contrast, in parietal placentation types such as arabidopsis, the
placenta and ovules differentiate from the medial regions of the carpels after the FM has
terminated. Interestingly, in both rice and Pefunia, it has been shown that both D- and C-
subfamily A4G-like MADS-box proteins participate in floral meristem termination (Dreni et
al. 2011; Heijmans et al. 2012b), with the D-lineage proteins being strongly expressed
during placenta development, while the D-subfamily gene STK in arabidopsis does not
seem to be involved at all in determinacy control (Pinyopich et al., 2003). This regulatory

difference might be a direct consequence of different placentation topologies.

Besides arabidopsis, loss of function mutants for WUS orthologues have been described so
far only in Petunia (terminator) and snapdragon (rosulata) (Stuurman et al. 2002; Kieffer et al.
2000), confirming their role in maintenance of the SAM. Unfortunately, #r and vz mutants
never develop flowering branches, and the roles of TER and ROA in floral meristem
control have therefore not yet been analysed. Expression studies of WUS orthologues are
available for a wider range of species. Perhaps the most remarkable findings have been
presented by (Nardmann and Werr 2006), who showed in grasses that, none of the isolated
WUS orthologues exhibited an organizing centre-type expression pattern in the vegetative
SAM, as in arabidopsis. Instead, it has been shown that the WOX4 orthologue in rice, Os-
WOX4, is involved in SAM maintenance, along with cytokinins (Ohmori et al. 2013).
Moreover, in rice, mutant plants for the LONELY GUY gene, which codes for a
cytokinin-activasting enzyme, ate also affected at the SAM, inflorescence and floral
meristems (Kurakawa et al. 2007). Taken together, these facts suggest major differences in

WUS function in grass species compared with eudicots.
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The PRS/WOX3 subfamily

The second WOX gene that was found to play a role in flower development is arabidopsis
PRESSED FLLOWER (A#PRS, also called WOX3). Mutants for this gene have flowers
with a flattened appearance (hence the name) because lateral sepal development is affected:
they are usually smaller, sometimes with a filamentous appearance, or can be completely
absent (Matsumoto and Okada 2001). Although the size of the abaxial and adaxial sepals is
normal, marginal regions showed defects. .A4~PRS was shown to act independently of organ
identity and meristem size. The expression of A#~PRS was detected at the lateral regions of
all lateral organs at very eatly stages including leaves, flower primordia and floral organ
primordia, despite the fact that phenotypic defects were much more restricted. Because of
its expression pattern and mutant phenotype, A#PRS was proposed to regulate lateral axis-
dependent development of arabidopsis flowers (Matsumoto and Okada 2001). Later, it was
reported that arabidopsis prs mutants also lacked lateral stamens, and were additionally
affected at the leaf level because of the absence of stipules at the leaf base (Nardmann et al.

2004).

Initially, floral mutant phenotypes had not been desctibed for PRS/IW0OX3 homologues in
species other than arabidopsis. Instead, it was shown that zhe NARROW SHEATH 1 and
2 genes in maize are PRS/IW0OX3 homologs (Nardmann et al. 2004) and that they petform
a crucial role in leaf margin development, with the #s7 #52 double mutant displaying a
severely reduced leaf blade (Scanlon et al. 1996, 2000; Scanlon 2000). A very similar leaf
phenotype was found in #al2 na/3 double mutants in rice, with NAL2 and NAL3
(OsWOX3A) being homologous to the maize NS7" and NS2 genes (Ishiwata et al. 2013;
Cho et al. 2013). Interestingly, the widths of lemma and palea were also significantly
reduced in #al2 nal3 mutants (Cho et al. 2013). Since lemma and palea are considered the
equivalent of the eudicot sepals, it indicates that the function of PRS/WOX3 proteins

during floral development is conserved between monocots and eudicots. Rice contains a
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third WOX3 copy, called OsIWOX3B/DEP, but this functions in the regulation of trichome
formation in leaves and glumes (Angeles-Shim et al. 2012). It therefore seems that the

WOX3/PRS subfamily in rice has further functionally diverged.

The MAW/WOX1 subfamily

The evolutionary invention of petals, the usually brightly coloured organs of the flower, is
generally believed to have played a major role in the evolution of pollination syndromes. In
many taxa throughout the angiosperms, petals fuse partly or completely to form a tubular
structure, thereby creating a protective barrier enclosing the reproductive organs and
nectaties in the centre of the flower. The maewest (maw) mutant in Petunia was isolated in a
genetic screen for mutants with defects in petal fusion (Vandenbussche et al. 2009).
Morphological analysis of maw flowers showed that petal fusion defects were mainly due to
a reduced lateral outgrowth of the initially separate petal primordia, which subsequently fail
to properly fuse. Similar defects were found in carpels, resulting in partly unfused carpels,
and also sepals were narrower than wild-type. In addition, leaf blade outgrowth was
considerably reduced along the lateral axis, as observed in floral organs, indicating that
MAW plays a general role in the lateral outgrowth of organs. MAW was shown to encode
a member of the WOXT7 subfamily of WOX transcription factors (Vandenbussche et al.
2009). Similar phenotypes in leaf and flower development were found for mutants of
MAW/WOXT homologues in Medicago truncatula and Nicotiana sylvestris (Tadege, Lin,
Bedair, et al. 2011; Tadege, Lin, Niu, et al. 2011) (McHale and Marcotrigiano 1998; Lin,
Niu, McHale, et al. 2013). In addition, mutants for MAW/WOX1 homologues in two
other different species, narrow organs? in Lotus japonicus and lathyroides in Pisum sativnm
(garden pea), have also been shown to be affected in lateral outgrowth of organs such as
leaves and petals (Zhuang et al. 2012), further showing a broadly conserved role for
MAW/WOXT genes among different dicot species. In contrast, the dramatic maw/wox1
phenotypes found in Petunia, Medicago, Nicotiana, Lotus and Pea are absent in arabidopsis

43



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

wox1, wox6, and woxT wox6 double mutants, showing that WOXT function is redundant
(Vandenbussche et al. 2009), and that other factors can compensate for the loss of

WO0XT1/6 function in Arabidopsis.

Functional ovetlap between MAW/WOX1 and PRS/WOX3 subfamilies
Because mutants of members of both the PRS/WOX3 and MAW/WOXT1 subfamilies in

arabidopsis display a much less severe or no phenotypic difference compared with
homologous mutants in other species (see the two previous paragraphs), and because PRS
and WOXT overlap in expression pattern, it was hypothesized that Arabidopsis WOXT7 and
PRS genes might overlap in function. This was indeed confirmed by the phenotype of wox7
prs double mutants, consistent with their overlapping expression domains at the adaxial—
abaxial boundary layer and at the organ margins (Vandenbussche et al. 2009; Nakata et al.
2012). In contrast to prs single mutant flowers, all sepals (not only the lateral ones) in prs
woxT1 flowers displayed a reduced blade outgrowth, as was the case also for the petals. This
phenotype was also found in leaf development, with wex7 prs leaves displaying obvious
defects in blade outgrowth, while prs mutants were only lacking stipules. These results
clearly indicate that, despite the fact that PRS/IWOX3 and MAW/WOXT subfamilies are
structurally different (FIG. 1), their proteins share a common function in organ
development along the lateral axis. However, note that the carpel fusion defects found in
Petunia, Nicotiana and Medjcago wox1 mutants (Vandenbussche et al. 2009; Tadege, Lin,
Bedair, et al. 2011) were not observed in wox7 prs mutants (Vandenbussche et al. 2009). So
far, functional data for both PRS/WOX3 and the MAW/WOXT subfamily ate only
available in arabidopsis, and it will be interesting to investigate whether this functional
ovetlap also exists in species in which maw/wox1 single mutants do already display a strong
phenotype on their own. Along the same line, loss of wox3/prs function in monocots
results in severe leaf blade reduction, but, remarkably, grasses (including wheat, maize, rice,
and  Brachypodium) do not have WOXT representatives (Nardmann and Werr 20006;
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Nardmann et al. 2007; Vandenbussche et al. 2009) while all other WOX subfamilies are
represented in their genomes. It would be very interesting to investigate whether the
absence of the WOXT7 subfamily in grasses has developmental implications related to

differences in leaf development between monocots and eudicots.

WT

Mutants

Asterids Rosids

FIG. 2 wox mutant flower phenotypes in petunia, Nicotiana, Medicago and arabidopsis
(Vandenbussche ¢ al., 2009; Tadege, Lin, Bedair, ef al., 20114; Lin e/ al., 2013).

A, C, D, E - Wild-type (WT) flower phenotypes for Petunia X hybrida, Nicotiana sylvestris,
Medicago truncatula and Arabidopsis thaliana, respectively. (B) A Petunia wild-type
pistil.

F, H, I, L. - Mutant flowers: mwaw in Petunia (F), lam1 in Nicotiana (H), stf in Medicago (I) and

wox1 prs in arabidopsis (L). (G) A strongly affected maw pistil (carpels
unfused). (C, D, H, I) Courtesy of M. Tadege.

In arabidopsis, A~WOXT7 and A#~PRS have recently been proposed to define a so called
middle domain in leaf development, different from the classical adaxial and abaxial sides of
the leaf, and able to drive blade outgrowth (Nakata et al. 2012). Furthermore, in this model

ArWOXT and A+WOX3 would be at the spatial and regulatory interface of adaxial (HD-
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ZIPIIs, ASYMETIRIC LEAVESTe>2) abaxial (KANADIs, ARFs), or middle-abaxial
(FILAMENTOUS FLOWER) specifying genes (Nakata and Okada 2012; Tsukaya 2013).
This may also imply the role of several hormones. For instance, ASYMMETRIC
LEAVEST and 2 regulate the expression of ARF3 (in both a direct and an indirect way)
(Iwasaki et al. 2013), which probably controls the cytokinin biosynthetic pathway in its turn
(Takahashi et al. 2013). At the same time, KANADI7 is linked to plant hormone pathways
and leaf morphology, usually in a way antagonistic to HD-ZIPIII genes (Reinhart et al.
2013), such as the auxin pathway (Huang et al. 2014), but probably also the cytokinin
pathway, by binding to the ASYMMETRIC LEAVES2 promoter (Merelo et al. 2013). On
the other hand, a study of stengfolia (stf) mutants in Medicago and Nicotiana proposes a role in
modulating phytohormone homeostasis and sugar metabolism, and in this way playing a
role in leaf development (Tadege, Lin, Bedair, et al. 2011). Moteover, a role in cell
proliferation along the adaxial-abaxial boundary has been shown for STF (Tadege, Lin,
Bedair, et al. 2011) and WOXT7&»PRS (Nakata et al. 2012), and a recent paper describes the
interaction between STF and ASYMMETRIC LEAVES2 with TOPLESS along the leaf

margin (Zhang et al. 2014).

EVERGREEN in Petunia is involved in inflorescence architecture (WOX9
subfamily)

The WOX9 subfamily is represented by two genes both in arabidopsis and Pezunia (F1G. 1).
The Arabidopsis representatives are named STIMPY (STIP, WOXY9) and STIMPY-LIKE
(STPL, WOXS8) (Haecker et al. 2004; Wu et al. 2005), and in Petunia EIVERGREEN
(EVG) and SISTER OF EVVERGREEN (SOE) (Rebocho et al. 2008). E1/G, in Petunia,
and COMPOUND INFILLORESCENCE, in tomato, are essential for inflorescence
development and architecture (Rebocho et al. 2008; Lippman et al. 2008). On an ey
background, floral identity is not specified and apical floral meristems develop as

inflorescence shoots instead. Moreover, ezg mutations display defects in the physical
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separation of the apical and lateral meristem, resulting in the formation of a fasciated
meristem. Pefunia displays a cymose inflorescence in which the apical meristem terminates
by forming a FM and growth continues from the lateral or ‘sympodial’ meristem, which
will generate a subsequent sympodial meristem before terminating in a flower. In Petunia,
FM identity is mainly specified by ABERRANT LEAF AND FLOWER (ALF) and
DOUBLE TOP (DOT), which are the homologs of LEAFY and UNUSUAL FLLORAL
ORGANS, respectively (Souer et al. 1998, 2008). Unexpectedly, ET'G is not expressed in
the apical floral meristem but in the sympodial incipient meristem (Rebocho et al. 2008).
Mechanistically, the model assumes EI'G counteracts the effect of an unknown mobile
factor that inhibits DOT expression in the FM, possibly indirectly by promoting

proliferation of the lateral IM and separation from the apical FM.
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FIG. 3 evergreen in Petunia (Rebocho et al., 2008).
Petunia wild-type (A) and ezg (B) inflorescences - Whereas the wild-type follows a typical
zig-zag pattern, making a flower at each node and resulting in a cymose

inflorescence (C), the exg mutant has a fasciated and bushy inflorescence (D),
flowering only occasionally (terminal flowers).

In contrast, WOXS8/STPL and WOX9/STIP in arabidopsis are tequired for embtyo
patterning and vegetative SAM maintenance but not for inflorescence development and
architecture. WOX8/STPL and WOX9/STIP are expressed during eatly stages of embtyo
development with overlapping and specific expression domains (Haecker et al. 2004).
Briefly, only WOXS8/STPL is expressed in egg cell and zygote, whereas WOXS8/STPL and

WOX9/STIP are both expressed after the division of the zygote. However, their
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expression is restricted to the basal daughter cell, which will form the suspensor and the
hypophysis (Haecker et al. 2004). Consistent with this expression pattern, weak wox9/stip
alleles display fewer cells in the basal part of embryo while embryo development of strong
alleles stop at the globular stage, both phenotypes being due to a reduction or a complete
artrest of the cell cycle (Wu et al. 2005, 2007). Interestingly, the wox9/stip phenotype can be
rescued by the addition of exogenous sucrose, although developing carpels are not fully
rescued, further confirming the role of WOX9/STIP in stimulating the cell cycle (Wu et al.
2005). WOX8/STPL was shown to functionally ovetlap with WOX9/STIP in promoting
embryonic cell division (Wu et al. 2007; Breuninger et al. 2008). Later during development,
WOX9/STIP promotes the growth of the vegetative SAM and is required for the
maintenance of WUS expression at the shoot apex. In this regulatory network,
WOX9/STIP acts downstream of the cytokinin signalling pathways (Skylar et al. 2010).
More recently, WOX8/STPL has been shown to promote, along with the expression of

WO0X2, CUC2&3, the establishment of the cotyledon boundary (Lie et al. 2012).

It thetefore seems that EI'G, WOX8/STPL and WOX9/STIP have nothing in common.
However, it is interesting to note that in both arabidopsis and Petunia the constitutive
expression of WOX9/STIP and EV'G causes similar defects, suggesting that the proteins
are functionally very similar and that diversification of EI'G and WOX9/STIP might rely

on alterations in their expression patterns.

SOE, the second member of the WOX9 subfamily in Petunia, displays an expression
pattern very similar to those of WOXS8/STPL and WOX9/STIP in arabidopsis (Rebocho
et al. 2008). Furthermore, the constitutive expression of SOE in Pefunia phenocopies the
ones of EV'G and WOXY9/STIP, further indicating that these proteins are functionally
similar. It has thetefore been proposed that SOE and WOXE/STPL-WOX9/STIP

represent an ancestral gene and that E1/G is a duplicated gene that acquired a new function
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in inflorescence development and a key role in the evolution of cymes (Rebocho et al.
2008). This example illustrates how genes can be recruited upon duplication to undergo a

neo or sub-functionalization process.

Evolution of WOX gene function: Primarily through changes in expression
patterns?

Despite the fact that most of the different WOX subfamilies are structurally quite different
from each other (differences in exon numbers, conserved peptide motifs specific for each
subfamily, see Vandenbussche et al., 2009), proteins in a number of these subfamilies do
seem to share some ancestral common function. A first example can be found in members
of the WOX1 and PRS subfamilies in arabidopsis (Vandenbussche et al. 2009; Nakata et al.
2012). In this case, WOXT7 and PRS expression overlaps and the phenotype of wox7 prs
double mutants clearly shows that they also functionally overlap. In a series of other
examples, it turns out that the protein sequences of different family members have retained
similar capacities, even though their expression patterns have completely diverged and do
not overlap anymore: For example, WUS is able to complement prs and wox5 mutant
phenotypes when expressed under their respective promoters (Ananda K Sarkar et al
2007; Shimizu et al. 2009). More recently, Lin and colleagues (Lin, Niu, McHale, et al.
2013) showed that arabidopsis WUS, WOX1, WOX2, WOX3, WOX4, WOX5 and WOX6
were all able to complement leaf blade and floral developmental defects in the Nicotiana
lam1 mutant (Jam1 is the Nicotiana wox1 homologue mutant) when expressed under the
control of M~STF promoter [promoter of the Medicago STENOFOLLA gene (WOXT

homolog)].

Together, this demonstrates that proteins of the WUS, MAW/WOX1, WOX2,
PRS/WOX3, WOX4, and WOXS5 subfamilies (together forming the WUS clade) still have
some functional properties in common, despite their ancient origin. This further suggests

that changes in «s-regulatory elements have constituted a major source of functional
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diversification within the WUS clade, obviously without excluding the possibility that

changes in the protein sequence might have also contributed.

In contrast, WOX7, WOXY9, WOXT11 and WOXT73 were not able to complement the /a1
mutant phenotype. Interestingly, all WOX proteins that were able to complement possess
the WUS box (WUS clade), whereas all others lack this motif (Vandenbussche et al. 2009;
Lin, Niu, McHale, et al. 2013), highlighting the importance of repressive activity linked to
the WUSCHEL box for leaf blade expansion. This was further confirmed by the
observation that chimeric WOX7, WOX9, and WOX13 proteins fused with either the
WUS-box or an SRDX repressor domain could complement the /a7 phenotype (Lin, Niu,
McHale, et al. 2013). This shows that the acquisition of one or more transcriptional
repressor domains in the members of WUS clade compared with the more ancient WOX9
and WOX13 subfamilies has been instrumental in gaining their central function in

organizing cell proliferation for meristem maintenance and lateral organ development.

WOX genes and Flower development: Concluding remarks

Floral phenotypes thus far described for wox mutants include premature floral termination
(wus), reduced lateral development of floral organs (MAW/WOX1 and PRS/WOX3
subfamilies), resulting in narrow organs with petal and carpel fusion defects, or the
complete absence of flowering due to a defect in inflorescence meristem identity (evergreen,
WOX9 subfamily). Except for the latter, the developmental defects found in the flower are
part of a more general phenotype, which also includes defects in leaf blade expansion.
Goethe (Goethe 1790; Coen 2001) proposed a long time ago that floral organs are in fact
modified leaves, so it is perhaps not very surprising to find that WOX mutants are affected
in both vegetative and floral development. Yet it is clear that nature has exploited WOX
gene function during evolution for shaping floral architecture. Therefore, while the

homeotic function of animal HOX genes is fulfilled in plant flowers by MADS-box
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transcription factors, WOX genes contribute to general aspects of floral architecture and
morphology. Classically, plant developmental biology has focused mainly on _Arabidopsis
thaliana as a model organism. Nevertheless, much of the progress made in our
understanding of the function of different WOX genes comes from studies in different
species. We consider this to be a strong argument in favour of the idea that plant
developmental biology in general would benefit from a reorientation towards a more multi-

model approach.
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Update

Since the publication of this Review, some new papers have appeared concerning the
role of WOX genes in plant and flower development. In Rice, the DIWT7 gene has been
shown to code for a IWOX8/9 gene and to be involved in tiller development in this species:
DWTT controls uniformity of multiple-tillers development and dw#7 mutants display lateral
tillers characterized by shorter internodes (W Wang et al. 2014). Uniformity of multiple
tillers (reaching the same size of the main shoot) is an agronomical important trait that can
be found in species like Rice, Barley, and Wheat (W Wang et al. 2014). This shows that
another WOX8/9 gene is involved in inflorescence atrchitecture, similatly to ET'G and
SOE in Petunia. Interestingly, a WOX8/9 orthologue has also been charactetized outside
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angiosperms (Zhu et al. 2014) in Norway spruce (Picea abies, gymnosperms), in which it is
involved in embryo development (a role performed also in Arabidopsis). In Medicago,
another member of the Rosidae, the WOX3 gene LLFL has been recently shown to play a
role in flower development (Niu et al. 2015). The /7 flower is characterized by fusion
defects of petals and sepals, and LFL acts as a transcriptional repressor also by interacting
with the corepressor TOPLESS. Moreover, the genetic interaction with STF (a WOX1
subfamily gene) has been tested. However, with the possible exception of carpel
development, no synergistic phenotype has been observed in the s# /f/ double mutant (Niu
et al. 2015). This is marking a difference with the synergistic interaction of WOXT and PRS
in Arabidopsis. Here, genetic interactions look like the “negative” of Medicago, because
WOXT and WOX3 genes genetically interact in floral organs but not at the carpel level

(Vandenbussche et al. 2009; Nakata et al. 2012).
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Chapter 11T cover - SEM pictures of two Petunia floral buds. WT (up), and waw mawb
mutant (bottom). Different structures are highlighted: Petals (red), carpels (green), anthers
(yellow), ovules (blue).
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III. MAW and MAWB are involved in blade
outgrowth and ovule development in Petunia
Enrico Costanzo™?, Patrice Morel', Pierre Chambrier’ & Michiel T andenbussche'.

Abstract

WOX genes are involved in several aspects of plant development. The MAIW gene has
been previously shown as required for blade outgrowth in lateral organs in Petunia
(Vandenbussche et al. 2009). Here, we report a second WOX gene from the same
MAW/WOX1 subfamily, MAWB, and its functional interplay with AMAW in blade
expansion. We found that MAWB is expressed is a very similar pattern as MAW,
suggesting a similar function in blade development. While mawb mutants display a WT
phenotype, interestingly, we observed a gene dosage effect, along the gradient WT > maw
> maw MAWB +/- > maw mawb, characterized by progressive reduction of the blade in all
lateral organs. The maw mawh double mutant exhibits a severe impairment in blade
outgrowth in all lateral organs, leading to complete disruption of the petal tube in the
flower. Carpel fusion was also severely affected in the double mutant.

In addition, we found that the maw mawb mutant displays partial homeotic conversion
of ovules into carpels. By means of different mutant combinations for WOX7 and D
lineage genes, we show full conversion of ovules into carpels in Petunia, similarly to the
previously described pMADS3 RINA: fop7 fop11 and fbp6 fop7 fhp11 mutants (Heijmans et
al. 2012a). These findings identify WOXT genes as novel regulators of ovule identity.

"Laboratory of Reproduction and Development of Plants, UMR5667, Ecole Normale Supérienre de
Lyon, Lyon, FRANCE

?Istituto di Scienze della Vita, Scuola Superiore Sant’Anna, Pisa, ITALY
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Introduction

Several plant species, mainly belonging to the angiosperms, are characterized by an
expanded leaf lamina, and several molecular players required for this process have been
identified in Arabidopsis. However, little is known about the molecular mechanisms behind
blade outgrowth in other species. Understanding the molecular mechanisms behind organs’

architecture in different species is of key importance in plant evo-devo.

The role of the WOX1 subfamily in blade expansion
The MAEWEST (MAW) gene in Petunia was identified in a forward genetics screen for

mutants displaying defects in petal fusion, and was shown to encode a member of the
WOX1 subfamily of WOX genes (Wuschel homeobOX) (Vandenbussche et al. 2009). The
maw mutant displays a partially disrupted petal tube, which is due to the failing ability of
petals to expand laterally and consequently to fuse together in their distal region. A similar
reduction in blade expansion is found in all lateral organs (leaves, sepals, petals, and
carpels) in maw, therefore broadly affecting the plant phenotype (Vandenbussche et al.
2009). Such a phenotype is greatly enhanced in the double mutant maw chsu, which displays
an almost complete disruption of the petal tube because of the extreme narrowing of petals

(Vandenbussche et al. 2009).

Here, we show that the close homolog of MAW in Petunia, MAEWESTB (MAWB), is
cooperating with MAIW in blade expansion in lateral organs, producing dramatic defects in
the double mutant maw mawb. In addition to defects in blade expansion in leaves, sepals,
and petals, we observed that carpel and ovule development is also affected. MAW and
MAWB are the two Petunia members of the WOX1 subfamily of WOX (Wuschel-related
HomeobOX) genes, a plant specific branch of the homeodomain transcription factor family
involved in variety of developmental processes (Costanzo et al. 2014). A similar phenotype

in blade expansion had been previously desctribed in the lamiatal (lam1) mutant (McHale
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and Marcotrigiano 1998) in Nicotiana sylvestris. More recently the I.AM7 gene has also been
identified as a member of the WOXI subfamily (Tadege, Lin, Bedair, et al. 2011).
Moreover, the STENOFOLLA (STF) gene in Medicago (orthologue of MAW and LAMT),
has been shown to display narrow lateral organs (Tadege, Lin, Niu, et al. 2011; Zhang et al.
2014), indicating a strongly conserved role for WOXT genes in these species. Similarly, a
classical /focus in Pea, LATHYROIDES (LATH), known to affect lateral organ
development, has also been shown to code for a WOX1 member (Zhuang et al. 2012). In
Arabidopsis, the two genes in the WOX1 subfamily (WOXT7 and WOX6) do not display
any phenotype in blade outgrowth neither as single or double mutants (Vandenbussche et
al. 2009). Instead, the wox7 prs mutant, in which PRS (PRESSED FLLOWERK) is the only
member of the WOX3 clade in Arabidopsis, display narrow leaves, petals, and sepals,
showing that both the WOX1 and WOX3 subfamilies are involved in blade outgrowth in
this species (Vandenbussche et al. 2009; Nakata et al. 2012). Blade expansion takes place
thanks to proper cell proliferation along the axis going from the midrib to the margin (the
mediolateral axis). Moreover, proper interaction of the adaxial and abaxial side of the leaf at
the leaf margin is essential for blade expansion, to the point that a new domain of the leaf
between the adaxial and the abaxial side, the so called “middle domain”, has been proposed
in that region (Nakata et al. 2012; Nakata and Okada 2012). In Arabidopsis, the expression
domains of WOXT7 and PRS would define this third domain of the leaf, placed at a
molecular “crossing point” between adaxial factors (e.g., HDZIP III, AS2), abaxial factors
(e.g., KANADI), and middle abaxial factors such as FILAMENTOUS FLOWER (Nakata

et al. 2012; Nakata and Okada 2012).

Expanding the role of WOX genes in Petunia

In addition to defects in blade expansion in floral organs and leaves, we also identified a
new role for WOXI1 subfamily genes in ovule development in Petunia. In Petunia, the D
lineage genes FBP7 and FBP71 are involved in ovule identity redundantly with the C genes
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FBP6 and pMADS3 (Heijmans et al. 2012a). So called “spaghert7” mutants, displaying ovule
to carpel conversion (hence the name, because of supernumerary, spaghetti-like carpels in
the ovary), were obtained in co-suppression experiments of FBP7 and FBP11 in Petunia,
and overexpression of FBPT7 resulted in ectopic production of ovule-like structutres
(Angenent et al. 1995; Colombo et al. 1995). This was later analyzed in more detail,
showing that “spaghett/” mutants are obtained when mutations in either one the two C
genes are combined with the fp7 fhp77 double mutant (Heijmans et al. 2012a). Here we
report that carpel-like structures partially replace ovules in maw mawb mutants. This
phenotype is further enhanced when D lineage genes are also mutated. This identifies
WOXT7 genes as a novel class of transcription factors involved in ovule identity

determination.

Results

In silico genome screening for novel WOX genes identifies MAWB as a second
member of the WOX1 subfamily in Petunia

Taking advantage of the availability of two parental genomes of Petunia x hybrida (P.
inflata and P. axillaris), we searched all the WUSCHEL related sequences in these genomes.
We identified seven new members of the family in Petunia (MAWB, WOX2B, WOX3B,
WOX5, WOXT11, WOX13A4, WOX13B), raising the total number of WOX sequences to
14, a number comparable with Arabidopsis (15 WOX members in this species). Based on
the alighment of the homeodomain (the highly conserved region responsible for DNA
binding), we performed a phylogenetic analysis of the Petunia WOX family including
sequences from other plant species (Arabidopsis thaliana, Oryza sativa, Petunia spp., Populus
trichocarpa, Sorghum bicolor, Vitis vinifera, Zea mays). We observed that all sequences group
into 9 different subfamilies (WOX3, WUS, WOX4, WOX2, WOX5, WOX1, WOXO9,

WOX11, WOX13), as also shown by previous studies (Nardmann et al. 2007; van der
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Graaf et al. 2009; Vandenbussche et al. 2009) (FIG. 1). To further support the phylogenetic
tree, at the level of lowly supported branches, we analyzed gene structure, since
exon/intron number is highly consetved inside each subfamily (FIG. 1) (Vandenbussche et

al. 2009).

MAWB groups with the WOX1/MAW subfamily, but similar to some other members
of this subfamily, with bootstrap values below 65%, possibly due to the limited resolution
power of the short homeodomain region used for the alignment. However, MAWB
displays all structural characteristics of the WOX1 subfamily: Four exons, and conservation
of all peptide motifs that are unique to WOXT genes (FIG. 1). We conclude therefore that
Petunia contains in addition to MAW (hence the name MAWB), a second member of the
WOXT1 subfamily. For a full sequence alignment of MAEWESTB protein with other

WOXT1 sequences, see Annex III in Chapter VII (Materials and Methods).
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FIG. 1 Neighbor joining tree of the WOX family

The tree (left), is based on the highly conserved homeodomain region from WOX proteins
from the following species: At, Arabidopsis thaliana; Os, Oryza sativa; Petunia
spp. (Ph, Petunia x hybrida and Pi, Petunia inflata); Pt, Populus trichocarpa; Sb,
Sorghum bicolor; Nv, Vitis vinifera; Zm, Zea mays. Only bootstrap values above
65% are shown. To further support the phylogenetic analysis, gene structures
(right) are represented for some of the analyzed sequences, as shown in
(Vandenbussche et al. 2009).

Petunia sequences were either cloned from P. x hybrida, ot in silico identified in the Petunia x
hybrida parental genomes (P. inflata and P. axillaris). In this case, the newly
identified WOX genes were found in both the P. inflata and P. axillaris genome
(strongly suggesting that they have also been retained in P. x hybrida). Only the
P. inflata sequence is shown in the phylogenetic tree.

Inside each subfamily, gene structure is consetrved in terms of exons/introns number. Well
conserved short peptide motifs are also displayed (centre — conserved
sequences, and right — position on gene cartoons). The WUSCHEL box is
displayed in red; the IWOXT/4 -5 subfamily-specific box is displayed in

(Vandenbussche et al. 2009).

Other conserved regions already described in (Vandenbussche et al. 2009) are shown,
including the 3> WOX7 / STF box (Vandenbussche et al. 2009) (light blue)
(Zhang et al. 2014). Loc of d1phT insertions are displayed for mutant alleles
used in this study (red triangles), and for other mutant alleles available from
the in-house collection (orange triangles). Scale bar is 2.5 Kb.

Because of the important role played by MAW in blade expansion and petal fusion,

and the close phylogenetic relationship of MAWB with MAW, we considered MAWB as

an interesting target for functional analysis in Petunia.

Expression pattern of MAWB

By means of #n situ hybridization, we analyzed the expression pattern of MAWB in floral
and shoot apical meristems (FIG. 2). MAIWB is expressed in the middle region of young
polar organs at the flower (FIG. 2A) and shoot level (FIG. 2C). This expression pattern is
very similar to MAW (FIG. 2B), as described in (Vandenbussche et al. 2009). Like MAW
expression pattern, two expression focZ are visible in the margins of young polar organs in
MAWB in situs (F1G. 2B, arrow). We also detected expression of MAWB in developing

carpels and in the above part of the placenta tissue (FIG. 2D, E).
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FIG. 2 MAWSB in sitn hybridization

In sitn hybridization for MLAWB showing its expression pattern on flower and shoot apical
meristems. A — Lateral section of a flower primordium. MAWB is expressed
in the middle domain of young floral organs, with two expression foci along
the margin (arrows). B — Lateral section of young petal, showing MAWB
expression domain in the middle zone of the organ and in lateral foci (arrow).
C — Shoot apical meristem, longitudinal section. MAWB is expressed along
the middle domain of young primordia and at the site of primordia origin
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(arrows). D — Lateral section of young pistil. M.AWB is expressed in a ring on
the internal side (arrow) of the upper part of the pistil, corresponding to the
style region. E — Longitudinal section of a developing gynoecium. In addition
to the expression pattern on the internal side of carpels, a peak of expression
is also visible at the top of the placental tissue (arrow). F — IWUS expressed in
the stomium of anthers is shown as control. Scale bars: 200 um (A), and 100
pm (B, C,D, E, and F).
mawb mutants display a WT phenotype
To analyze the function of MAWB, we screened our sequence-indexed JIph7
transposon collection for insertions into MAWB. We identified a single candidate insertion,
and were able to confirm 7z planta a dIph1 insertion located in the fourth exon of MAWB
(mawb-788 allele, see gene cartoon in FIG. 1), 788 bp downstream of the ATG in the
coding sequence. This insertion is located upstream of the WUS box, previously shown as
fundamental for proper WOX activity. This suggests that the resulting mutant may be a full
knock-out. However, we didn’t observe any phenotype different from WT, in mawb
mutants (FIG. 3), suggesting functional redundancy with other genes. Alternatively, the
mawb mutant obtained from the transposon collection is not a real knock-out. We

considered this second hypothesis unlikely because of the position of the insertion, which

eliminates the functionally important WUS box.

MAWRB is redundantly involved with MAEWEST in lateral organ
development

The expression patterns of MAW (Vandenbussche et al. 2009) and MAWB are
extremely similar, since both are expressed in the middle region of lateral organs and in two
foci at the margins (FIG. 2). Moreover, MAWB is the only other member of the WOX1
subfamily in Petunia, along with MAW (see FIG. 1). When looking for possible
redundancy, it is logical to test closely related genes as possible candidates in a first attempt.
Therefore, we tested genetic interaction with M.AW by obtaining double mutant plants for
MAW and MAWB. We used two different, independent alleles of MAW: maw-4 and maw-6

(FIG. 1), already described in (Vandenbussche et al. 2009). Interestingly, we observed an
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increased maewest phenotype already in maw MAWB +/- plants (FIG. 3 to 6), and a
dramatic phenotype in the double, homozygous mutant (FIG. 3 to 6). A gradual phenotype

can be observed in both leaves and floral organs, suggesting gene dosage effect.

maw-4 mawb

FIG. 3 Mutant flowers and leaves on Pefunia x hybrida W138 background
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Rosettes, leaves, flowers (top and lateral view) are shown from T, mawb, maw-4, maw-4
mawb -/ +, maw-4 mawb W138 plants. Progressive increase of the mutant
phenotype can be observed along the gradient WT' > maw > maw MAWB +/-
> maw mawb. Scale bars: Rosettes 5 cm, leaves 1 cm, flowers 1 cm.

FIG. 4 Mutant carpels and floral buds on Pesunia x hybrida W138 background

A — Carpels from W'T, mawb, maw-4, maw-4 mawb -/ +, maw-4 mawb W138 plants are shown
(from left to right), displaying progressive shortening and separation of
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carpels. Scale bar: 25 mm. B — SEM picture of a WT floral bud. C — SEM
picture of a mawb floral bud. D — SEM picture of a maw-4 floral bud. E — SEM
picture of a maw-4 maw -/ + floral bud. F — SEM picture of a maw-4 mawb floral

bud. Scale bars for SEM pictures: 250 um. Sepals have been removed in B-F
prior to analysis.

Wz

maw-6 mawb

FIG. 5 Additional phenotypes of mutant flowers and leaves on Petunia x hybrida W138
background

Rosettes, leaves, flowers (top and lateral view) from WT, maw-6, maw-6 mawb -/ +, maw-6
mawb W 138 plants are shown. Progressive increase of the mutant phenotype
can be obsetved along the gradient WT > maw > maw MAWB +/- > maw
mawb. Scale bars: Rosettes 5 cm, leaves 1 cm, flowers 1 cm.
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FIG. 6 Additional phenotypes of mutant carpels and floral buds on Petunia x hybrida W 138
background

A — Carpels from WT, maw-6, maw-6 mawb -/ +, maw-6 mawb shown (from left to right)
W138 plants are shown, displaying progressive shortening and separation of
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carpels. Scale bar: 25 mm. B — SEM picture of a WT floral bud. C — SEM
picture of a maw-6 floral bud. D — SEM picture of a maw-6 maw -/ + floral bud.
Scale bars for SEM pictures: 250 um. E — SEM picture of a zaw-6 mawb floral
bud. Sepals have been removed in B-E prior to analysis.

We found that a phenotypic gradient can be observed in WT' > maw > maw MAWB
+/- > maw mawb plants. For instance, leaf lamina is progtessively smaller till almost
disappearing in the homozygous double mutant (FIG. 3 and 5). The same can be observed
for petals and sepals (FIG. 3 to 6). This dosage effect of MAW/MAWB is interesting,
since mutations often affect gene functionality in a yes/no fashion. Moreovet, the fact that
the mawb mutant is phenotypically WT while maw mutants display already a phenotype,
indicates that upon duplication of the MAW/MAWB ancestor, an asymmetric sub-
functionalization process took place, resulting in functional differences among the two
duplicated genes. A phenotypic gradient can equally be observed in carpels from WT >
maw > maw MAWB +/- > maw mawb plants, since carpels are progressively shorter and

unfused. In maw mawb, carpels are extremely short and completely unfused, displaying

naked ovules (FIG. 4F, and FIG. GE).

maw mawb mutants are affected in mediolateral polarity

The phenotype observed in maw mawbh mutants is very similar to the /]! mutant in
Tobacco (McHale and Marcotrigiano 1998). In both maw mawb and lam1, leaf blade is
virtually absent, meaning that I.AMT7 in N. sylvestris, and MAW and MAWB in Petunia are
required for blade dorso-ventrality or, which is the same, for the mediolateral polarity of
the entire leaf. In fact, only the medial region of lateral organs develops propetly (FIG. 7
and FIG. 8). In this region, adaxial-abaxial polarity is locally conserved. This is confirmed
by the persistence of trichomes on the abaxial side of petals (FIG. 4, F, H) and their

absence on the adaxial side (FIG. 7, E, G), exactly as in WT organs (FIG. 7A, C and B, D).
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maw'nmwp
\.

FIG. 7 Comparison of WT and maw mawb organs
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Only the medial region develops in maw mawb mutants, in which adaxial-abaxial polarity is
locally conserved. WT petals, adaxial (A, C) and abaxial sides (B, D) are
shown in pictures (A, B) and SEM images (C, D) are shown for compatison
with maw mawb petals, adaxial (E, G) and abaxial sides (F, H); photographic
pictures (E, F) and SEM images (G, H). Scale bars: 50 mm photographs, 250
um SEM pictures. I — Cartoon sections illustrating WT lateral organs, and
organs affected in adaxial-abaxial (extreme phantastica phenotype) and
mediolateral polarity (e.g., lam1), are shown. WT lateral organs, such as leaves,
are characterized by an expanded lamina composed by an adaxial an abaxial
side. Fully abaxialized (or adaxialized) organs tend to be round, because of the
absence of the other layer. Blade mutants (mediolateral polarity mutants)
display a central part in which adaxial-abaxial polarity is locally conserved.
However, the blade itself has disappeared. J — Relative position in the space of
the three different types of polarity axes, with reference to WT and mwaw mawb
leaves. The proximodistal axis extends from the tip to the base of the leaf.
The adaxial-abaxial axis goes from the side up (close to the meristem) to the
side down (opposed to the meristem) (equivalent to the dorsoventral axis in
animals). The mediolateral axis extends from the mid region of the leaf to the
leaf margins.

FIG. 8 Cell shape of leaf surface in WT and maw mawb

74



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

Cell types at the leaf margin (1) of WT leaves are elongated. Elongated cells are also visible
in the midrib of WT leaves (2). Between the margin and the midrib, jigsaw
cells cover the blade surface. In maw mawb (3) mainly one kind of cells is
visible: Irregular cells partly elongated along the proximo-distal axis.

maw mawb mutants are affected in carpel and ovule development

We also observed supernumerary, small carpels in maw mawb mutants (FIG. 8E and F,
white arrows). This is consistent with the observed expression pattern of MAWB, which
expressed also in the marginal region of the placenta, from which ovules normally develop
(FIG. 2E). We analysed these structures more in detail, finding small carpels emerging
from the centre of the ovary (FIG. 8F and G). This suggests homeotic conversion of
ovules into carpels. This phenotype has already been described in Petunia, and plants
displaying ovule-to-catpel conversion had been called “spaghetzi-mutants” because of the
shape of converted structures (Angenent et al. 1995; Colombo et al. 1995; Heijmans et al.
2012a). Further observation of ovules using electron microscopy showed phenotypical
differences between WT (FIG. 8D) and mutant (Fig. 8H) ovules. In fact, intermediate,
hybrid structures between ovules and carpels can be observed (FIG. 8H, white arrow).
Notably, abnormal ovules were mostly found at the tip of the ovary, whereas most of the

ovules at the base of the ovary were WT-looking (FIG. 8C and G).
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FIG. 8 Phenotypes of WT and mwaw mawb ovules and carpels

WT carpels (A) and close up of the WT stigma at the SEM (B) are compared with waw
mawb carpels (E) and close up at the SEM (F). Note the splitting and
shortening of carpels in E and F. Scale bars: A, E — 2.5 mm; B, F — 500 pm.
Mutant ovaries display small supernumerary carpels (white arrows in B and
F). These structures likely derive from ovules (F, and G, white arrows), and
are absent in WT ovaries (C). SEM analysis of WT (D) and maw mawb ovules
(H). Morphological differences between the two, including intermediate
structures resembling “carpelloid ovules™ are highlighted (H, white arrow).
Scale bars: C, G — 500 pM; D, H — 100 um.

MAW and MAWRB are involved in defining ovule identity along with D lineage
genes

In Petunia, D lineage genes (FBP7 and FBP77) are involved in ovule development
together with C genes (FBP6 and PMADS3). In fact, fip7 fbp11 double mutants are not
impaired in ovule identity, with the exception of rarely converted ovules usually found at
the top of the placenta. At the same time, both pMADS3-RNA: fbp7 fopl1 and fp6 fop7
Jbp11 mutants display full ovule-to-carpel conversion (Heijmans et al. 2012a). Since maw

mawb also displays ovules converted into catpels, we looked for possible genetic
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interactions between WOX1 subfamily genes (MAW and MAWB) and D lineage genes
(FBP7 and FBPT71). To further support our analysis, we used the two MAW alleles man-4
and maw-6 and crossed maw mawb with fhp7 fbp11 double mutants. We analysed the I
progeny, in which mutations for the four genes were segregating, observing different
phenotypes. A selection of informative genotypes/phenotypes is shown in FIG. 9.
Although we didn’t obtain a quadruple mutant in the F, population analyzed, we already
observed full ovule-to-carpel conversion (“spagherti mutants”) in maw-4 fop7 fop11 (FIG.
9D) and maw-6 MAWB +/- fop7 fop11 (FIG. 9E). This phenotype is identical to the one
previously described in pMADS3-RNA: fhp7 fhp11 mutants (FIG. 9F) (Heijmans et al.
2012a). Although we observed converted carpelloid structures in maw-6 mawb fbp7 (F1G.
9C), we didn’t observe a phenotype different from the one of maw mawh double mutants
(FIG. 8G). fbp7 fhp11 mutants display a WT phenotype in ovules (Heijmans et al. 2012a),
similatly to MAW-6 +/- mawb fop7 fop11 mutants (FIG. 9B), which also display a WT
phenotype (FIG. 9A). Moreover, this shows that even in ovules, the role of MAWB is

probably less relevant than MAW, as previously found for other lateral organs.

We further noticed that carpelloid structures are phenotypically identical to functional
carpels. This is suggested by the observation that phenotypically normal papillae are visible

on the stigmatic side of converted carpels (FIG. 9G).
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FIG. 9 Selection of informative genotypes/phenotypes from WOXT7/MAW and D lineage
genes mutant combinations (ovaries)

A to F — Ovary phenotypes in relevant mutant backgrounds. Scale bars: 1 mm. A — WT
phenotype (quadruple heterozygous, displaying WT phenotype). B — MAW-6
+/- mawb fbp7 fop11 (Mitchell background). C — maw-6 mawb fop7 D — maw-4

Jbp7 fop11 Mitchell background). E — maw-6 MAWB +/- fop7 fop11 (Mitchell

background). F — pMADS3-RNA: fip7 fhp11 mutant (Mitchell background)

[as in (Heijmans et al. 2012a)]. G — SEM picture of papillae on converted
carpels. Scale bar: 100 um.
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Discussion

WOX genes are nowadays considered as major players in plant organ growth and
development, from stem cells maintenance in various organs and tissues (shoot, root,
cambium), till architecture in inflorescence and flower organs [see (Nardmann and Werr
2006; Costanzo et al. 2014)]. In this paper, we have characterized the role of a new member
of the WOX1 subfamily in Petunia, MAWB, and discovered a new role for WOXT genes in

ovule identity.

We first performed an #n silico screening, searching all the IWOX representatives in the
Petunia genomes and discovering new members, raising their total number to 14
(comparable to Arabidopsis). We then confirmed that WOX sequences from different and
distant-related eudicots can be clustered into 9 different subfamilies (FIG. 1), as shown by
previous studies (Nardmann et al. 2007; van der Graaf et al. 2009; Vandenbussche et al.
2009). We focused our attention on MAWB, the second member of the WOX1 subfamily
in Petunia, investigating its functional role by means of transposon-based mutagenesis.
Although the mawb single mutant does not display any evident phenotype, its expression
pattern (FIG. 2) was ovetlapping with the one previously described for AMAW
(Vandenbussche et al. 2009), suggesting a possible functional overlap between these two
genes. In this direction was also the fact that the WOX1 subfamily in Petunia is composed
only by two members, MAW and MAWB (FIG. 1). The expression patterns of
MAW/NMAWB indeed ate close to the previously described expression domains of PRS
and WOXT in Arabidopsis. In fact, PRS is specifically expressed in two lateral foc7 at the
margin of young organs, and WOXT is more widely expressed along the middle zone of
young polar organs (Nakata et al. 2012). Similarly, MAW and MAWB are exptessed in
the middle zone of lateral organs and in their margins as specific spots (FIG. 2). We
additionally found a defined MAWB expression domain in developing carpels and
gynoecia. Altogether, these data were strongly suggesting a similar role for MAW and
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MAWB. We proceeded obtaining the double mutant maw mawb that displayed extreme
narrowing of lateral organs, with completely unfused, string-like petals. A phenotypic
gradient could be obsetved in WT > maw > maw MAWB +/- > maw mawb plants (FIG. 3
and FIG. 5), illustrating the importance of MAW/MAWB gene dosage in the control of

blade outgrowth.

We reasoned that the extreme narrowing of organs in the double mutant was due to a
defect in polarity. In lateral organs, three axis of polarity can be described: Proximo-distal
(from the base to the tip), adaxial-abaxial (the back and the front), and mediolateral (from
midrib to the margins). Since blade outgrowth is clearly affected, defects in mediolateral
polarity (or, which is the same, in blade dorso-ventrality) were probably responsible for the
narrowing of the lamina, in a similar way to what previously described in the /7 mutant
in N. sylvestris McHale and Marcotrigiano 1998), not known to be a WOXT gene when it
was discovered. Accordingly, we observed that recognizable adaxial and abaxial sides were
still present in narrow organs, such as petals (FIG. 7), showing that the midrib develops
propetrly on the basis of an adaxial and abaxial orientation. 1 represents a much stronger
phenotype than the maw single mutant in Petunia, but very comparable with waw mawb. In
accordance with this observation, L.AM7 is the only WOX1 sequence in the N. silvestris
genome and cds database. Therefore, L.AMT7 in IN. sylvestris probably still retains functions
that in Petunia have sub-functionalized among MAW and MAWB. Several WOX genes are
involved in flower and inflorescence development [see (Costanzo et al. 2014)], and the
lacking of petal blade expansion in WOX mutants results in partial disruption of flower
architecture among different species (Arabidopsis, Medicago, Petunia, Pisum sativum, N.
sylvestris). Consequently, defects in petal tube (because of the failing ability of petals to fuse
together), can be observed among wox mutants in species in which the petal tube is present
(McHale and Marcotrigiano 1998; Vandenbussche et al. 2009; Zhuang et al. 2012; Niu et al.

2015).
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Comparison between the WOX1 and WOX3 subfamilies
Genes from the WOX3 subfamily (different from the WOX1 subfamily of MAW, LAMT

and STF), play also a role in lamina expansion, in particular in Poaceae, in which the
WOXT1 subfamily is absent. The narrow sheat (ns) mutant (Scanlon et al. 1996) in maize is
specifically affected in lamina expansion, displaying narrow leaves, and a similar phenotype
has been described in the #a/2 nal3 double mutants in rice (Cho et al. 2013). The two
subfamilies WOX1 and WOX3 display different features. Genes belonging to the WOX1
subfamily are characterized by four exons. Moreover, the first exon displays a specific
consetved box (5-WOXT7/4) and it is placed upstteam of the exon cartying the
homeodomain, which is therefore the second exon (FIG. 1) (Vandenbussche et al. 2009).
Additionally, the subfamily-specific 3°c WOX7/STF box also tepresents a special feature of
these genes (Vandenbussche et al. 2009; Zhang et al. 2014). In contrast, members of the
WOX3 subfamily contain only two exons (the firs exon carrying the homeodomain), and
are characterized by a conserved subfamily specific 3’c WOX3 box (Vandenbussche et al.

2009).

Interplay between WOX1 and WOX3 subfamily members in Arabidopsis
Similar to Petunia, Arabidopsis displays two members of the WOX1 subfamily: WOXT7 and

WOX6. However, no special phenotype can be observed in wox7 single mutants in
Arabidopsis (Vandenbussche et al. 2009), with the exception of deeper leaf serration
(Nakata et al. 2012). Also wox6 mutants do not display a phenotype different from WT, as
was found also for wox7 wox6 double mutants (Vandenbussche et al. 2009). Interestingly,
the prs mutant in Arabidopsis (PRS is the only member of the WOX3 subfamily in this
species) is affected in development of lateral sepals (Matsumoto and Okada 2001). When
the PRS gene is mutated along with WOXT, the wox? prs double mutants cleatly display
narrow leaves and floral organs, showing the involvement of both the WOX1 and WOX3

subfamily in blade outgrowth in lateral organs in Arabidopsis (Vandenbussche et al. 2009;
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Nakata et al. 2012). Further analysis of the wox7 prs double mutant led to a developmental
model where a middle domain, different from the adaxial and abaxial sides, and located at
the leaf margin, is responsible for organization of lamina expansion in Arabidopsis (Nakata
et al. 2012; Nakata and Okada 2012). This model was based on the fact that mixed
adaxial/abaxial characters have been observed in leaf margins of wox7 prs mutants as well
as overlapping expression of 452 (adaxial factor) and FIL (abaxial factor) in that region
(Nakata et al. 2012). Additionally, IWOXT7 and PRS control the expression of #R165/166
in the leaf margin and genetically interact with the HD-ZIP III RET'OLUT.A (Nakata et al.
2012; Nakata and Okada 2012). So far, such an overlapping role between the WOX1 and
the WOX3 subfamily in blade expansion in lateral organs seems specific to Arabidopsis. In
Medicago, the WOX3 orthologue LLFL plays a role in lateral fusion of petals, and LFL
interacts with the corepressor TOPLESS (Niu et al. 2015), similarly to STF in the same
species (Zhang et al. 2014). However, leaves are not affected in /7 mutants of Medicago
(whereas s#f mutants display narrow leaves) and, differently from Arabidopsis, no
synergistic effects in leaf or flower phenotype have been observed in /7 szf double mutants,

with the possible exception of carpel development (Niu et al. 2015).

The WOXI1 subfamily is involved in ovule development in Petunia

We additionally observed supernumeraty carpels emerging from the tip of the ovary in maw
mawb mutants (FIG. 9F and G), suggesting homeotic conversion of carpels into ovules. By
means of SEM microscopy, we observed abnormal ovules and intermediate structures
displaying carpel features (FIG. 9H). Carpel-to-ovule conversion had been previously
described in Petunia, in so called “spaghetzi-mutants” (Angenent et al. 1995; Colombo et al.
1995; Heijmans et al. 2012a). In fact, fBp7 fip17 mutants do not display abnormal ovules
(excepted rare conversion usually observed at the top of the placenta, the same region from
which converted ovules emerge in maw mawb mutants). Plants in which at least one of the
two C genes has been mutated along with the two D lineage genes (FBP7 and FBP77)
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display full ovule-to-carpel conversion (Heijmans et al. 2012a). Because of the previously
established role co-played by D lineage genes in such a phenotype, we looked for possible
genetic interactions between WOXT and D lineage genes (FIG. 9). We observed full ovule-
to-carpel conversion in vatious d/wox7 mutant combinations, displaying the so called
“spaghetr?” phenotype (FIG. 9). In conclusion, WOXT genes can be considered as novel
regulators of ovule development in Petunia. This is raising two questions. First, the identity
of targets and protein interacting partners of WOXI1 genes, involved in ovule identity.
Second, if the role played by WOXT genes in ovule identity is specific to Petunia or shared

with other species.

It would be interesting to see if a similar “spaghet#7’ phenotype can be obtained by
combining WOXT7 mutations with C-function mutants. Moreover, it will be interesting to
analyze the exptession levels of C- and D-class MADS-box proteins and of MAW/MAWB

in the various mutant backgrounds by means of qPCR.

In Arabidopsis, carpel-structures replace ovules in the triple mutant shp? shp2 stk, and
overexpression of these genes produces ectopic carpels or ovules on sepals and bracts
(Liljegren et al. 2000; Pinyopich et al. 2003; Favaro et al. 2003; Colombo, Battaglia, and
Martin M Kater 2008). In addition to C genes and D lineage genes, other genes, such as E
genes, ate also involved in ovule development. This is highlighted by SEPT +/- sep2 sep3
mutants in Arabidopsis (conversion of ovule integuments into carpelloid structures)
(Favaro et al. 2003; Colombo, Battaglia, and Martin M Kater 2008) and fBp2 fbp5 in Petunia,
in which ovules are replaced by leaf-like structures (Vandenbussche et al. 2003). Therefore,
E genes might represent other possible targets for qPCR analysis in the various mutant
backgrounds. The be/7 mutant in Arabidopsis displays ovule integuments converted into
carpel structures (Reiser et al. 1995; Brambilla et al. 2007, 2008), and a similar phenotype

has been observed in Arabidopsis (Landsberg ecotype) overexpressing KINAT2 (Lincoln et
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al. 1994b). In both cases, ovule-to-carpel conversion is associated with ectopic expression
of AG in ovules (Robinson-Beers et al. 1992; Modrusan et al. 1994; Pautot et al. 2001).
Further analyses are required to investigate possible relationship between these genes and
WOXT genes in ovule identity. BEL1 interacts with the AG-SEP complex in Arabidopsis
(Brambilla et al. 2007, 2008). Interestingly, BEL1 is also a homeodomain transcription
factor, although belonging to a different class. It is therefore conceivable that
MAW/MAWB proteins also ditectly interact with the MADS-complex involved in
conferring ovule identity. This can be tested by means of yeast three- and four-hybrid
interactions. We also noticed that waw mawb mutants in Petunia are extremely similar to
maw chsn mutants (Vandenbussche et al. 2009). Therefore, it will be interesting to further

investigate the relationships between MAW, MAWB, and CHSU.

In conclusion, we have characterized the role of WOXT genes in Petunia. However, in
Arabidopsis, the WOX3 subfamily is also involved, with WOX1 subfamily, in blade
outgrowth in lateral organs (Vandenbussche et al. 2009; Nakata et al. 2012). Further studies
will elucidate the role played by the WOX3 subfamily in Petunia. To date, some molecular
properties of WOX genes carrying the WUS box have been elucidated (e.g;, the requirement
of repression activity for lamina expansion (Lin, Niu, McHale, et al. 2013)) and some
downstream targets and genetic interactions allowing lamina expansion have been
identified in different species (Nakata et al. 2012; Zhang et al. 2014; Zhang and Tadege
2015). Despite of such progresses, the downstream genetic networks, including the direct
targets of MAW/MAWB, are still unknown. Mote efforts ate required to elucidate these

aspects.
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Annex I: Comparative analysis of WOXI1 genes in
Arabidopsis thaliana

Abstract

In Petunia, WOX1 members are absolutely required for fusion of the two carpels. In
Arabidopsis, the wox7 prs mutant has been previously shown to be impaired in blade
outgrowth in leaves, sepals and petals, in a similar way to maw in Petunia, but remarkably
carpel fusion was not affected, despite the severity of the phenotype in other organs. This
implies that, differently from Petunia, a WOX gene from the WOX3 subfamily, PRS, is
involved in blade outgrowth in this species. Here we have further investigated in more
detail if members of the WOX1 subfamily in Arabidopsis play a role in carpel fusion, and
found that the woxT prs wox6 triple mutant is partially affected in stigma development. This
suggests a conserved role for WOXT genes in carpel development in Petunia and
Arabidopsis, despite the role also played by the WOX3 subfamily in Arabidopsis. In
conclusion, we identified novel roles for IPOX genes in plant development in Petunia and
Arabidopsis, paving the way to further analysis of the corresponding gene regulatory
networks.

Introduction

Petunia and Arabidopsis belong to two different, major eu-dicot groups: Asteridae and
Rosidae, respectively. In Arabidopsis, members of the WOX3 and WOX1 subfamily are
involved in lamina outgrowth in leaves and and floral organs (Vandenbussche et al. 2009;
Nakata et al. 2012), but not in carpel development. In fact, wox7 prs mutants display very
narrow lateral organs, including in flower organs (Vandenbussche et al. 2009; Nakata et al.
2012). However, beside the failure to expand laterally observed in leaves, sepals, and petals,
no special phenotype was observed at the carpel level in wox7 prs in Arabidopsis. This
marks an interesting difference compared with Petunia, where we have previously shown
that the WOX1 subfamily is strongly involved in carpel development, also playing a role in
ovule identity. We have further investigated the role of these two subfamilies (WOX1 and

WOX3) in carpel development in Arabidopsis.
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At-WOXG6is involved with WOXT1 and PRS in stigma development in Arabidopsis

Previous analyses of the triple mutant wox7 prs wox6, in which all the representatives of
the WOX1 and WOX3 subfamily in Arabidopsis are mutated, didn’t reveal any evident
phenotype at the carpel level (Vandenbussche et al. 2009). We wanted to carefully analyze
different wox7/wox3 mutant combinations, by means of a statistically relevant number of
plants, in order to discard the hypothesis of a subtle phenotype, previously overlooked. We
analyzed carpels and stigmas of WT, prs, woxT prs, wox1 wox6, prs wox-, and wox1 prs wox6
plants (FIG. 10), grown under similar conditions, to uncover possible phenotypes,

previously missed.

Interestingly, about 21% of woxT prs wex6 flowers were significantly affected in stigmas
(FIG. 10). The range of the observed phenotypes is quite variable, from stigma shape
alteration and enlargement, till full splitting of the stigma, which is characterized by the
production of two separate stigmas provided with papillae (F1G. 8C, white arrow). In the
three possible double mutant combinations, very few to none abnormal pistils were found,
showing that mutations in all three genes WOXT7, WOX6 and PRS contribute to this
phenotype. This is showing that WOXT genes in Arabidopsis play a similar role to the ones
in Petunia: Genes from the two species are both involved in blade outgrowth in lateral
organs and in carpel development. In addition, in Arabidopsis, PRS is also implicated in
carpel development, similatly to overlapping role with I”OXT7 in blade outgrowth. Despite
of that, the low penetrance of the wox7 prs wox6 stigma phenotype in Arabidopsis, and the
reduced portion of the carpel which is affected (only the stigma in Arabidopsis, whereas in
Petunia the mutant phenotype extends till the ovary) suggests that other genes may largely

rescue carpel fusion in Arabidopsis wox? wox6 prs mutants.
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FIG. 10 WOXG6 is involved in stigma development in Arabidopsis, along with WOX7 and
PRS.

A — Statistical analysis of different mutant combinations. From left to right: W'T, prs, wox1
prs, wox1 woxG, wox1 prs, wox6 flowers were analyzed for possible defects at the
carpel level. Although the finding of some abnormal stigmas in wox7 wox6 and
prs wox6 mutants, only woxT prs wox6 plants displayed a statistically significant
number of altered stigmas, compared with all other combinations. Only T test
for WT and wox1 prs wox6 plants is shown — see Chapter VII, Materials and
Methods for full dataset. B — Picture of wox7 prs wox6 flower showing WT
stigma. C — Picture of wox7 prs wox6 flower showing affected stigma. D —
Developing silique from a wox1 prs wox6 affected stigma. E — SEM picture of
wox1 prs wox6 flower with WT stigma. F — SEM picture of wox7 prs wox6

silique developing from affected stigma. Scale bars: B, C,D — 1 mm; E, F —
250 um.
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Discussion

Differential roles of WOX1 and WOX3 subfamilies among Asteridae and Rosidae

WOXT genes play a major role in blade outgrowth in lateral organs in Asteridae
(McHale and Marcotrigiano 1998; Vandenbussche et al. 2009)(this study), whereas an
important role in leaf lamina expansion is played by the WOX3 subfamily in monocots
(Scanlon et al. 1996; Nardmann et al. 2004; Cho et al. 2013). This fact is probably linked to

the remarkable absence of the WOX1 subfamily in this group (see FIG. 1).

Arabidopsis (Rosidae) instead, involves both the WOX1 and WOX3 subfamily for
blade outgrowth (Vandenbussche et al. 2009; Nakata et al. 2012). However, the fact that
leaf blade development is not affected in wox7 and prs single mutants shows that their
function is genetically interchangeable. On the basis of the expression pattern of WOXT
and PRS in Arabidopsis, a ‘middle-domain model” of lamina expansion has been proposed
(Nakata and Okada 2012). This raises the question of the general value of this model in
different species. We found that overexpression of pMAW::Ph-MAW in Arabidopsis wox7
prs can rescue mutant phenotype to a large extent (FIG. 11), suggesting the ability of Pj-
MAW to activate the same genetic modules controlled by A~WOXT7 and A#PRS. As a
consequence, heterologous expression of Ph-MAW in Arabidopsis probably overlaps with
the previously described middle-domain (Nakata and Okada 2012) (FIG. 11). Moreover,
the different role of WOXT7/WOX3 genes in Petunia and Arabidopsis probably is not due
to different downstream genetic networks (which appeared quite conserved, as shown by
the heterologous exptession), but probably resides in the progtressive differentiation of
their cs ot trans (or both) elements among the two species. Previous studies have shown the
interchangeability of WUS and WOXS5 in Arabidopsis (Ananda K. Sarkar et al. 2007),
complementation of prs mutants by overexpression of pPRS:WUS in Arabidopsis
[teported in (Shimizu et al. 2009)], and complementation of s# by pSTF:LFL and / by
PLFL:STE in Medicago (in which STF is a WOX1 subfamily gene and LFL a WOX3
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subfamily member) (Niu et al. 2015). All these data point to a major role for s elements
compared with #rans elements. However, in the #rans side, the WUS box has been reported
as inducing repressor activity in WOX genes (from the WUS clade) and required for blade
expansion in lateral organs, as shown by promoter-swapping experiments (Lin, Niu,

McHale, et al. 2013).

WOX1 genes only play a minor role in carpel development in Arabidopsis

Although carpels are severely affected in Petunia wox7 mutants, a similar phenotype
had not been previously obsetrved in wox7/wox3 mutants in Arabidopsis. By means of
statistical analysis of different wox7/mwox3 mutant combinations (FIG. 10), we found that
on wox1 prs wox6 plants 21% of flowers are affected in stigma development (FIG. 10),
suggesting that WOXT genes in Arabidopsis have conserved a role in carpel development.
However, differently from Petunia, the WOX3 subfamily gene PRS is also involved. In
conclusion, in Arabidopsis the function of WOXG6 is apparently restricted to carpel

development.
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Annex II: Heterologous expression of Ph-MAW on a
wox1 prs Arabidopsis background

Given the phenotypic similarity between the wox7 prs double mutant in Arabidopsis,
and the maw mutant in Petunia, we tested the ability of Ph-MAW to tescue the woxT prs
phenotype by means of heterologous expression.

Ph-MAW partially rescues the mutant phenotype in woxI prs flowers of Arabidopsis

As previously shown, WOXI1 genes play major roles in floral organ development in
Petunia, whereas in Arabidopsis, PRS also plays a major role in this process. Divergent
functional roles for these two subfamilies among Petunia (Asteridae) and Arabidopsis
(Rosidae) are evident. To analyze functional conservation among different species and
subfamilies, we tested the ability of PA-MAEWEST to restore the wox1 prs phenotype in
Arabidopsis. To this aim, wex7 prs mutants were transformed with the full genomic
sequence of Ph-MAW (including its own promoter). We observed an important restoration
of the WT phenotype in wox1 prs flowers and leaves (FIG. 11), suggesting the ability of P-
MAW to control the same genetic modules involved in lamina expansion of lateral organs
in a species belonging to a different core-eudicot group, in which similar processes are

petformed by two different WOX subfamilies.
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wox1 prs
Ph-MAW

FIG. 11 Ph-MAW partly restores the WT' phenotype in wox7 prs mutants in Arabidopsis

Rosettes from W, wox1 prs, and woxT prs plants complemented with Ph-MAW ::Ph-MAW
genomic sequence at young (A), and at a later stage (full developed rosette)
(B). Scale bars: A — 1 mm; B — 50 mmA

C — Leaves from WT, woxT prs, and woxT prs plants complemented with Ph-MAW::Ph-
MAW genomic sequence. Scale bar: 50 mm.

Top (D) and side view (E) of flowers from WT, wox7 prs, and wox1 prs plants

complemented with PA-MAW::Ph-MAW genomic sequence. Scale bars: D, E
— 1 mm.
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Materials and methods

Plant material and growth conditions - Petunia mutants were obtained from in-

house mutant collection of d1ph7 high-copy number transposon line W138, as described in

(Vandenbussche et al. 2008, 2013a; b). Plants were grown in pots (compost ARGIL 10 -

FAVORIT®) under green-house conditions. Mutant alleles used in this study ate: manw-4,

maw-6 (Vandenbussche et al. 2009), mawb (this study). Plants were genotyped by PCR using

primers specific for the dIph7 insertion flanking sequence taken into account, allowing

mutant-allele specificity. Primer combinations for Petunia genotyping are listed below.

Mutant Transposon insertion  Primer fw Primer rv WT  fragment Footprint
allele size
maw-4 2054 bp after ATG MLY0158 MLY0159 110 bp ft
genomic sequence analysis:
EL300:
110 min
maw-6 601 bp after ATG on  MLY0780 MLY0781 138 bp
genomique
mawb-788 788 bp after ATG on MLY0491 MLY0492 120 bp ft
cDNA analysis:
EL300:
125 min

Primer sequences for mutant screening in Petunia x hybrida

Primer Sequence (5-3’)

MLY0158 AGAAAGATGGATACCATTCGATGAG
MLY0159 GTGGTGAACAAGACAAATGCATCA
MLY0780 TGAACAAATTCAGCACATTACTGC
MLY0781 AGCGGCATTGGATTCAAGTTGAC

92
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TCTTCGAACATGCCTCTCAATCAG

CCTTTCATTTTCAACATTTCTTGCTAG

Arabidopsis (Col-0) plants were sown in pots (compost ARGIL 10 - FAVORIT®) and

cold-treated at 4°C for 24 h before transferring to short-day conditions for at least 3 weeks.

Plants were moved to long-day conditions before bolting. Multiple mutant plants were

obtained by crossings the following mutant lines: wox7 line 8AAJ85 (En205 transposon);

prs line SALK_127850; wox6 - pfs2-2 line SALK_033323, as in (Vandenbussche et al.

2009). Plants were genotyped by PCR using the following primer combinations.

Primer Original Sequence (5’-3%) Notes
name*
MLY0089  ArW0X7-2 CACAGCAGTGGTGACGATGACG segregation
fw analysis, 8AAJ85
MLY0090  A~W0X7-2  CTTCAAGAACCCTTAACTGATCTGGTG  segregation
rv analysis, 8AAJ85
MLY0097  En205 AGAAGCACGACGGCTGTAGAATAGGA  For  ArWOXT1-2
Transposon screening
MLY0093  _A#PRS fw GGGAACTGGAGTAGGAGAAGCTC For ArPRS
screening
MLY0094  A#~PRS v CATCCAATCTCGACCGTACGATGAG For Ar-PRS
screening
MLY0091  _A+WOXe TAAAGACGTCAAGGATTCATCATCAG For ArWO0Xe6
fw screening
MLY0092  ArWOX61rv GAGCTTTGTCTGATCAACTCGATG For ArWOX6
screening
MLY0099 T-DNA GAACAACACTCAACCCTATCTCG For mutant
LEFT screening in lines
border prs SALK_127850

93
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DNA extraction and Polymerase Chain Reaction - Extraction of DNA from young

tissue was performed accordingly to (Edwards et al. 1991).

PCRs wete petformed using the GoTaq® PCR kit (Promega), following producet’s
instructions. For Petunia genotyping, touchdown PCR thermal profiles were also adopted
in order to increase PCR specificity and yield (see (Korbie and Mattick 2008)). For mutants

screening in Petunia was typically used the following thermal profile:

95 °C x 2%; {95 °C x 30”; 60°C x 30”; 72°C x 30” x kbproquer} x 40; 72 °C x 7% 18 °C x

Sequence search and bio-informatics - For sequence search, gene prediction, and
annotation, the following softwares and databases were used: The BioEdit package (Hall
1999), the Wise2 tool (“WISE2 Online Tool”), the NCBI databases (“NCBI database”),

and the Sol Genomics database (“Sol Genomics Network Database”).

Phylogenetic analysis - The homeodomain regions from predicted WOX proteins,
as well as sequences from (Vandenbussche et al. 2009), were used. Phylogenetic analysis
was performed using Treecon (Van de Peer and De Wachter 1994), as in (Vandenbussche

et al. 2009). To support inferred phylogeny, 1000 bootstrap samples were generated.

SEM microscopy and digital images - Samples were analysed using a SEM SH-
3000 (HIROX), typically at -20°C and 10 kV. Digital pictures were taken using a Canon

EOS 450D camera (SIGMA 50 mm F2.8 and 18-50 mm F2.8 EX DG MACRO lenses).

In situ hybridization - Ir sitn hybridization on MAWB was performed using the

following primers for producing the probe:

CTGATGAATTTAATTCATATGCATGCTC (forward)
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TGTAATACGACTCACTATAGGGCAACACAGATCAGAAGACTCATCTATAC
(reverse + T'7) on the full MLAWB coding sequence amplified from Pefunia x hybrida cDNA

collection, as described in Chapter VII.
Control probe for Ph-IWUS was obtained using the following primers:
ACCACTGATAACACTAACCTCCCC (forward)

TGTAATACGACTCACTATAGGGCAGAGAAGCTCTAGCAGCAGCCAAG

(teverse + T7).

Probes were then hydrolysed in small fragments (a few hundred bp). Sections (10 pm)
of Petunia young floral buds and shoot apical meristem in Paraplast Plus® (Sigma-
Aldrich®) were obtained using a microtome HM355S (Mictom/Zeiss). Probe hybridization
and detection was performed as described in Chapter VII. Pictures were taken using an

Imager M2 microscope provided with an AxioCam MRc (Zeiss).

Statistical analysis of stigma phenotypes - 4 plants per genotype were grown under
the same conditions. From each plant, 25 flowers were visually screened at the microscope
for defects in carpel and stigma development. T-test was used to assess statistical

significance.

Materials and Methods are reported in full in Chapter VII (Materials and Methods).
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Chapter IV cover - Transgenic Petunia carrying the pAMAW ::GR-M.AW construct.
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IV. Dissecting the molecular role of MAW and
MAWB by RNA-Seq analysis

E. Costanzo**, E. Bertolin?®, ] Jus?, P. Morel*, M.E. Pé* & M. Vandenbussche*

Summary

We have previously reported that maw mawb mutants in Petunia are severely affected in
blade outgrowth in lateral organs (Chapter III). Here, we report results from an RNA-Seq
analysis aimed at comparing the transcriptomes of WT, maw and maw mawb mutants. We
performed our analysis on shoot apexes and processed RNA-Seq data following the
Tuxedo package, developed by (Trapnell et al. 2012).

We performed comparisons in pairs among conditions, identifying 4,836 DEGs in maw
vs. WT, 9,641 DEGs in maw mawb vs. maw, and 10,421 DEGs in maw mawb vs. WT. After
selecting DEGs displaying a minimum of 2 fold change, we analyzed general trends among
the three conditions.

To identify genes involved in relevant biological processes, affected in both the single
and the double mutant, we first identified all the differentially expressed genes (DEGs)
shared by the three conditions (~2600). From this pool we selected only DEGs in which
the expression level of maw was intermediate between WTs and the double mutant,
reducing the pool to ~550 DEGs.

The resulting data set was enriched for specific classes of transcription factors
(HOMEOBOX, bHIH, ARF). This data set displays a different composition from a WT

plant genome, such as the Arabidopsis genome.

We found a clear link between auxin related pathways and defects in lamina expansion
in maw and in the double mutant. Cell-proliferation genes were also differentially expressed
among the three conditions. GIF and GRF sequences were consistently affected in maw
and maw mawb, and had been shown to be involved in lamina expansion in Arabidopsis
leaves. Interestingly, we identified the genetic module ARF5/ATHBS, involved in vein
formation, as a tatget of MAW/MAWB.

Finally, we identified the #R756/SPL module as a tatget of MAW/MAWB, providing
a possible explanation for the supernumerary organs displayed by single and double
mutants. Eventually, we set up a strategy aimed at identifying the direct targets of
MAW/MAWB through DEX activation of MAIV and subsequent RNA-Seq analysis.

*Laboratory of Reproduction and Development of Plants, UMRS5667, Ecole Normale Supérienre de Lyon, Lyon,
FRANCE

* Istituto di Scienze della Vita, Scnola Superiore Sant’Anna, Pisa, ITALY
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Introduction

RNA-Seq is a powerful method for transcriptome analysis. Made possible by Next
Generation Sequencing (NGS) technologies, it is replacing previous technology for RNA
analysis, such as microarrays (based on hybridization methods), in many fields of biology.
In fact, microarrays are limited by the previous knowledge of the RNA to be tested,
different experiments proved difficult to compare, and were typically affected by problems
of signal saturation. Instead, RNA-Seq methods allow new transcripts discovery, do not
requite the previous knowledge of the genome (that is, RNA-Seq can be easily applied to
non-model/non-sequenced organisms) and, compated to microatrays, are more sensible in
detecting lowly expressed transcripts and more accurate in measuring absolute expression
levels (Fu et al. 2009; Wang et al. 2009; Mutz et al. 2013; C Wang et al. 2014). Probably not
surprisingly, methods for studying the transcriptome evolved in parallel with our vision of
the transcriptome. In the early 2000, the transcriptome was supposed divided into these
components: A low percentage of mRNA (2 - 4 %), tRNA (5 — 15 %), rRNA (80 — 90 %),
and noncoding RNA at very low levels (1 %) and, consequently, of relative importance
(Costa et al. 2010; Lindberg and Lundeberg 2010). However, the discovery that high
amounts of mammalian transcribed RNA is not protein coding, started to reshape the
perception of transcriptome landscape, allocating more and more importance to non-
coding RNAs (Okazaki, Furuno, et al, FANTOM Consortium and RIKEN Genome
Exploration Research Group Phase I & II Team 2002; Lindberg and Lundeberg 2010).
Moreover, this part of the transcriptome was designed as “dark matter”, a term aimed at
highlighting both the gained (supposed) importance and the lack of knowledge associated
with these transcripts, a term probably inspired by other disciplines (Johnson et al. 2005;

Ponting and Belgard 2010).

RNA-Seq experiments allowed in depth and reliable analysis of this “dark matter”; for

instance, in first RNA-Seq experiments a non-negligible percentage of reads appeared as
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non-assignable to known gene models, and therefore considered as background or
technical artifacts (van Bakel et al. 2010; Mercer et al. 2012). Instead, later NGS analyses
provided evidence for the biological significance of these reads: Rare isoforms, alternative
splicing variants, unannotated exons and intergenic long non coding RNAs have been
shown to account for about 15 % of the sequenced reads in the human transcriptome
(Mercer et al. 2012). Interestingly, the complexity of the transcriptome is not only related to
its “spatial” landscape, but even to the “time” landscape, as shown by transcriptome

oscillations linked to the circadian clock in Arabidopsis (Nolte and Staiger 2015).

In recent years, a straightforward protocol for RNA-Seq data analysis (based on the
Linux interface) has emerged as a reference among the biological community: The Tuxedo
package (Trapnell et al. 2012). Through the read aligner TopHat2 (incorporating Bowtie2)
(Kim et al. 2013) and Cufflinks2, able to assemble transcripts, discovering new isoforms,

and calculate abundances.

A major challenge was given by the absence of a P. x hybrida sequenced genome. In
fact, only the genomes of the two parental species were available (as non-ordered scaffold
assemblies). The two patental genomes were merged in a single file. In this way, we
obtained a synthetic basis for expression levels calculation of differentially expressed genes
(DEGs), which was the aim and goal of the whole analysis. We obtained and analyzed
Differentially Expressed genes (DEGs) among three biological conditions already
described in the previous Chapter: WT, maw, and maw mawb double mutants. These data
shed light on the downstream genetic pathways and pave the way to further functional

analysis.

Finally, we also implemented an inducible system in Petunia, aimed at being coupled

with RNA-Seq analysis to MAW/MAB direct-tatgets discovety.
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Results

Experimental set up

RNA was extracted from biological samples belonging to WT, maw, and maw mawb
plants. We opted for bona fide vegetative apexes as biological samples, instead of floral buds.
In this way, we wanted to avoid the regulatory complexity linked to flower induction and
flower development, in order to focus on some basic aspect of the phenotype, in particular,

the lack of lamina expansion (organ primordia emerge from the vegetative apex).

Each biological sample (3 biological samples per condition), was itself the result of a
pooling of vegetative apexes from individual plants (between ten and seven), to further

support the biological reliability of our results.

Sequencing was performed on two lanes on a HiSeq 2500 System (Illumina) by IGA
Technologies Inc., resulting in single-end 100 bp reads. In the end, 18 libraries (two per
sample) of 20 M fragments each were obtained. By means of the ERNE-FILTER package,
libraries were quality trimmed (phred number 33, minimum size 90) and trimmed libraries

derived from the same sample were fused together.

For the whole analysis, we relied on the classic Tuxedo package (Trapnell et al. 2012;
Kim et al. 2013). However, we adapted this protocol to the peculiatity of the Petunia

system, similar to the ones of non-model species (Strickler et al. 2012):

e  Petunia x hybrida is lacking a sequenced genome; only the parental genomes (P.
inflata and P. axillaris) are available.
e The sequenced genomes are lacking a consensus GFF (genome coordinates),

as they are available only as unassembled scaffold collections.
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Two genomes for one analysis

The main challenge to be solved was the lacking of a genome for P. x hybrida. Two
separate genomes for P. inflata and P. axillaris (Petunia Genome Consortinm, unpublished genomes),
the two parental species of P. x hybrida, were available as unassembled scaffolds (P. inflata
N50 406 Kb; N90 2,450 Kb - P. axillaris N50 309 Kb; N90 1,051 Kb; Petunia genomes

assemblies Status at February 2014 — unpublished presentation), therefore lacking a GFF file.

Additionally, no reliable annotation was available when we performed RNA-Seq.
Therefore, our challenge was to implement a psexdo de novo RNA-Seq analysis on P. x
hybrida. As a first step, a partially annotated GFF file based on sequences from the Tomato
protein database was produced for the two separated genomes. This provided a baseline
for library assembly and a starting point for the annotation. The two genomes (P. axillaris
and P. inflata) were fused together, obtaining a “synthetic” P. x hybrida genome. The two
GFF files (for P. axillaris and P. inflata) were also fused together. Technically, this means
that in the “synthetic” P. x hybrida genome, all genes were (virtually) in double compared to
the real P. x hybrida genome. This also makes the genome length double compared to the
real one. However, for our purposes (measuring expression levels of differentially
expressed genes) this is not affecting the result as we were interested in relative expression

levels among conditions.

Quality trimming of reads was performed using ERNE-Filter (Del Fabbro et al. 2013),
keeping a mean phred quality of 33 and a minimum read length of 90 bp. On average, ~88
% of the raw reads where kept as good quality reads from each library (see Material and
Methods for full data set). Trimmed reads from the same biological samples were merged
together, therefore largely reaching the minimum reads number required for robust gene
expression profiling (Y Wang et al. 2011). Following the Tuxedo package, Bowtie2 was
first used to create a genome index, and the alignment of reads from each biological sample

to the genome was subsequently performed by Tophat2, taking advantage of the Tomato-
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based GFF file. The parameters used for Bowtie2 are the default ones (“sensitive”
parameters). Bowtie2 is an efficient alignhment program for short reads to the genome. In
practice, the aligner makes a guess concerning the origin of a read from the provided
genome. Bowtie2 extracts substrings from each read and from the reverse complement
(called ““seeds”). This also means that single seed alighments from a single read are not
valid (mismatches or gaps for each seed), whereas the overall alighment of the read is valid
(Langmead et al. 2009). TopHat2 is a spliced aligner, in our case relying on Bowtie2, for
efficient mapping of reads through a genome (Kim et al. 2013). On average, 85.5 % of
reads from each sample was successfully mapped by TopHat2. Of these mapped reads,
66.2 % had multiple alighments through the genome. This high rate of multiple alignments
was expected, since the “synthetic genome” is working as two genomes at one time. Since
reads are just 100 bp in length, if no polymorphism is present in that region, then reads will

be equally mapped among the two genomes.

Cufflinks2 was then run on the alignment files (bam files) derived from each
biological sample after running Tophat2. Cufflinks2 is a powerful tool for transcripts
assembly and discovetry of gene/splice variants not taken into account by the genome
aligner. The resulting assembly files were merged together using Cuffmerge (a sub-tool of
Cufflinks2). In this way, the software can derive a baseline for calculating transcript
expression levels among different conditions. At this point of the analysis, we were able to
compare expression patterns from the different libraries (FIG. 1). A map of the Euclidean
distances of the different libraries clearly shows that transcript expression levels behave
coherently inside each condition (WT, maw, maw mawb), supporting the validity of our

biological sampling.
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FIG. 1 Euclidean distances of libraties

Libraries from the same sample behave in the same way (Credit: E. Bertolini).
Dendrograms show the relationship among different libraries. As expected,
libraries from the same background (W'T, maw, ot maw mawb), are more closely

related with themselves than with other libraries, confirming the soundness of
experimental design.

DEGs quantification using Cuffdiff
The resulting DEGs were quantified in FPKM (Fragments Per Kilobase of exon per

Million fragments mapped) (Mortazavi et al. 2008) using Cuffdiff2 (which also is a tool
incorporated into Cufflinks2). Results from Cuffdiff2 are consistent with count-based
schemes only if isoforms are not differentially regulated in a substantial way [from recent
studies, it appears that alternative splicing is widespread among different genomes,
including plant genomes (Reddy et al. 2013)], otherwise fold change counts are considered
as a poor approximation leading to higher levels of false positives. Cuffdiff2 works using a

beta negative binomial distribution implemented in its model for counting fragments in
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which the uncertainty of reads ambiguously mapped (widespread in transcriptomes where
alternative splicing is present) is combined with fragment-counts across replicates for each
transcript and the fragment-counts for each isoform inside each replicate (Trapnell et al.
2013). In this way, the vatiability among replicates and the effects of reads ambiguously
mapped causing uncertainty on the expression levels are both taken into account at the
same time (Trapnell et al. 2013). Practically, DEGs passing the statistical validation of
Cuddiff2 are labelled as “YES” in the final report. Since Cuffdiff2 performs comparisons
in pairs, we performed differential expression analysis among the following conditions: maw

vs. WT, maw vs. maw mawb, maw mawb vs. WT.

We took considered only DEGs labeled as “YES” for further analysis, after exporting data
in Excel. The subsets of statistically significant DEGs were the following ones: maw vs. WT
— 4,836 DEGs; maw mawb vs. maw — 9,641 DEGs, maw mawb vs. WT — 10,421 DEGs.
Roughly speaking, the Cuffdiff software, based upon the beta negative binomial model,
labels as statistically relevant also genes displaying very low fold change difference (for
example, as low as ~1.2 fold change), because in that model the statistical relevance is
depending also upon the distribution among the samples. It remains to be seen if also these

low fold change differences have a biological relevance, or not.

Different strategies can then be applied to these data sets to extract relevant information
concerning the genes and biological processes controlled by MAW and MAWB. The
strategies illustrated below are therefore complementary to each other, and do not exclude
further and different analyses in the future. All the main steps of RNA-Seq data processing

(ERNE-Filter trimming and Tuxedo package) are illustrated in FIG. 2.
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FIG. 2 Scheme of the RNA-Seq analysis performed on P. x hybrida samples (W'T, maw, and
maw mawb)

The main steps from sample extraction till analysis of differentially expressed genes
(Tuxedo package) are illustrated.
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In order to analyze general trends among the three conditions, we selected DEGs
displaying a minimum of 2 fold change (considering a minimum of 2 fold change as
biologically relevant) from the previous pools. We obtained the following subsets: waw vs.
WT — 1,205 DEGs; maw mawb vs. maw — 2,303 DEGs; maw mawb vs. WT — 2,932 DEGs.
Observing the three comparisons, the lower number of DEGs between WT and the single
mutant is probably due to the fact that the maw phenotype still retains several WT' aspects
(for example, leaf lamina is reduced, but not disappeared as in the double mutant).For this
reason, we can expect that several genes from the pool maw vs. WT will be found also in
the data set from maw mawb vs. WT. Accordingly, ~43% of upregulated DEGs and ~49%
of downregulated DEGs from the pool maw vs. WT are in common between the two
datasets. Taking into account the subset of DEGs with a minimum of 2 fold change from
the comparison maw mawb vs. WT (ie, the comparison between the two extreme
conditions), then ~73% of DEGs are upregulated and ~27% are downregulated in the
double mutant. A different way to observe this “transcriptomic landscape” is to look at
genes which are both differentially expressed between the WT and the double mutant and
between maw and the double mutant. These genes might be relevant because they show a
profile where the trend of the expression level is virtually linear from WT to maw, whereas
displaying a dramatic change in the double mutant. From the comparison of data sets from
maw vs. maw mawb and maw mawb vs. WT we found that 1,032 DEGs over a 2 fold change
threshold, upregulated in the double mutant, are shared between the two data sets. In a
similar way, only 230 DEGs over a 2 fold change threshold, downregulated in the double
mutant, are shared between the two data sets. In TABLE 1, the numbers of DEGs over

different fold change thresholds from the three comparisons are summarized.
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TABLE 1 — Analysis of fold change ratios of differentially expressed genes among the
three comparisons. The ~% over the dataset taken into account (>2 fold
change, >5 fold change, or >10 fold change) is also provided.

UPREGULATED >2 fold ~% >5 fold ~% >10 fold ~%
change change change

maw vs. WT 723 60% 96 55.5% 21 41%

maw mawb Ns. maw 1,611 70% 246 83% 86 90.5%

maw mawb vs. WT 2,129 73% 415 85% 109 88%

DOWNREGULATED >2 fold ~% >5 fold ~% >10 fold ~%
change change change

maw vs. WT 482 40% 77 44.5% 30 59%

maw mawb vs. maw 692 30% 50 17% 9 9.5%

maw mawb vs. WT 803 27% 72 15% 15 12%

These data further support the biological soundness of the analysis. In fact, as shown
in Chapter3, the maw mutant is more similar to WT than to maw mawb; the “true”
intermediate condition (taking into account characters such as expansion of leaf lamina or
carpel fusion) is provided by the maw mawb -/+ mutant. Accordingly, the number of
relevant DEGs (displaying high fold change) is relatively low in the comparison WT vs.
maw, but higher in the other two. Moreover, the number of relevant DEGs between these
two is not extremely different, which is in accordance with the fact that the zaw phenotype
still retains several WT' characters, in particular, the leaf lamina is still present, although
reduced. Inside each subset, we analyzed how many genes are upregulated and
downregulated in the most extreme condition (ie., either maw ot maw mawbh), to draw a
general scheme among the three conditions. As shown in TABLE 1, the majority of DEGs
are upregulated in the most extreme condition, which is in line with previous findings

about the repressive activity of the Medicago MAW orthologue, STF (Tadege, Lin, Bedair,
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et al. 2011; Lin, Niu, McHale, et al. 2013; Lin, Niu, and Tadege 2013). A general conclusion
that can be drawn from TABLE 1 is that MAW and MAWB act in a very quantitative
manner, affecting plant phenotype in a consequent way. This in accordance, for example,
with the progressive reduction of leaf lamina, or the progressive splitting and shortening of

carpels, along the gradient WT' > maw > maw mawb -/ + > maw mawb.

To exemplify the kind of results obtained in this preliminary analysis, in FIG. 3 are
reported the expression profiles (in FPKM, actual values) for a few genes from the subset
maw mawb vs. WT, displaying a minimum of 10 fold change difference (bot up and

downregulated).

Identifier WT maw mawb Putative annotation

XLOC_011169 5.80 idirectional sugar F sweet?. iates both low-affinity uptake and efflux of sugar across the plasma membrane
XLOC_007375 8.32 auxin efflux carrier family protein. K C5D6.04-like [ lycopersi

XLOC_026002 transcription factor BHLH51

XLOC_049744 14.31 1-ami lopropane-1-carboxylate oxidase. involved in the ethylene biosynthesis

XLOC_057187 P2A13-like. component of SCF(ASK-cullin-F-box) E3 ubiquitinligase complexes

XLOC_049243 wrky transcription factor 50

XLOC_011995 4.68 lob domain-containing protein 38

XLOC_041435 10.85 myb family transcription factor

Figure 3 Example of data set derived from the comparison maw mawb vs. WT, displaying up
and downregulated genes with a minimum fold change threshold of 10.
Expression values are in FPKM (Fragments Per Kilobase of exon per Million
fragments mapped).

A sugar transporter (sweet7) appears strongly upregulated in the double mutant. Sugar
sensing and sugar metabolisms play important roles in organ growth and development,
even though interaction with hormone signalling. For instance, an auxin efflux carrier is
largely upregulated and also an enzyme involved in ethylene biosynthesis, which has been
linked to cell elongation (Qin et al. 2007). We also found a LLOB sequence in our data set
of maw mawb vs. WT, which was strongly upregulated in the double mutant. This might be

of interest for further functional analysis, because it is known that LOB proteins can play a

role in organ development in Arabidopsis. For example, overexpression of a OB gene
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resulted in needle-like leaves (Sun et al. 2013), and the LOB gene AS2 is repressed by the
MAW and MAWB orthologue STF in Medicago, through recruitment of the corepressor
TOPLESS (Zhang et al. 2014; Zhang and Tadege 2015). In FIG. 3 are exemplified the kind
of targets that is possible to obtain from the analysis of the single gene sets previously
shown (maw vs. WT; maw mawb vs. maw, maw mawb vs. WT). However, our principal aim is
to identify DEGs relevant for specific biological processes taking place in the single and
double mutant following a gradient. For this, we adopted a different strategy from the one

briefly illustrated above, as shown in the next section.

Filtering RNA-Seq data

RINA-Seq analyses are high sensitive to external factors and, therefore, reproducibility
is affected. In fact, the transcriptome is highly exposed to plant external conditions (both
biotic and abiotic), including sampling, resulting in so called “batch effects” that might led
to erroneous conclusions (Leek et al. 2010). This can mean a trade-off between
information kept and reproducibility of results. Therefore, it is possible to approach the
problem selecting data which are likely to be biologically significant and to be reproducible,

and then to broad the analysis to the remaining data, to avoid loss of information.

In practice, the use of 3 different conditions (W'T, maw, and maw mawb), in which maw
is an intermediate phenotype between WT and maw mawb, allowed us to apply two
sequential, strong filters to our dataset. These filters, taken together, are intended to
highlight genes involved in biological processes shared by both the single and the double
mutant (for example, lamina outgrowth). The first filter consisted in selecting only DEGs
shared by all the three conditions. Since the differential expression analysis was performed
in pairs, FPKM values from each pair comparison were plot on Excel tables and merged in

a single file. In the end, we obtained 2650 DEGs shared by WT, maw and maw mawb.
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We applied a second strong filter, consisting in selecting only DEGs where the waw
expression was intermediate (either going up or down) between WT's and double mutants,
as expected from making the a priori assumption that maw mutants have an intermediate
phenotype between the other two (FIG. 4). In this way, we considered biologically
relevant, and likely involved in biological processes shared by the single and the double
mutant, only DEGs where maw levels were fitting either the red or the blue expression
profiles represented in FIG. 4. After applying this second filter, we reduced the number of
DEGs from 2650 to 556, meaning that about 1/5 of the previously selected DEGs wete
fitting the requirements from our second filter. Interestingly, in this small subset, 133
DEGs had downregulated profiles (~24%), and 423 DEGs had an upregulated profile
(~76), where the expression profile is intended from WT to maw mawb, as in FIG. 3. In this

way, we also obtained a pool of 490 (88%) DEGs displaying a minimum of 2 fold change.

WT maw mawb

7
Ve
%

Expression level

FIG. 4 Biological significance of selected DEGs

DEGs were selected on the basis of their expression profile. Only DEGs where expression
in maw was intermediate between WT and the double mutant were selected.
Therefore, only DEGs displaying a downregulating (red) profile or an
upregulating (blue) profile from WT to maw mawb were selected.

We plotted DEGs expression levels using a /g2 fold-based heat map and performed

sequence annotation based on _Arabidopsis thaliana proteome (TAIR10-pep) by means of
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BioEdit (Hall 1999). The remaining unannotated DEGs were annotated manually using

Blast. These transcripts were coding for transposons and for a microRNA precursor.

GO terms based annotation of transcripts

In order to obtain a broad, preliminary view of transcripts significance and

involvement in biological processes, we performed a GO terms analysis on the previously

filtered dataset, by means

of the Blast2GO software (Conesa et al. 2005) based on

Viridiplantae Blast database, as well as on InterProScan analysis. From this analysis, ~half

of the differentially expressed transcripts were involved in metabolic processes (FIG. 5),

and less than 50 DEGs were automatically classified as directly involved in developmental

processes (FIG. 5).
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GO terms analysis of transcripts from the filtered dataset performed with Blast2GO.
Transcript classification is redundant: The same transcripts can be assigned to
different GO terms.

Expression profiles of transcription factors

WOX genes are homeobox transcription factors, a large family of genes involved in
several aspects of plant development (Mukherjee et al. 2009). As master regulators of gene
expression, WOX genes likely control the expression of other downstream transcription
factors (or co-factors involved in transcriptional complexes), characterized by their own
downstream targets. To answer this question, we searched for all DEGs involved in
transcription in our dataset (either as direct-DNA binding proteins or as co-factors)
identifying 36 transcripts putatively involved in DNA transcription (FIG. 6). The resulting
data set is strongly enriched in transcription factors belonging to the homeodomain family,
to bHLH, and the ARF family (see pie chart in FIG. 6). This composition is quite different
from the general distribution of transcription factors in the Arabidopsis genome, as shown
in FIG. 6 [pie chart bottom-left; data are from The Database of Arabidopsis Transctiption
Factors, (Jin et al. 2014)]. Altogether, the different enrichment compared to the genome of
a WT plant is suggesting that the adopted strategy for DEGs filtering likely resulted in

enrichment of DEGs involved in relevant biological processes.

Among the selected transcription factors, an orthologue of A~HB73, was significantly
increased in single and double mutants (FIG. 6). In Arabidopsis, a#hb13 mutants displayed
faster growth rates of the stem (a phenotype due to higher cell divisions), but also defects
in ovule development, with shorter siliques, less seeds, and more unfertilized ovules than
WTs (Ribone et al. 2015). The A#~HBS orthologue was progressively downregulated in
single and double mutants (FIG. 6). .A~HBS is involved in vein formation in Arabidopsis
and, interestingly, it is positively controlled by the auxin-response transcription factor 5
(ARF?), also called MONOPTEROS (Donner et al. 2009). Interestingly, we have found the

ARF5 orthologue in our dataset (FIG. 6), which also is progressively downregulated in the
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single and the double mutants, therefore matching with the expression profile of A~HBS§
and previous findings in Arabidopsis. Two BLLHT like orthologues was instead upregulated
in maw and maw mawb (FIG. 6). Interestingly, in Arabidopsis two BLLHT like genes are
expressed in lateral organs and in leaf margins (Kumar et al. 2007). Moreover, BLH7 like
have been shown to interact with KINOX genes in leaf margins (Kumar et al. 2007). In our
dataset we found only one KINOX gene, an orthologue of KN.ATM, a KNOX gene lacking
the homeodomain and expressed at the boundary of lateral organs, which also able to

interact with BLH1 protein through the meinox domain (Magnani and Hake 2008).

In Arabidopsis, KN.ATM overexpressors displayed elongated and narrower leaves than
WTs, because of defects in leaf lamina expansion (Magnani and Hake 2008). The
expression profile of Ph-KINATM was progressively upregulated in the single and double
mutant (FIG. 6), therefore matching with previous observations in Arabidopsis and the

phenotypes of maw and maw mawb in Petunia.
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DEGs involved in transcription

Identifier

XLOC_041435
XLOC_010740
XLOC_086126
XLOC_044833
XLOC_032717
XLOC_042581
XLOC_022995
XLOC_049562
XLOC_045999
XLOC_004832
XLOC_039966
XLOC_030956
XLOC_013509
XLOC_047061
XLOC_031992
XLOC_044976
XLOC_037144
XLOC_069003
XLOC_016772
XLOC_084095
XLOC_095215
XLOC_034619
XLOC_047703
XLOC_026314
XLOC_009116
XLOC_047468
XLOC_012239
XLOC_073172
XLOC_039307
XLOC_071013
XLOC_070477
XLOC_069332
XLOC_042000
XLOC_029167
XLOC_026002
XLOC_037580

WT maw maw mawb Putative annotation

TF families in our data set

mbHLH

BARF

WWRKY
N BCH2H

AT1G14600.1| Symbols: | Homeodomain-like superfamily protein

AT1G09530.2| Symbols: PIF3, POC1, PAP3 | phytochrome interacting factor3
'AT2G02060.1| Symbols: | Homeodomain-like superfamily protein

AT2G17040.1| Symbols: anac036, NACO36 | NAC domain containing protein 36
AT1G27660.1| Symbols: | basic helix-loop-helix (o0HLH) DNA-binding superfamily protein
AT5G65210.5] Symbols: TGA1 | bZIP transcription factor family protein

AT5G64810.1| Symbols: WRKY51, ATWRKY51| WRKY DNA-binding protein51
AT3G20640.1| Symbols: | basic helix-loop-helix (bHLH) DNA-binding superfamily protein
AT1G30210.2| Symbols: TCP24 | TEOSINTE BRANCHED 1, cycloidea, and PCF family 24
AAT2G45480.1| Symbols: AtGRF9, GRF9 | growth-regulating factor®

AT4G32880.1| Symbols: ATHB-8, ATHB8, HB-8 | homeoboxgene 8

AT1G68810.1| Symbols: | basic helix-loop-helix (bHLH) DNA-binding superfamily protein
AAT2G35940.3| Symbols: BLH1 | BEL1-like homeodomain 1

AT4G14540.1| Symbols: NF-YB3 | nuclearfactor Y, subunit B3

AT5G58900.1| Symbols: | Homeodomain-like transcriptional regulator

AT5G67190.1| Symbols: DEAR2 | DREB and EAR motif protein 2 (DNA binding)
AT3G24520.1| Symbols: AT-HSFC1, HSFC1 | heat shock transcriptionfactor C1
AAT5G60850.1| Symbols: OBP4 | OBF binding protein 4 zync finger

AT5G28640.1| Symbols: AN3, GIF, GIF1, ATGIF1 | SSXT family protein

AT2G46530.1| Symbols: ARF11 | auxin response factor 11

AAT4G29080.1| Symbols: PAP2, IAA27 | phytochrome-associated protein 2
AT1G30330.2| Symbols: ARF6 | auxin response factor 6

AT1G14760.2| Symbols: KNATM | KNOX Arabidopsis thalianameinox

Log2 fold change

B w N R o

AT1G19850.1| Symbols: MP, ARF5, IAA24 | Transcriptional factor B3 family protein/ auxin-responsive factor AUX/IAA-related

AT2G38470.1| Symbols: WRKY33, ATWRKY33| WRKY DNA-binding protein 33
‘ \T2G33310.3] Symbols: IAA13 | auxin-induced protein 13
\T5G66320.2| Symbols: GATAS | GATA transcription factor 5

\T2G35940.3| Symbols: BLH1 | BEL1-like homeodomain 1

\T1G01060.4| Symbols: LHY, LHY1 | Homeodomain-like superfamily protein
T1G14900.1| Symbols: HMGA | high mobility group A (DNA binding)

\T3G56400.1| Symbols: WRKY70, ATWRKY70| WRKY DNA-binding protein70
\T3G61830.1| Symbols: ARF18 | auxin responsefactor 18

T2G40200.1] Symbols: | basic helix-loop-helix (6HLH) DNA-binding superfamily protein
\T3G24500.1] Symbols: MBF1C, ATMBF 1C | multiproteinbridging factor 1C

TF families in the Arabidopsis genome

@HB

oGIF
BEGRF
OOthers

FIG. 6 Expression levels of DEGs involved in transcription

36 DEGs putatively involved in transcription were identified in our dataset. Expression

levels are expressed in log2 fold change.

Bottom — Pie chart of TF families in our data set (left) and as distributed in the

Arabidopsis genome [data from (Jin et al. 2014)].

For details concerning A#-HBT13, A-HBS, ARF5, BLHT and KNAT, see text.
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\T4G34590.1| Symbols: ATB2, GBF6, AtbZIP11, BZIP11 | G-box binding factor 6 (bZIP transcription factor)
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Auxin-related genes are mainly downregulated in maw and maw mawb

We found several auxin-related DEGs, most of them downregulated in maw and in
maw mawb (F1G. 7). This is interesting for two reasons. First, as only ~24 % of the total
DEGs we selected were downregulated, the majority of auxin-related DEGs belong to this
subgroup. Second, auxin plays a central role in several aspects of plant development.
Although not only auxin quantity, but also auxin distribution should be taken into account,
the observed progressive reduction of auxin-related genes well correlates with the
progressively reduced blade expansion in the single and in the double mutant. In fact, auxin
maxima arise in the shoot meristem at sites of origins of organs. In a similar way, auxin
maxima also determine lateral roots emergence (Benkova et al. 2003). Moreover, auxin
fluxes pattern veins formation (Marcos and Berleth 2014), and auxin has also been shown
to be involved in polarity establishment in lateral organs (Qi et al. 2014). Among the auxin-
related DEGs, we found three A#PIN7-like sequences. We verified that these transcripts
were coding for 3 different proteins, and aligned them to Arabidopsis PIN1 sequences,
finding high sequence identity. It is well described that PINT orientation in Arabidopsis
cells is responsible for auxin fluxes and, therefore, for auxin maxima (Benkova et al. 2003).
Additionally, our findings are in accordance with previous evidence concerning the
interplay between auxin and WOX1 subfamily genes in Medicago and IN. sy/vestris, as shown

by (Tadege, Lin, Bedair, et al. 2011).
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Auxin-related DEGs

Identifier ~ WT maw maw mawb  Putative annotation

XLOC_001236

AT1G73590.1 | Symbols: PIN1, ATPIN1 | Auxin efflux carrier family protein

XLOC_063950 AT1G73590.1 | Symbols: PIN1, ATPIN | Auxin efflux carrier family protein

XLOC_085252 AT1G73590.1 | Symbols: PIN1, ATPIN1 | Auxin efflux carrier family protein
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XLOC_026314

AT1G19850.1 | Symbols: MP, ARF5, 1AA24 | auxin-responsive factor AUX/IAA-related

XLOC_029167

AT3G61830.1 | Symbols: ARF18 | auxin response factor 18

XLOC_029938 AT2G21050.1 | Symbols: LAX2 | like AUXIN RESISTANT 2

_ AT2G21050.1 | Symbols: LAX2 | like AUXIN RESISTANT 2

XLOC_087092

HLOC 034619 AT1G30330.2 | Symbols: ARF6 | auxin response factor 6

XLOC_046604 AT5G16530.1 | Symbols: PINS | Auxin efflux carrier family protein

XLOC_047468 AT2G33310.3 | Symbols: IAA13 | auxin-induced protein 13

XLOC_084095 AT2G46530.1 | Symbols: ARF11 | auxin response factor 11

XLOC 011420 AT5G11320.1 | Symbols: YUC4 | Flavin-binding monooxygenase family protein

XLOC_012901 AT4G24670.2 | Symbols: TAR2 | tryptophan aminotransferase related 2

XLOC_026216 AT4G15550.1 | Symbols: IAGLU | indole-3-acetate beta-D-glucosyltransferase

XLOC_028163

AT4G14430.1 | Symbols: IBR10, ATECIZ2, ECI2, ECHIB, PEC12 | indole-3-butyric acid response 10

XLOC_028911 AT5G55250.1 | Symbols: IAMT1 | IAA carboxylmethyltransferase 1

XLOC_023577 AT5G55250.2 | Symbols: IAMT1 | IAA carboxylmethyltransferase 1

XLOC 095215 AT4G29080.1 | Symbols: PAP2, IAA2T | phytochrome-associated protein 2

FIG. 7 Expression profiles of auxin-related DEGs

Heat-map for expression profiles of different auxin-related genes from our dataset.
Expression levels are in /g2 fold change.

Cell-proliferation genes are downregulated in maw and maw mawb

Additionally, key cell-proliferation genes were progressively downregulated in the
single and the double mutant, matching with the progressive reduction in blade outgrowth
(FIG. 8). Among them are two orthologues of CYCDJ3,7 in Arabidopsis, involved in cell
number determination in developing leaves and lateral organs (Dewitte et al. 2007).
Additionally, we also found that an At-GRF9 and At-GIF7/AN3 orthologues ate also
downregulated in maw and maw mawb (F1G. 8). GRFs are transcription factors comprising
nine members in Arabidopsis, which are involved in organ size determination (Kim et al.
2003). GRF' positively control cell proliferation, and they have been shown to interact with
the co-interactors called GIFs. Single mutants for GRFs or GIFs display narrower lateral
organs than WTs, and multiple mutants combining these two classes of genes display a

synergistic effect, with reduced cell number in lateral organs and less palisade cells at the
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leaf level and GRFs and GIFs can physically interact, as shown by yeast two-hybrid and in
vitro binding assays (Kim and Kende 2004). In patticulat, g7f7/an3 mutants have been well
characterized in Arabidopsis, displaying narrower leaves than WTs, and direct interaction
between GIF1/AN3 and GRF9 has also been shown by the yeast-two hybrid system
(Horiguchi et al. 2005). Additionally, in previous studies, CYCD3,7 levels were reduced in
g7f multiple mutants (Lee et al. 2009), which is matching with the DEGs profiles we found

in Petunia (FIG. 8).

DEGs involved in cell proliferation

Identifier WT maw  maw mawb  Putative annotation
XLOC_000884 AT4G34160.1 | Symbols: CYCD3;1. CYCD3 | CYCLIN D3;1
XLOC_052955 AT4G34160.1 | Symbols: CYCD3;1. CYCD3 | CYCLIN D3;1
XLOC_004832 AT2GA45480.1 | Symbols: AtGRF9. GRF9 | growth-regulating factor 9
XLOC_016772 AT5G28640.1 | Symbols: AN3. GIF. GIF1. ATGIF1 | SSXT family protein

FIG. 8 Expression levels of cell proliferation related genes

Expression levels of cell-proliferation related DEGs are illustrated on a /g2 fold change
basis.

The miR156/SPL genetic module is progressively affected in maw and maw mawb

We found that levels of #/R156/157 precursor are progtessively upregulated in maw
and maw mawb mutants (FIG. 9A). mR156/157 is involved in several aspects of plant
development, including vegetative to reproductive phase transition (Wu and Poethig 2006).
Moteovet, miR156/157 is patt of a genetic module including SPL (SQUAMOSA-
PROMOTER BINDING PROTEIN-LIKE) genes, which are reported as typical targets of
miR156/157 (Wang and Wang 2015). SPLs are plant-specific transcription factors, firstly
identified in Snapdragon as able to bind the promoter of the SOQUAMOSA gene (Klein et
al. 1996), and many of them are post-transcriptionally controlled by microRNAs and

involved in pleiotropic effects in plant development (Chen et al. 2010). Interestingly,
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miR156 targeted SPLs in Arabidopsis, such as SPL9 and SPL70, are involved in
plastochron length, with increased levels of SPL9 and SPL70 leading to increased
plastochron length, whereas overexpression of mR756 leads to shortened plastochron
length and overproduction of leaves (Wang et al. 2008). We found two SPLs orthologues
in our data set correlating with the increased levels of wiR156/157: SPL10 and SPL13,
displaying progressively decreased levels in the single and double mutant (FIG. 9A). These
results match with the observation of a progressive increase in organ (leaf) number in maw
and maw mawb at the rosette level (FIG. 9B), and it is further supported by statistical
analysis, with significant differences in organ number among WT's and maw, and the single
and the double mutant (FIG. 10). Organs produced by maw and maw mawb mutants include
both normal size leaves, and smaller leaves (FIG. 9B, arrows), the latter absent in WT
Petunias (FIG. 9B). maw and maw mawb mutants display an increasing number of small
leaves (under 1.5 cm in length, as opposed to normal size leaves) which also account for
the difference in total leaf number among the single and the double mutant (FIG. 10).
Interestingly, in Arabidopsis, a compensatory mechanism has been proposed linking organ
size and plastochron length: Shortened plastochron equals reduced leaf size; delayed
plastochron equals larger leaves (Wang et al. 2008). This compensatory mechanism might

explain the small size of leaves observed in zaw and maw mawb.
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miR156/SPLs module A

Identifier WT maw maw mawb  Putative annotation

XLOC_091056 AT1G48742.1 | Symbols: MIR156/MIR157

AT1G27370.4 | Symbols: SPL10 | pi binding protein-like 10
XLOC_016004

AT5G50570.2 | Symbols: SPL13A. SPL13 | Squamosa promoter-binding protein-like
XLOC_016014 (SBP domain) transcription factor family protein

Log2 fold change

.mhwtv»on'anlh‘!

maw mawb

FIG. 9 miR156/SPLs genetic module is affected and correlates with supernumerary organs
production in zaw and maw mawb plants (aged of 5 weeks).

Genes from the miR156 genetic module (m/R756/ 157 precutsor, SPL.10 and SPL13) are
progressively affected in maw and maw mawb (A). Expression profiles reported
as log?2 fold change. Original FPKM values are as follows (ordered from WT
to maw mawb): XLOC_091056 |0.177 < 0.716 < 1.837; XLOC_016004
|43.417 > 28.993 > 23.013; XLOC_016014 |50.128 > 33.822 > 25.422.

maw and maw mawb plants display more organs than WTs (B). Scale bars: 3 cm.
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Average organ number
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FIG. 10 Production of small organs in maw and maw mawb plants

Five week old plants were analyzed for leaf number. The total number of leaves is
significantly higher in maw and maw mawb compared with WTs (top).
Supernumerary organs produced by maw and maw mawb can be roughly
divided into normal size and small size (under 1.5 cm) leaves. Normal leaves
are significantly more in maw and maw mawb, compared to WT. Single and
double mutants differ for the number of small leaves, significantly higher in
the double mutant
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A method for MAW/MAWB direct targets discovery

The second goal of our molecular analysis of the maw and maw mawb phenotypes was
to identify the direct targets of the transcriptional activity of MAW. We opted for a RNA-
Seq based method. For this, a construct carrying the promoter of Ph-MAW fused to the
gluco-corticoid receptor (GR) from Mouse and to the genomic cds of MAW (FIG. 8A)
was produced using the Gibson Assembly method. As the W138 line is not-genetically
transformable, we introgressed our mutation into the V26 transformable background.
Petunia plants (maw -/ + mawb, displaying a WT phenotype) detived from the W138 x V26
cross were transformed with the pMAW:GR-MAW construct using A. fumefaciens, by

means of the leaf disc transformation method (FIG. 8A).

A parallel transformation of Arabidopsis wox7 prs plants was also performed with the
same construct used in Petunia (FIG. 8B). As shown in Chapter III, genomic MAW from
Petunia can rescue the wox? prs phenotype in Arabidopsis. In this way, we were able to
rapidly test the functionality of the construct: Grown on DEX plates, Arabidopsis

seedlings displayed a WT phenotype (FIG. 8B).

Petunia plants derived from transformation and regeneration events were tested by
PCR and selfed to select maw mawb double mutants carrying the transgene in the next
generation. On the Fo, plants showing the maw mawb phenotype were tested by PCR for
carrying the transgene (FIG. 8A). This line is intended for RNA-Seq analysis after DEX
mediated activation of MAW (Schena et al. 1991), and CHX treatment to block protein
turnover. The subsequent data analysis will likely identify a restricted pool of genes

containing the direct targets of MAW/MAWB.
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B

1,034 bp

wox1prs

FIG. 11 Transformation of Petunia x hybrida (W138 in V206) and Arabidopsis using
Agrobacterium tumefaciens

A — Petunia transformation with the pMAW::GR-MAW construct obtained by the Gibson
Assembly method (construct cartoon shown in the middle). (1) Leaf discs
from maw -/ + mawb plants (WT phenotype) were co-cultivated with A.
tumefaciens on co-cultivation plates and callusing explants transferred to
selective plates (2). Selected calli were transferred to rooting medium (3) for
plant regeneration e transfer in soil. Regenerated plants (4) were tested by
PCR (5) for the presence of the construct. These plants were selfed to obtain
maw mawb mutant plants carrying the inducible GR-MAW construct.

B — woxT prs plants (1) were transformed with the same construct used for Petunia. Ty

seeds were grown on MS medium (2), or MS medium supplied with DEX (3),
resulting in narrow wox7 prsleaves (2) or complemented phenotype (3).

Discussion

RNA-Seq is a powerful method for transcriptome analysis and to discover affected
genetic networks among different conditions. Here, we report preliminary results from an
RNA-Seq analysis comparing WT, maw, and maw mawb mutants in Petunia, previously
reported as affected in lamina outgrowth in lateral organs (Chapter III). Until recently
Petunia was a non-sequenced model species. Then, draft genomes for P. axillaris and P.

inflata became available (“Sequencing and Comparison of the Genomes of Petunia inflata
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and Petunia axillaris”, Conference paper, 2012). At the moment, no official release from the
Petunia Consortium is available. However, selected labs already have the drafty genomes of
P. inflata and P. axillaris (the two parental species of P. x hybrida). These genomes are
available only as scaffold assembly, therefore lacking a GFF (coordinate) genome file.
Because of these starting conditions, the RNA-Seq was performed as an almost de novo
assembly. A basic GFF file was realized to help reads alignment, based on protein
orthologues in Tomato. The two genomes of P. inflata and P. axillaris were merged
together, obtaining a “synthetic” P. x hybrida genome. RNA samples were obtained from 9
biological samples, 3 per condition. Each biological sample was composed from a pool of
vegetative apexes from the same condition (WT, maw, and maw mawb) and extracted using
the Trizol method. Samples were sequenced on two lanes obtaining about 20 M reads of
100 bp per sample from each sequencing lane. After quality trimming using ERNE-Filter
(Del Fabbro et al. 2013), libraries from the same sample were fused together and analyzed
using the well described Tuxedo protocol (FIG. 3) (Trapnell et al. 2012). For our purposes,
we considered the double mutant as a more dramatic phenotype than the single mutant.
Given the high sensitivity of RNA-Seq and the consequent problem of data reproducibility,
because of batch effects (Leck et al. 2010), we adopted a strong, radical filtering strategy to
ensure the biological significance of our data. First, we have taken into account only DEGs
shared by the 3 conditions, obtaining a common pool of 2650 DEGs. In order to find
DEGs involved in lamina expansion, we applied a second strong filter, selecting only
DEGs where maw expression levels were intermediate between WT and the double mutant
(FIG. 4), obtaining 556 DEGs reflecting these criteria (133 upregulating, and 423
downregulating). The fact that the majority of DEGs are downregulating in the single and
double mutant, is in accordance with previous studies concerning the mainly repressor
activity of STF, the orthologue of MAW in Medicago (Tadege, Lin, Bedair, et al. 2011; Lin,

Niu, McHale, et al. 2013; Lin, Niu, and Tadege 2013).
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General analysis of RNA-Seq data
From a first GO analysis (FIG. 5), it appeared that almost half of the selected DEGs

are involved in metabolic processes, and about 50 were automatically classified as involved
in developmental processes. To refine this analysis, we focused our attention on the DEGs
involved in DNA transcription (including transcription factor or co-factors). Given their
broad role in plant development, WOX genes are likely to control other transcription
pathways downstream of them. We performed such analysis manually, finding 36 DEGs
involved in transcription (FIG. 6). These include a selected subset of transcription factors,
compared to the distribution in a whole plant genome, such as the Arabidopsis genome
(FIG. 6). In particular, HOMEOBOXes, bHI Hs, and ARF’ resulted particulatly enriched in
our data set, suggesting a potential role in biological processes affected in the single and in

the double mutant.

Auxin plays an important role in maw and maw mawb phenotypes

Analyzing our RNA-Seq data set, we found several auxin-related DEGs (FIG. 7), the
majority of which are downregulated in the single and double mutant. This result is
interesting, and somehow expected, given the fundamental role of auxin in several aspects
of plant development and the phenotype of the mutants, characterized by reduced leaf
lamina. In fact, auxin is well known for its role in establishment of organ primordia, driven
by formation of organ maxima (Benkova et al. 2003). Finally, auxin is required for leaf
blade outgrowth, as a symmetric distribution of auxin in the leaf, is required for symmetric

cell division patterns and proper lateral expansion of the leaf lamina (Zgurski et al. 2005).

PINT1, auxin efflux catriers, are typically involved in auxin maxima establishment and
in directing auxin fluxes through their localization in organ cells (Chen et al. 1998; Benkova
et al. 2003; Bohn-Courseau 2010; Luschnig and Vert 2014). We found 3 different
sequences displaying the highest similarity wit At-PIN1 in Petunia (FIG. 7), all of which

wete progressively downregulated in maw and maw mawb. However, in our dataset we also
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found auxin response factors (ARFY), as well as genes involved in auxin synthesis, such as
YUC4, member of the YUCCA gene family. YUCCA genes are coding for flavin
monooxygenases required for auxin biosynthesis (Mashiguchi et al. 2011). Moreover, in
Arabidopsis, YUC4 was shown to be required for leaf margin development, since
corresponding local auxin biosynthesis is required for lamina expansion (Zgurski et al.
2005; W Wang et al. 2011). Tryptophan aminotransferases are another class of genes
involved in auxin biosynthesis (Mashiguchi et al. 2011). We also found a tryptophan
aminotransferase related gene downregulated in both the single and the double mutant
(FIG. 7). Moreover, these findings are in accordance with previous studies in szf and lam1
mutants in Medicago and N. sylvestris, respectively (Tadege, Lin, Bedair, et al. 2011) which,
also by means of microarray analysis, pointed out that auxin related genes are affected in
these mutants. In fact, several auxin related transcripts are affected in s mutants in
Medicago, whereas leaves from both s#fand /am1 displayed less free auxin as measured by

GC-MS (Tadege, Lin, Bedair, et al. 2011).

An ARF5 orthologue was downregulated in single and double mutants (FIG. 7 and
FIG. 6). ARF5 is positively controlling .4~HBS, an homeobox gene involved in vein
formation in Arabidopsis (Donner et al. 2009). We found that an .4~HBS orthologue was
also downregulated in the single and double mutant (FIG. 6). This is of interest because,
given the lack of blade expansion, the corresponding vascular system crossing the leaf
blade in the WT is also reduced in maw and maw mawb, whete only the middle rib of the leaf
is in place. Therefore, these observations well correlate with the described roles for ARFS
and ArHBS and the phenotype in Petunia maw and maw mawb. Altogether, these data
suggest that auxin biosynthesis and auxin distribution play a crucial role in leaf blade

expansion defects observed in waw and maw mawb.
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Cell-proliferation genes are affected in maw and maw mawb

The observed defects in lamina expansion in waw and maw mawb are likely due to less
cell proliferation in the lateral direction (therefore, not forming the full lamina). To test this
hypothesis, we analyzed cell-proliferation genes in our dataset. Two CYCD3,7 orthologues,
a cyclin directly involved in determining cell number in developing lateral organs in
Arabidopsis (Dewitte et al. 2007), were downregulated in the single and double mutant
(FIG. 8). Matching with this finding, an A#~GRF9 and an A#-GIF1/AN3 orthologue was
progressively downregulated in maw and maw mawb. In Arabidopsis, GRFs form a nine-
member gene family determining organ size by controlling cell proliferation (Kim et al.
2003; Kim and Kende 2004). GRFs have been shown to directly interact with GIFs and
single as well as double mutants for GRFs and GIFs display narrower lateral organs than
WTs (Kim and Kende 2004; Lee et al. 2009). G#f!/an3 mutants in Arabidopsis display
narrower leaves than WTs, and GIF7/AN3 can directly interact with GRFY in this species
(Horiguchi et al. 2005). Therefore, the same mechanism is likely responsible, at least in
part, for the reduced leaf lamina observed in maw and maw mawb. As our RNA-Seq was
intended as a preliminaty analysis, further confirmation of Ph-GIF1/AN3 and Ph-GRF9 by
qPCR is requited. Based on this, it would be of interest to perform further functional

analyses.

The miR156/SPL genetic module is affected in maw and maw mawb, and it likely
accounts for supernumerary organs production

Single and double mutants display an increasing number of organs, additionally, small
leaves are produced in maw and many more in maw mawb (F1G. 9B, FIG. 10). Interestingly,
we found a possible explanation for this phenotype, since the genetic module of
miR156/SPL, reported to affect plastochron length and organ production in Arabidopsis

(Wang et al. 2008; Chen et al. 2010; Wang and Wang 2015). The behavior of the
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orthologues transcripts of a wiR756 precursor, and SPL70, SPL73 orthologues are in

accordance with this model (FIG. 9A).

Perspectives

RNA-Seq analysis

Although the RNA-Seq previously reported was intended as a preliminary analysis, it
already allowed the identification of relevant genetic pathways, which are likely to explain
the observed phenotypes in maw and maw mawb. The analysis was performed following the
reliable and widely used Tuxedo protocol (Trapnell et al. 2012). However, the actual state
of the Petunia genome was challenging for RNA-Seq analysis. Therefore, different strategy
might lead to more reliable results, and it might be of interest to compare different
methods. Since RNA-Sequencing is a more and more used technique, even on non-model
species, such a comparison might be technically interesting for other species in a similar
situation. E. Bertolini (Pisa) performed a parallel RNA-Seq analysis in which reads were
aligned separately on the two genomes of P. axillaris and P. inflata, and only in the very end
a synthetic P. x Jlybrida transcriptome was reconstructed. We envisage providing a

comparison of the two methods in the near future.

Validation of RNA-Seq data

In any case, data from RNA-Seq need to be further validated using a different method,
typically qPCR. This validation step is generally required for publishing a consequent
biological story. We plan to validate by qPCR the transcripts of interest previously

reported.

Biological stories

After qPCR validation, the #/R756/SPL module and supernumerary organ production

already represents a significant result on its own. As previously shown, we have identified
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different genes which represent interesting targets for further functional analysis, after

validation of RNA-Seq data by qPCR.

We have also identified auxin as a major player in maw and maw mawb phenotype. We
are developing maw mawb plants expressing the DRS5:venus construct [by crossings of maw
mawb mutants with DR5:venus plants, previously obtained by Roeska Blankevoort at
Ronald Koes lab (VU, Amsterdam)]. These plants could be used to compare the possibly

different auxin patterns in WT and mutant plants, by means of confocal microscopy.

Implementation of a method for MAW/MAWB direct targets discovery

We also started implementing a method to discover the direct targets of
MAW/MAWB. To this aim, we first produced a construct where genomic MAW is linked
to the GR receptor sequence and expression placed under MAW promoter. Using this
construct, we transformed Petunia plants in a way to obtain maw mawh mutants expressing
PMAW:GR-MAW genomic. In fact, GR can be activated by dexamethasone (DEX), and the
linked MAW translocate to the nucleus (Schena et al. 1991). We first tested this construct
transforming wox7 prs Arabidopsis mutants, which responded well to DEX treatment,
complementing the phenotype (FIG. 11B). Petunia transformants were also obtained and
tested by PCR. We eventually obtained F» plants maw mawb expressing pMAW::GR-
MAW genomic.. Before being used for the analysis, further tests to evaluate the efficacy of

the DEX treatment are required.
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Materials and Methods

RNA extraction - Total RNA was extracted from shoot apexes of W138 P. x hybrida
plants grown under long day and stable environmental conditions in a growth chamber.
Mutants were from the previously described maw-6 (Vandenbussche et al. 2009), and waw-4
mawb (Chapter III). We obtained 9 biological samples, 3 per condition (WT, maw, maw
mawb). For each condition, biological samples were composed as follows: 10 apexes from
WT plants; 7 apexes from maw-6 plants; 10 apexes from maw-4 mawh plants. RNA
extraction was petformed using the TRIzol® method and RNA quality assessed using an
Agilent Bioanalyzer 2100. Samples displaying an RNA Integrity Number (RIN) > 8 were

used for sequencing.

RNA sequencing - Samples were sequenced on a HiSeq 2500 Illumina machine by
IGA Technology Services (Via J.Linussio, 51 Z.1.U. Udine 33100 — Italy). 1 x 100 bp reads

were produced on a multiplexing lane (9 x 2), resulting in 18 libraries of ~20 M reads each.

Analysis of raw reads distribution - Raw reads distribution for each biological
sample was analysed, showing the variability of depth of sequencing within each sample. Y
axis indicates raw reads number in millions. Raw reads distribution is coherent within each

condition.
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Quality trimming - Library trimming was performed with ERNE-Filter (Del Fabbro
et al. 2013), producing trimmed read of min-mean-phred-quality 33 and minum size 90 bp.
Trimmed reads from the two libraries derived from the same sample were fused together,

obtaining 9 libraries.

Library name Raw reads Trimmed reads Percentage
1A 21374674 18687202 0.8742
1B 20622968 18059393 0.8756
2A 16538825 14440538 0.8731
2B 15957426 13957004 0.8746
3A 20250360 17676825 0.8729
3B 19492276 17053260 0.8748
4A 15899131 13896420 0.8740
4B 15304528 13398512 0.8754
5A 13179757 11578847 0.8785
5B 12735309 11201811 0.8795
GA 14362644 12603430 0.8775

132



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

6B 13879837 12194177 0.8785
7A 12644967 11107849 0.8784
7B 12216930 10749956 0.8799
8A 11990403 10529268 0.8781
8B 11547290 10150695 0.8790
9A 11257009 9843690 0.8744
9B 10824700 9480924 0.8758
Total reads 270079034 236609801 0.8760

Data analysis - The two available genomes of P. axillaris and P. inflata were merged
together, resulting in a “synthetic” P. x hybrida genome. Tomato based GFF files for the
two genomes were also merged together. Following the Tuxedo package (Trapnell et al.
2012), reads alignment was performed using Bowtie2 (version 2.1.0), and TopHat2 (version

2.0.9).

TopHat2 alignment data for each sample (in number of reads)

Sample 1 2 3 4 5 6 7 8
Input 36746595 28397542 34730085 27294932 22780658 24797607 21857805 20679963
Mapped 31365782 24235145 29643529 23331798 19562393 21248464 18640699 17657821
Of these 20688224 15943440 19516457 15516916 13162191 14111501 12260234 11636341
Mapped

% 85.4 85.3 85.4 85.5 85.9 85.7 85.3 85.4
Of these

mult.

align.% 66 65.8 65.8 66.5 67.3 66.4 65.8 65.9

Cufflinks, Cuffmerge, Cuffdiff - Isoform discovery and transcript quantification was
performed using Cufflinks (version 2.1.1) followed by production of a merged GFF from
all the three conditions with the sub-tool Cuffmerge (version 1.0.0). Quantification and
statistical validation of differentially expressed genes was performed with Cuffdiff (version

2.1.1). Downstream analysis and graphs production was performed in Excel.
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Blast, annotation, and GO terms analysis. We performed annotation of the selected
DEGs by means of BlastX through the Bioedit software (Hall 1999) on the TAIR-10pep
database for Arabidopsis thaliana. Non coding sequences were manually annotated through
other TAIR databases. To petform GO terms analysis, we used the Blast2GO software
(Conesa et al. 2005), after blasting sequences on the Blast2GO 17ridaeplantae Pro database,
and InterProScan analysis, following company’s (Blast2GO) guidelines for data analysis

and graphics production.

Statistical analysis of leaf number in WT, maw, and maw mawb plants - Leaves
were counted manually on 5 weeks-old Petunia plants using the following samples: 8 WT
plants, 8 maw plants, and 24 maw mawb plants. For small 175, normal leaves counts, leaflets
under 1.5 cm were considered as “small leaves”. Data significance was assessed by

heteroskedastic T-tests. Full data sets are available in Chapter VII.
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Chapter V cover - SEM picture (x 150) of a “trichome landscape” on a wox3 wox3b pedicel
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V. The two genes WOX3 and WOX3B are involved
in trichome development in Petunia

Enrico Costanzo™?, Patrice Morel' & Michiel T andenbussche’

Abstract

In a comparative analysis of the functional role of WOX genes among Petunia
(Asteridae) and Arabidopsis (Rosidae), we analyzed the role played by WOX3 subfamily
genes in Petunia, through a reverse genetics approach. WOX3 genes ate typically involved
in blade outgrowth in other species, including Arabidopsis, where the WOX3 gene PRS
genetically interacts with WOXT in blade outgrowth (Vandenbussche et al. 2009; Nakata et
al. 2012). We have previously shown that the two WOXT genes in Petunia, MAW and
MAWB, are redundantly involved in blade outgrowth in this species, questioning the role
played by WOX3 genes in Petunia. Unexpectedly, we found that WOX3 subfamily genes
are involved in trichome development in Petunia (Asteridae). Molecular mechanisms
leading to unicellular trichome development are nowadays well described in Arabidopsis
(Rosidae), whereas little is known about the development of multicellular trichomes in
Asteridae. Differently from Arabidopsis, we show that the two subfamilies WOX1 and
WOX3 do not genetically interact in Petunia. The differential, functional recruitment of the
WOX3 subfamily in Petunia highlights, once more, the evolutionary adaptability of this
class of genes.

"Laboratory of Reproduction and Development of Plants, UMR5667, Ecole Normale Supérienre de Lyon, Lyon,
FRANCE

2Istituto di Scienze della Vita, Senola Superiore Sant’Anna, Pisa, ITALY
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Introduction
We have previously shown that the two WOXI1 subfamily genes, MAW and MAWB,

are involved in lateral expansion of lateral organs in Petunia x hybrida, leaving open the

question about the functional role of the WOX3 subfamily in this species.

In Arabidopsis, the only member of the WOX3 subfamily, PRS, was shown to have a
unique function in lateral expansion of lateral sepals and in stipule development, although
it was much broader expressed than just sepals and leaves, being also expressed at the
lateral edges of petals and stamens, as well as in cotyledons during embryogenesis
(Matsumoto and Okada 2001; Nardmann et al. 2004). In maize, the two WOX3 genes NS7
& NS2 are involved in lateral expansion of leaves (Nardmann et al. 2004). More recently, a
broader developmental role for PRS was indeed revealed, since PRS WOXT7 genes in
Arabidopsis functionally ovetlap in blade expansion in lateral organs (Vandenbussche et al.
2009). In Petunia, the two WOX1 members in Petunia are involved in blade expansion in
lateral organs. In particular, the double mutant zaw mawb already displayed a much stronger
phenotype than wox7 prs in Arabidopsis, especially in leaves, questioning the role played by
WOX3 genes in Petunia. Here, we report for the first time that the WOX3 subfamily in
Petunia comprises two genes which play a redundant role in multi-cellular trichome

development.

Trichomes cover the epidermis of many plant species and are typically involved in
processes such as plant defense, protection against water loss (Li et al. 2012), extreme
temperature and other abiotic stresses (Levin 1973; Werker 2000; Wagner et al. 2004).
Several different, analogous structures are reported as trichomes in botanical literature.
Despite of that, trichomes can be generally defined as protuberances emerging from the
epidermis and characterized by specific height/width ratios, roughly divided into simple

trichomes and glandular, secreting trichomes (Wagner et al. 2004). Glandular trichomes
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typically secrete complex secondary metabolite compounds, whereas simple trichomes are
typically not secreting (Dai et al. 2010). Arabidopsis thaliana and Petunia x hybrida belong to
the two distinct core-eudicots groups called Rosidae and Asteridae, respectively. Petunia is
a member of the Solanaceae family, where different kinds of multicellular trichomes can be
found (Adedeji O 2007). In contrast, Arabidopsis displays unicellular, three-branched
trichomes (Hiulskamp 2000) originating directly from the epidermis and characterized by
four endoreduplication phases, therefore resulting in a 32C DNA content, on average
(Hulskamp 2000; Schnittger and Hilskamp 2002). In Arabidopsis, trichomes are well
studied structures and their underlying molecular pathways have been largely elucidated
(Balkunde et al. 2010; Pattanaik et al. 2014). The GL.2 homeobox HD-Zip gene is involved
in trichome cell differentiation in Arabidopsis leaves (Rerie et al. 1994), whereas the same
gene acts as a suppressor of hairs at the root level, where it is expressed in hairless cells
(Masucci et al. 1996). Instead, at the leaf level, trichomes are suppressed by TRY, a R3
single repeat MYB transcription factor (Hulskamp et al. 1994; Schnittger et al. 1998; Pesch
and Hilskamp 2011). The MYB transcription factor CPC is also involved in trichome
supptression (Schellmann et al. 2002). #y mutants display trichome-clusters (Hiillskamp et al.
1994), and TRY is acting by competing with GL1 for the same binding site on GL3 in cells
not expressing trichomes (Marks and Esch 2003; Esch et al. 2003). GL7 codes for a R2R3
MYB transcription factor (Herman and Marks 1989; Larkin et al. 1993), whereas GL3
codes for a bHLH transcription factor (Payne et al. 2000). Along with TTG1, a WDA40
repeat protein (Walker et al. 1999), and EGL3, another bHLH protein (Bernhardt et al.
2003), GL1 and GL3 are part of a TTG1-bHLH-MYB regulatory complex involved in
trichome development in Arabidopsis (Zhao et al. 2008). Such a complex has been
suggested to positively control GL.2 and TTG2 (coding for a WRKY transcription factor

(Johnson et al. 2002)) (Ishida et al. 2007; Morohashi et al. 2007; Yang and Ye 2013).
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Therefore, this mechanism of single-cell trichome development in Rosidae is quite well

understood nowadays.

Interestingly, the molecular components of the trichome developmental pathway in
Arabidopsis represent a genetic module also involved in pigmentation. In fact, the MYB-
bHLH-WD40 complex is involved in anthocyanin biosynthesis in many eudicots, including
Arabidopsis, where different players of the trichome pathway are shared by the
anthocyanin biosynthesis pathway (Robinson and Roeder 2015). In Asteridae, this complex
is also involved in anthocyanin biosynthesis (Ramsay and Glover 2005; Robinson and

Roeder 2015), but, apparently, not in trichome development (Yang and Ye 2013).

This is probably one of the main reasons why trichome development in Asteridae
remains pootly understood. Moreover, different kind of trichomes can be found in this
group (e, seven types of trichomes have been desctibed in Tomato, with type I, IV, VI,
and VII being twisted glandular, and types 11, 111, and V defined as non-glandular (Tian et
al. 2012)), and it has been proposed that different gene regulatory networks underlie
different types of trichomes, despite the sharing of some common components (as
suggested by overexpression expetiments in Niotiana (Payne et al. 1999)). The role of
jasmonate and BAP in multicellular trichome development in Tomato (Asteridae) has also
been reported (Li et al. 2004; Maes and Goossens 2010). Orthologues of TRY and GL3
have been cloned from Tomato (Solanum lycopersiocum, S)) and, whereas overexpression of
CPC:SETRY resulted in inhibition of trichome development in Arabidopsis (and in a
corresponding root-hair enhancement), no effects were observed in GL3:S-GL3
overexpressing plants (Tominaga-Wada et al. 2013). On the same line, overexpression of
GL7 from Arabidopsis in Tobacco didn’t result in perturbation of trichome development
in this species (Payne et al. 1999). Instead, overexpression of MIXTA (a MYB gene

involved in conical cells development on petals (Noda et al. 1994)) from Antirrbinum majus
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(another member of the Asteridae group) in Tobacco plants, resulted in supernumerary
trichomes, as well as in conversion of conical cells into trichomes (Glover et al. 1998;
Payne et al. 1999). Interestingly, overexpression of MIXTA in g/7-1 Arabidopsis plants
didn’t rescue the glabrous phenotype (Payne et al. 1999).On the opposite, a MIXTA
orthologue (CotMYBA) from Cotton, a member of the Order Malvales (part of the Rosidae
(The Angiosperm Phylogeny Group 2009)), resulted in altered trichome patterns when
overexpressed in Tobacco (Payne et al. 1999). These results are based on heterologous
overexpression phenotypes. However, RN.A/ cotton for two MIXT.A-like genes displayed

shorter fibers and reduction in trichome number (Machado et al. 2009).

In tomato, the gene WOOLLY (WO) was firstly identified as a dominant mutation,
producing abundant trichomes on tomato leaves (Shilling 1959; Yang, Li, Zhang, Wang, et
al. 2011). Stable transformation of WT tomato plants with 7O led to a woolly phenotype,
due to increased trichomes (Yang, Li, Zhang, Wang, et al. 2011). WO codes for an
orthologue of PDF2 in Arabidopsis (an HD-Zip transcription factor), and RNAi plants for
WO display a glabrous phenotype (Yang, Li, Zhang, Luo, et al. 2011). In Arabidopsis,
PDF2 is involved in epidermal cell differentiation (Abe et al. 2003) and embryo
development (Ogawa et al. 2015), whereas the GL2 gene, coding for another HD-Zip
transcription factor from a different sub-group than PDF2 (Ariel et al. 2007), is involved in
trichome development in Arabidopsis (Rerie et al. 1994). IO has been shown to physically
interact with the cell-cycle related gene CyeB2 in Tomato, likely involved in development of
multicellular trichomes (Yang, Li, Zhang, Luo, et al. 2011). Another HD-Zip transcription
factor playing a role in trichome development is OCL4 from Maize, a Monocot. RNA7
OCILA4 plants displayed ectopic macrohairs whereas, in Arabidopsis, g/2-7 plants
overexpressing GL2::Zm-OCLA displayed an even worse phenotype, suggesting the ability
of OCL4 to inhibit trichome development in both these two distantly related species

(Vernoud et al. 2009). In another Monocot, Rice (Oryza sativa), a locus of agronomical
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interest called Glabrous Rice 1 involved in trichome development has also been identified
(Li et al. 2012). In fact, glabrous Rice (lacking trichomes) is relevant for Rice breeding, and
most of cultivated Rice in the US is glabrous, as glabrous hulls have increased weight per
unit volume compared to hairy ones, therefore reducing transportation costs (Hu et al.
2013). Moreover, glabrous rice varieties increase the efficiency of mechanical harvesting
and further processing, therefore being of economical relevance (Nishikawa et al. 1992).
The Glabrous Rice 1 locus codes for a WOX3 protein in (Os-WOX3B), g//7 mutants are
glabrous, RNAI plants for GLR7 displayed reduced trichomes, and GLR7 ovetexpressor
partially complemented the g/7 phenotype(Li et al. 2012). In Rice, the two paralog genes
NAL2 & 3 code for an identical transcription factor (Os-WOX3A) (Cho et al. 2013),
which is involved in leaf lamina expansion in a similar way to its orthologues in Maize
(NS7 & 2) and Arabidopsis (PRS) (Scanlon et al. 1996; Matsumoto and Okada 2001;
Nardmann et al. 2004; Dai et al. 2007; Vandenbussche et al. 2009; Nakata et al. 2012; Cho
et al. 2013; Yoo et al. 2013). Interestingly, whereas Os-WOX3B is involved in trichome
development, Os-WOX3A has been shown to play a role also in root-hair development
(Yoo et al. 2013), suggesting the same kind of trichome/root functional dichotomy already
observed in Arabidopsis, but inside the same genetic subfamily: the WOX3 subfamily of
WOX genes, homeobox genes related to WUSCHEL (WUS) (see (Costanzo et al. 2014)).
In Arabidopsis, PRS is redundantly involved with WOXT7 in lateral expansion of leaf lamina
and floral organs (Vandenbussche et al. 2009; Nakata et al. 2012; Nakata and Okada 2012;).
In Medicago (Rosidac), the IWOX3 orthologue LOOSE FLOWER is involved in sepal and
petal development but not in leaf blade outgrowth (Niu et al. 2015), where the WOXT gene
STF plays an important role (Tadege, Lin, Bedair, et al. 2011). Differently from
Arabidopsis, LOOSE FLLOWER and STF do not genetically interact, even at the flower
level (with the possible exception of carpel development), where s#/ single mutants alone

already display narrow floral organs (Niu et al. 2015). Here we provide evidence for
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differential functional recruitment of WOX3 genes in Petunia in a completely different task

to what has been previously shown in other eudicots: trichome development.

Results

The WOX3 subfamily is composed of two members in Petunia

Taking advantage of the availability of the two sequenced genomes from P. inflata and
P. axillaris, in addition to the eatlier described WOX3 member PH-IWOX3, we identified a
second member of the WOX3 subfamily in Petunia, called Ps-WOX3B (FIG. 1). These two
genes share a similar structure, formed by two exons (see FIG. 1B and C), a structural
feature common to all members of the WOX3 subfamily (Vandenbussche et al. 2009).
Both share the homeodomain and the WUSCHEL box (FIG. 1B and C), a domain
required for proper activity of WOX genes from the recent WOX1-7 clade members (Lin,
Niu, McHale, et al. 2013). To better understand the origin of the two WOX3 family
members in Petunia, we screened the genomes of other sequenced Solanaceae species,
finding different WOX3 sequences related to either WOX3 or WOX3B (with the
interesting exception of N. benthamiana, an allotetraploid (Bombarely et al. 2012), displaying
in addition a WOX3 sequence quite distant related to the other ones). This indicates that
the duplication leading to the two types of WOX3 proteins in Petunia happened before or
at the basis of the Solanaceae radiation. Monocots also display more than one WOX3
sequence, whereas Rosidae seem to have only one copy. It will require the availability of
genome data of a broader taxonomic range to assess whether or not Rosidae have lost a

copy compated to other species.

To investigate the function of Petunia WOX3 and WOX3B, we used a reverse genetics
approach, screening our in-house dJIph! transposon based mutant collection

(Vandenbussche et al. 2008) for putative insertions in these genes. We identified three
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putative insertions in exonic regions of WOX3, of which we further analyzed the insertions
at positions 312 on the first exon and 439 on the second exon, in the coding sequence
downstream of the start codon. In the case of WOX3B, we found, one insertion in the
second exon at position 552 bp in the coding sequence downstream of the start codon. In
WOX3, the 312 insertion is in located in the first exon, and because dIph7 encodes
multiple stop codons in all six possible reading frames, this most likely results in a
truncated, non-functional protein. Also the second allele, wox3-439, is likely a null
mutation. In fact, although in the second exon, the WUS box will be missing, a functional
domain absolutely required for proper WOX activity (Lin, Niu, McHale, et al. 2013). For
the same reason, also the wox3B-552 allele likely is also a null-mutant, as the transposon

disrupts the WUS box (FIG. 1B and C).
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FIG. 1 Phylogenetic tree of WOX3 sequences, and characterization of Petunia WOX3 and
WOX3B

A — Phylogenetic tree of WOX3 sequences from different plant species, including Rosidae,
Asteridae, and monocots. At — Arabidopsis thaliana, Mt — Medicago truncatula, Nb
— Nicotiana benthamiana, Ns — Nicotiana sylvestris, Os — Oryza sativa, Ph — Petunia
x hybrida, Sl — Solanum lcopersicum, St — Solanum tuberosum, N~v — 1 itis vinifera.

B — Gene structure and gel patterns for Ph-WOX3. Insertion sites (triangles) of d1phT
transposon available in our in-house collection are displayed on gene
structure. Red triangles: alleles used in this study. Yellow triangle: allele
available in our collection, not used in this study. Solid bars: exons. Line:
intron. HD — homeodomain. Red box: WUSCHEL box.

WT gel bands are highlighted in blue (wox3-439 — 106 bp), mutant gel bands highlighted in

red (wox3-439 — 390 bp). Two heterozygous plants are also shown, displaying
both the WT and the mutant band (highlighted in green).
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C — Gene structure and gel patterns for Ph-WOX3B. The insertion site of d1phl
transposon available in our in-house collection is displayed (red triangle).
Solid bars: exons. Line: intron. HD — homeodomain. Red box: WUSCHEL
box.

WT gel bands are highlighted in blue (wox3B-552 — 114 bp), mutant gel bands highlighted
in red (wox3B-552 — 398 bp).

D — Protein alighment of WOX3 and WOX3B. Conserved amino acids shaded in the same
colot.

Seeds from lines putatively carrying these insertions were germinated and plants were
genotyped by PCR using primers flanking the insertion sites. All putative insertions could
be identified i» planta, and homozygous mutants were obtained in all cases. Although we
paid special attention to sepal development, based on the phenotype of Arabidopsis prs
mutants, no particular phenotype was observed in these plants, suggesting that, if these
genes are involved in important (eye-visible) developmental processes and if the dTph?
insertions indeed disrupt their gene-function, they are probably functionally redundant. To
test this, we aimed to create wox3 wox3b double mutants. We crossed both wox3-372 and
wox3-439 mutants with the wox3b-552 mutant. In the first small F» populations resulting
from these crosses, we found that homozygous mutants for WOX3 were WT for WOX3B,
and vice versa. However, we luckily identified one crossing-over event between wox3-439 and
wox3B-552 in this population. Subsequent screening of larger populations (more than 200
plants) didn’t provide other crossing-over events. These results suggest a close genetic
linkage between WOX3 and WOX3B. We tested the respective position of WOX3 and
WOX3B on the genomic sequence. Unfortunately, given the current scaffold assembly of
the Petunia genome, the two genes resulted in two independent scaffolds and their real
distance couldn’t be assessed. Meanwhile, we searched for WOX3 subfamily genes in the
tomato genome, finding two members as in Petunia, both located on chromosomell

(synthenic to chromosome 7 in Petunia), at a distance of less than 15 Kb. This doesn’t
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necessarily implies that Ph-WOX3 and Ph-WOX3B have the same distance on chromosome
7 in Petunia but, along with results from population screening, it further suggests that they
might be very close in Petunia as well. By selfing the WOX3439+/- wox3b-552 we

identified, we subsequently obtained double homozygous wox3 wox3b mutant plants.

wox3 wox3b double mutants display a glabrous phenotype

Analyzing wox3 wox3b double mutants, we could not notice any special effect on
development of lateral organs, in contrast to what we expected based on previous findings
in Arabidopsis and Maize. However, we noticed that plants were glabrous compared with
WT, or wox3 and wox3b single mutants (FIG. 2). We always found a correlation between
the wox3 wox3b homozygous mutation and the glabrous phenotype in all the plants we
analyzed. We observed that glabrousness was particularly evident at the stem level
(compare FIG. 2] with FIG. 2A, G, and D). Accordingly, SEM analysis of the stem
revealed that wox3 wox3b mutants display shorter, morphologically different trichomes
(FIG. 2j) compared to WTs and single mutants (FIG. 2a, g, and d). A glabrous phenotype
can be observed also in other trichome-bearing organs, such as sepals, leaves (data not
shown) and bracts, especially on the adaxial side, with possible exclusion of the margin
(FIG. 2K) compared to WT and single mutant bracts (FIG. 2B, H, and E). Petals (the
abaxial side of petals, forming the petal tube) are less affected in wox3 wox3b mutants (FIG.
2L), compared to WTs and single mutants (FIG. 2, C, I, and F). This is an unexpected

finding for the role of WOX3 subfamily genes in eudicots.
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FIG. 2 Trichome phenotypes for W'T, wox3-439, wox3b and wox3-439 wox3b mutants in
Petunia W138

A, a, B, C — WT plants; (A) stem, (a) SEM close up of the stem, (B) SEM picture of a
bract (adaxial side), (C) and flower tube lateral section.

D, d, E, F — wox3b plants; (D) stem, (d) SEM close up of the stem, (E) SEM picture of a
bract (adaxial side), and (F) flower tube lateral section.

G, g, H, I — w0x3-439 plants; (G) stem, (g) SEM close up of the stem, (H) SEM picture of
a bract (adaxial side), and (I) flower tube lateral section.

T, 3, K L — wox3-439 wox3b plants; (J) stem, (§) SEM close up of the stem, (K) SEM picture
of a bract (adaxial side), and (L) flower tube lateral section. Note that

trichomes on the petal tube are less affected than elsewhere (L).

Scale bars: stems — 25 mm; SEM pictures: 500 uM; flowers 50 mm.
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FIG. 3 wox3-439 wox3b mutants in Mitchell
Stems from WT Mitchell plants (A, B) are compared with stems from wox3-439 wox3b

mutants in a Mitchell backgrounds (C, D). A, B: digital photos. Scale bars: 25
mm. C, D: SEM pictures. Scale bars: 500 um.

The glabrous phenotype co-segregate with mutations in WOX3 and WOX3B in the
Mitchell background

To further support the linkage between the observed glabrous phenotype and the
homozygous mutation in WOX3 and WOX3B, we introgressed the wox3 wox3b double
mutation in a different Petunia background (Mitchell). We also observed a full co-
segregation between wox3 wox3b and the glabrous phenotype also in the Mitchell

background (FIG. 3).

Phenotypic characterization of wild-type Petunia trichomes

Our findings suggest a role for WOX3 and WOX3B in multicellular trichome
development in Petunia. Therefore, we wanted to characterize wild-type trichomes in

Petunia x hybrida from a morphological perspective. For instance, in the closely related
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tomato, seven types of trichomes have been identified, classified accordingly to being
glandular or non-glandular (that is, lacking a secretory cell at their tip), and according to
their length. We characterized by SEM four different regions of Petunia: the stem, the
floral tube, the leaf blade (adaxial) and the leaf margin. We roughly identified at least 4
different types of trichomes (FIG. 4 and FIG. 5), three of which are represented on all
these structures. The last type consists of a single sectetory/storage glandular cell emerging
directly from the epidermis. From our morphological analysis, this structure was typically
present on the leaf blade (FIG. 4C). All the trichomes we found can be classified as
“glandular”, because they are supporting a spherical cell at their tip (FIG. 5). We classified
them as type I (FIG. 5A), long trichomes; type II (FIG. 5B), intermediate trichomes (see
single cells composing this structures in FIG. 5B), type III, very short trichomes (formed
of 3 to 5 cells, FIG. 5C, type 1V, single glandular cells emerging from the epidermis (FIG.

5D).
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FIG. 4 Trichome organizations in Petunia

Trichomes on stem (A), petal tube (B), leaf blade (adaxial) (C), and leaf margin (D) were
analyzed by SEM. Four different types of trichomes were identified: long (1),
intermediate (2), short (3), and single-celled (4) (see light blue arrows). The
last ones typically found on leaf blade (C). Scale bars: A—1 mm; B, C, D —
500 pum.

152



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

FIG. 5 Trichome classification in Petunia
A - Long trichomes (type I); B — intermediate trichomes (type 1I); C — short trichomes

(type 11I); D - single-celled (type IV), see blue arrow. Scale bars: A — 300 uM;
B - 200 uM; C, D — 50 um.

Further phenotypic comparison of WT and prs wox3b mutants

We further compared the WT and the wox3 wox3b phenotype, looking for hints about
the developmental and molecular mechanisms involved. We first compared conical cells on
petal blades from WT and mutants. However, after SEM analysis (FIG. 6A and 6B), these
cells appeared morphologically identical among these conditions. We also focused our
attention on the general aspect of the epidermis, in order to test if the observed glabrous
phenotype was specifically linked to trichome development, or if it has to be considered as

a side-effect of distorted developmental programmes affecting epidermis as a whole. Beside
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differences in trichome size and structure, we couldn’t detect any specific epidermis
alterations on wox3 wox3b mutants (FIG. 6D), compared with the WT epidermis (FIG. 6C).
Trichome development is instead clearly affected in wox3 wox3b mutants, with multicellular
trichomes reduced to just two or three cells, and even to a single cell. In this case, we
observed the head trichome cell (a spherical cell typically at the top of secreting trichomes)
directly emerging from the epidermis as a half-sphere (FIG. 6E and 6F). This observation
is suggesting that the molecular pathways involved in trichome-cell differentiation are likely

to be affected in wox3 wox3b plants.

In the end, we could not see any general alteration of leaf epidermis in wox3 wox3b
mutants (FIG. 6). We might therefore conclude that the wox3 wox3b mutation is specifically

linked to trichome development.
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FIG. 6 Comparison of petal and leaf blades among WT and wox3 wox3b plants

Adaxial blades from young, developed leaves (in a position close to the tip of the leaf) are
shown for WT (A) and wox3 wox3b plants (B). Scale bars: 200 pm.

Single-cell trichomes can be seen in B (one is highlighted by a blue arrow). These structures

are already present in WT' (FIG. 4C, 5D). Close up of these structures are
shown in C and D. Scale bars: 30 um.

Revertant analysis provides independent proof that trichome development is
impaired because of mutations in WOX3 and WOX3B.

In all plants analyzed, we observed a complete linkage between the glabrous phenotype
and the wox3 wox3b genotype, strongly suggesting that trichome development is impaired
because of mutations in WOX3 and WOX3B. However, all double mutants we analyzed
wete detived from the progeny of a single WOX3 +/- wox3b plant, resulting from the only
cross-over event we identified in a large number of plants. Although unlikely, we could
therefore not exclude that a novel mutation, unrelated to, but closely linked to wox3, had

occurred in this WOX3+/- wox3b individual, and that was responsible for the glabrous
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phenotype once in a homozygous state (Fig. 7). To discard this possibility, we screened for

phenotypic revertants in the progeny of homozygous glabrous wox3 wox3b mutants.

A B
‘|2@iit> 0 %ii@ =

FIG. 7 Two possible mechanisms for crossing-over

A — Crossing over between wox3 (red) and wox3b (purple) takes place as expected,
resulting in a recombinant chromosome fragment ( ) which is
duplicated in the next generation, leading to a homozygous state.

B — Another possibility, that we couldn’t exclude a priori, was the occurrence of a new

mutation in a different gene, close to wox3-439 (blue) and actually responsible
for the glabrous phenotype in the homozygous state.

We took advantage of the dIphl transposon system, in which the transposon after
insertion can excise again, leaving a footprint in its original position. Upon perfect excision
(which happens in the majority of the cases), a typical footprint of 8bp (originating from
the 8 bp target site duplication upon insertion), is left behind, resulting in an out-of-frame
insertion, which maintains the mutation. However, sometimes imperfect excision occurs,
resulting in some cases in a footptint/deletion that is a multiple of 3 bp. In this case, the
reading-frame is restored and, possibly, also the WT phenotype. Excision can occur in one
layer only (e.g. L1 or L3), or in all layers. Since gametophytes are exclusively derived from
the L2 layer, only revertant events that include this layer will be inherited into the progeny,
all others are somatic. However, depending on the expression domain of the gene analyzed,
somatic insertions may also give rise to phenotypically WT tissues. Progeny analysis is the

most straichtforward way to distinguish between somatic and germline revertants. In total
g y g g 5
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we identified 6 revertants (Table 1), and genotyped the wox3 and wox3b insertion loci in
these revertants. In all revertants, we systematically found in-frame footprints/deletions in
the WOX3 gene. Transposon excisions took place also in WOX3B, but all the ones we

observed were out-of-frame.

TABLE 1 List of footprints observed in revertants to WT phenotype

Type of teversion Revertant footprint in WOX3 Inheritance in
the progeny

Revertant 1 Whole plant excision with reversion to WT Yes

sequence
Revertant 2 Sector (branch) excision with reversion to WT' No

sequence
Revertant 3 Sector (branch) 3 bp footprint No
Revertant 4 Sector (branch) 3 bp footprint No
Revertant 5 Whole plant 9 bp deletion Yes
Revertant 6 Whole plant 6 bp footprint Yes
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WOox3 WOoXx3B
Mutant footprint CACCTCGAGT AATGACTTAC CTTACCTATA TCCAATGGAT CTTTCAAGAC
Revertant footprint CACCTCGAGT AATGACTTAC CT-----i ATA TCCAATGGAT CTTTCAAGAC
WT CACCTCGAGT AATGACTTAC CT-----i ATA TCCAATGGAT CTTTCAAGAC

FIG. 8 wox3-439 wox3b glabrous mutant reverting to a WT trichome-rich phenotype, after
excision of the transposon

A — Brach from a wox3-439 wox3b plant (Revertant 2, see Table 1) showing a reversion
from glabrous (red arrow) to WT (trichome-rich) phenotype (blue atrow).
The white bar indicates where the revertant sector starts. Gel analysis is
shown for both WOX3 and WOX3B. Whereas both the glabrous and the
trichome-rich sectors appeared to be mutant for WOX3B, a heterozygous
state was detected for WOX3 in the glabrous and in the trichome-rich branch.
After cloning and sequencing of the second band (red and blue squares
numbered 1 and 2, and corresponding red and blue sequences, bottom), the
second band from the glabrous sector appeared to be an out-of-frame mutant
footprint (5 bp) (2). Instead, the second band from the trichome-rich sector
appeared to be a true WT band (true heterozygous), apparently derived from
the excision with reversion to WT sequence (compare with the WT' sequence
in black, bottom). Scale bar: 50 mm.

B — SEM pictures of glabrous (1) and trichome-rich (2) sectors. Scale bars: 500 um.

Different kinds of footprint can be observed: Full transposon excision (FIG. 8 and
FIG. 9, plant (1); classical footprint with part of the transposon incorporated in the
genomic sequence [FIG. 9, plant (6)]; deletions, as in FIG. 9 plant (5), where part of the

genomic sequence has been eliminated by the transposon.
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FIG. 9 Additional footprints from wox3 wox3b plants, showing a reversion from glabrous-
to-trichome rich phenotype

Plants derive from the self-pollination of wox3-439 wox3b glabrous mutants. The whole F
plants displayed a WT trichome-rich phenotype. Gel analysis for OX3-439
(A) and WOX3B (B), showed that different kinds of excisions restoring the
reading frame occurred in WOX3 (A): excision with reversion to WT
sequence in (1) (purple sequence). The red * indicates the original insertion
site of the transposon; a 9 bp deletion in (5) (green sequence); a 6 bp footprint
from the d1phT transposon is left in (6) ( sequence). Instead, WOX3B
gel analysis (B) showed an out-of-frame J1ph7 footprint in plant (1) and (5) (7
bp and 8 bp, respectively), and a homozygous mutant band in (6).

We obtained plants from the self-pollination of the 6 revertants we analyzed. As
shown in Table 1, only plants derived from whole revertants (and not from single revertant
branches) displayed a revertant phenotype also in the progeny. In fact, plants derived from
revertant branches were, again, only glabrous. This is matching with the fact that, as the
whole plant was showing a revertant phenotype, the transposon excision likely took place

also in the L2 layer from which the germline is originated and, as a consequence, the
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excision could be passed to the progeny. Molecular segregation analysis of plants derived
from revertants 1, 5 and 6 further confirm the link between the glabrous phenotype and
mutations in WOX3 and WOX3B. In fact, the transposon and the footprint will
independently segregate and correlation with the phenotype can be established. As shown
in FIG. 10, the transposon mutation for IWOX3 (1) and the revertant footprint (2)-a 6 bp
footprint, or revertant footprint (4), a 9 bp deletion, different from the WT band (3),
independently segregate in a Mendelian way in a wox3b background. In these progenies, we
found that plants carrying only the mutant transposon fragment (*) displayed a glabrous
phenotype, while all other plants carried normal trichomes. We thus may conclude that the

glabrous phenotype is due the wox3 wox3b double mutation.

Progeny revertant 5 Progeny revertant 6
- -
- -
- -
gl b sl & .
200 bp 200 bp

- depey

FIG. 10 Gel analysis of progeny from revertant 5 and revertant 6

Different bands are highlighted with different numbers and colours. dIph7 mutant band is
(1) in red. The WT band is (3) in purple. In progeny from revertant 6, the
revertant footprint - (2) in green - is of 6 bp. In progeny from revertant 5, the
revertant footprint (4) — —1is 9 a bp deletion (therefore, its size is
lower than the WT band). Plants (*) which are mutant for WOX3 in a wox3b
background displayed a glabrous phenotype. Gel: Patrice Morel.
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The two subfamilies WOX1 and WOX3 are functionally independent in Petunia

In Arabidopsis, member of the Rosidae, it was previously shown that WOX1 genes
and WOX3 subfamily genes functionally overlap in lateral expansion of lateral organs
(Vandenbussche et al. 2009; Nakata et al. 2012). We tested if these two subfamilies are
functionally linked also in Petunia, a member of the Asteridae. We obtained the quadruple
mutant maw mawb wox3 wox3b where all the members from the WOX1 and WOX3
subfamilies were mutated (FIG. 11). However, differently from what observed in
Arabidopsis, these two subfamilies didn’t seem to interact in Petunia, since the phenotype
of the quadruple mutant is the simple summary of the defects in lateral expansion of lateral
organs observed in maw mawb mutants (F1G. 11D, E, and F), plus the glabrous phenotype
observed in wox3 wox3b mutants (FIG. 11A, B, and C), as it can be seen in FIG. 11G, H,

and L.
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FIG. 11 Comparison of wox3 wox3b, maw mawb and maw mawb wox3 wox3b phenotypes

A — wox3 wox3b flower, lateral view. B — wox3 wox3b young floral bud, SEM picture. C —
wox3 wox3b young bract, adaxial side. D — maw mawb flower, lateral view. E —
maw mawb young floral bud, SEM picture. F - maw mawb young bract SEM
picture, adaxial side. G — maw mawb wox3 wox3b flower, lateral view. H — maw
mawb wox3 wox3b young floral bud, SEM picture. I - maw mawb wox3 wox3b
young bract SEM picture, adaxial side. Scale bars: Flowers, lateral view - 50
mm; floral buds SEM — 250 um; young bracts adaxial side, SEM — 500 pm.
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Discussion

In this study we report the requirement of WOX3 subfamily genes for trichome
development in Petunia. We uncovered this unexpected function during an evo-devo
comparative study with Arabidopsis. In fact, the role played by the only WOX3 gene in this
species, PRS, is known, as it is involved in blade expansion in lateral organs along with
WOX1, member of the WOX1 subfamily. We have previously reported (Chapter III), that
the two WOX1 subfamily genes in Petunia, MAW and MAIWB, are involved in blade
expansion in this species, questioning the role of the WOX3 subfamily in Petunia. We
identified Ph-WOX3 and Ph-WOX3B as the two members of the WOX3 subfamily in this
species, taking advantage of the sequenced genomes from P. inflata and P. axillaris. Thanks
to the availability of an in-house 4Iph7 mutant collection (Vandenbussche et al. 2008), we
identified insertions in PAh-WOX3 and Ph-WOX3B (see FIG. 1). We didn’t observe any
evident phenotype in wox3 and wox3b single mutants (FIG. 2), which was suggesting
possible functional redundancy with other genes. Therefore, we tested functional
redundancy between WOX3 and WOX3B by obtaining the double mutant wox3 wox3b. In
the double mutant, we couldn’t visually determine any specific defect going in the direction
of prs in Arabidopsis (reduced expansion of lateral sepals), as expected. However, we found
that colour of green parts was different from WT which appeared to be a result of the
glabrousness appearance of mutants compared to WTs (FIG. 2). In fact, development of
multicellular trichomes is setiously affected (FIG. 2) and evident on other green surfaces,
such as leaves and bracts (FIG. 2), albeit less dramatically affected on the outside of the
petal tube (FIG. 2). However, all the observed double mutants derived from only one
recombination event between wox3-439 and wox3b-552. A great number of plants were
screened to obtain other independent recombination events, and we also tried to obtain
recombination events using a different WOX3 allele, wox3-312, without success. Such a

difficulty in obtaining crossing-over events between WOX3 and WOX3B is probably due
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to a close linkage between WOX3 and WOX3B /oci in Petunia. We couldn’t test the exact
position of these two genes on the genome, as the available genomes are composed only by
unassembled scaffolds. However, we noticed that the close relative of Petunia, Solanum
lycopersicum, also has two WOX3 subfamily genes, both located on the same chromosome
(chromosome 11). To verify further that the observed phenotype is linked to mutations in
WOX3 and WOX3B, we introgressed wox3 woxb into a different Petunia background:
Mitchell. Also in this case, we observed that glabrousness was linked to the wox3 wox3b
genotype (FIG. 3). Since all the double mutants derived from a single crossing-over event
between wox3-439 and wox3b-552 (producing a WOX3 +/- wox3b plant), we wanted to
exclude the possibility that another new mutation occurring close to wox3-439 could be
responsible for the glabrous phenotype (FIG. 7). We found that 4Tph7 insertion in wox3-
439 is quite unstable, and the transposon is prone to excision, typically leaving an 8 bp
footprint at the original locus. Since the 8 bp footprint is out-of-frame, the resulted
phenotype is still a mutant phenotype. However, different kind of excision can also take
place: excisions or deletions with a 3 (or multiple of 3) bp footprint can replace the reading
frame and possibly result in a WT phenotype [FIG. 9, revertant (6)]. Other times, a full
excision of the transposon can restore the WT sequence, as in FIG. 8 and FIG. 9 revertant
(1). In these cases, we observed a reversion from glabrous to wild-type (with normal
trichomes), and called these footprints “revertant footprints”. Of the six revertants
identified, three were in the germline, and thus were passed on to the progeny. In these
progenies, all plants exhibited full restauration of trichome development, except plants that
were homozygous mutant for the transposon insertion (around Y4 of the progeny in each

case).

In Arabidopsis, WOX1 and WOX3 subfamily genes ate cooperating in lamina
outgrowth in lateral organs (Vandenbussche et al. 2009; Nakata and Okada 2012),

questioning if a similar interplay between the two subfamilies is present also in Petunia. To
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test this hypothesis, we obtained the quadruple mutant maw mawb prs wox3b, full mutant for
the WOX1 and WOX3 subfamily. Interestingly, the resulting phenotype was the addition
of single WOX1 and WOX3 subfamily phenotypes (blade restriction and affected trichome
development), with no visible synergistic effects (FIG. 11). This, together with the
observation that the blade development phenotype of waw mawb (WOX1 subfamily) is even
more severe than the Arabidopsis wox7? (wox6) prs mutant, strongly suggests that the

functions of WOXT7 and WOX3 genes in Petunia have completely diverged.

Evo-devo of WOX3 subfamily genes

Taken together, our data show an interestingly, previously uncharacterized, differential
functionalization of WOX3 subfamily genes in Petunia. Whereas WOX3 subfamily genes
are involved in lamina expansion in lateral organs in Arabidopsis, they were recruited for
trichome development in Petunia. In another Rosida, Medicago, the WOX3 gene LSF is
involved in flower development but, differently from Arabidopsis, it probably doesn’t
interact with the IWOXT gene in this species, STF (Niu et al. 2015). Among Monocots,
WOX3 genes have also been shown to be involved in leaf lamina outgrowth (Scanlon et al.
1996; Nardmann et al. 2004; Dai et al. 2007) and, interestingly, Os-WOX3B in Rice is
involved in trichome development (Li et al. 2012). Given the phylogenetic distance
between Rice and Petunia, and the general widespread role of WOX3 genes in lamina
outgrowth, it could be that these functions in trichome development are new, independent
acquisitions. We checked the number of WOX3 genes in other species (FIG. 1), finding
that other Solanaceae also have several WOX3 genes, at least two (as in tomato). On the
opposite, the Rosidae species taken into account (Arabidopsis, Medicago, Vitis) have just

one WOX3 sequence.

WOX3 genes probably are another example of the evolutionary adaptability of WOX

genes, whose roles spans from stem cells maintenance at different levels (WUS at the shoot
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apical meristem (Laux et al. 1996), WOX5 in the root (Gonzali et al. 2005; Ananda K.
Sarkar et al. 2007), WOX#4 at the cambium level (Ji, Strable, et al. 2010)) till roles in flower
and inflorescence architecture (see (Costanzo et al. 2014)). In any case, the common feature
of WOXes seems to be their role in meristem formation and stem-cells maintenance
through affecting cell proliferation mechanisms. This has been further shown by studies in
the moss Physcomitrella patens, at the base of land plants, where the only two WOX genes
have been knocked-out, resulting in mosses impaired in stem-cell formation, particularly
because initiation of cell wall expansion is blocked by lack of cell-wall loosening
(Sakakibara et al. 2014). In this light, the seriously impaired ability of wox3 wox3b Petunia
plants to develop multicellular trichomes, might be another evolutionary declination of this
basic role of WOX genes. Further evidence in this direction is given by Arabidopsis plants
overexpressing PRS: Plants developed multicellular bulges at the stem level and on
peduncles, and wrinkle structures on sepals (Matsumoto and Okada 2001). As for other
WOX genes, this is suggesting a prominent (but not absolute) role for ¢s regulatory regions
in determining the functional role of IWOX genes [see also discussion in (Costanzo et al.
2014)]. Additionally, outside of angiosperms, recent analysis in Norway spruce (Picea abies)
showed through RNA/ lines that PzIWOX3 is involved in sawtooth hairs development
(Alvarez et al. 2015) which, as trichomes in other species, are protuberances emerging from
the epidermis. From an evo-devo perspective we can formulate the following model (FIG.
12). WOX genes were recruited in controlling cell proliferation already in basal land plants
le.g., Physcomitrella (Sakakibara et al. 2014)]. Subsequently to several duplication events, the
main WOX groups appeared [the old, the intermediate, and the recent WUS group (van
der Graaf et al. 2009)] all of them can be found in flowering plants. WOX3 subfamily
genes can be found also in gymnosperms, in which they are involved in margin expansion
in lateral organs, root elongation, and sawtooth hairs development (Alvarez et al. 2015).

Monocots, as Gymnosperms, are lacking the WOX1 subfamily. Indeed, in different species
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belonging to the Poaceae, such as Rice and Maize, processes in cell proliferation leading to
blade expansion are controlled by WOX3 genes instead (e.g., the #s7/752 mutant in Maize
(Scanlon et al. 1996; Nardmann et al. 2004). The lack of the WOX1 subfamily might also
explain other specific characters of leaf development in Poaceae (monocots), such as
parallel vasculature and elongated shape. Instead, we can find both WOX1 and WOX3
subfamilies in eudicots. In Arabidopsis, WOXT and WWOX3 genes are cooperating in blade
expansion, such as (Vandenbussche et al. 2009; Nakata et al. 2012), and the prs mutant
displays a phenotype (Matsumoto and Okada 2001). In Asteridae, WOX1 genes [LAMT in
Tobacco, MAW and MAWB (Chapter 11I) in Petunia] already are deeply involved in blade
expansion. Probably for this reason, WOX3 genes could be recruited for a different role
involving control of cell-proliferation, such as multicellular trichome development, at least
in Petunia. The same kind of differential recruitment probably took place in a Monocot
species like Rice, where cell proliferation activity of Os-WOX3A was recruited for lamina

expansion (Dai et al. 2007), and Os-WOX3B for trichome development (Li et al. 2012).

Absence of the WOX1 subfamily Presence of the WOX1 subfamily

c j Rosidae Asteridae
nsl/ns2 W g
wox| prs maw
Eudicots

WOX3 in sawlooth N GYmMnosperms

hairs

Flowering plants

ﬁ wox13-like

Basal land plants

FIG. 12 evo-devo scenario for IWOX genes
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Perspectives

Investigating the gene regulatory network involved in trichome development in
Asteridae

So far, little is known about the developmental, genetic pathways controlling trichome
development in Asteridae. In fact, only one gene, WOOLLY in tomato (and the cell-cycle
gene CyeB2 with which it is physically interacting), has been clearly shown to be involved in
trichome development in Asteridae (Yang, Li, Zhang, Luo, et al. 2011). Another gene,
MIXTA, has also been proposed as potentially involved in trichome development in
Asteridae, but only based on heterologous overexpressor activity (Glover et al. 1998; Payne
et al. 1999). WOOLLY is an HD-Zip 1V transcription factor (as GL2 in Arabidopsis), with
a maximum sequence similarity with PDF2 in Arabidopsis, which is involved in embryo
development but not in trichome development in this species (Yang, Li, Zhang, Luo, et al.
2011; Ogawa et al. 2015). Homozygous mutants for WO couldn’t be obtained because of
embryo lethality, but RNA/ plants, and consequent segregation analysis, showed a
correlation between WO and trichome development (Yang, Li, Zhang, Luo, et al. 2011).
We found at least 3 homologues of 7O in the tomato genome, and 3 WO orthologues also
in Petunia. We are going to test the expression levels of these genes in wox3 wox3b mutants,
as well as the expression levels of the CyeB2 orthologue. If WOX3 and WOX3B act
upstream of WO, then we will have uncovered a small, but important fragment, of the gene

regulatory network controlling trichome development in Asteridae.
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Materials and Methods

Bioinformatics analysis and phylogeny — Sequence finding was performed trough
BLAST search among different databases from Pubmed and the Solgenomics Consortium.
Sequence alignment was performed using the BioEdit software (Hall 1999), and
phylogenetic tree was drawn with the PhyML (Guindon et al. 2009) using an LG model.

The tree was statistically supported by 1000 bootstrap replicates.

Materials and Methods are reported in full in Chapter VII (Materials and Methods).
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V1. Conclusions

The results presented in this doctoral thesis add a new layer to the role of WOX genes
in plant development. WUS is the founder member of the WOX family, a group of
HOMEODOMAIN transcription factors involved in many aspects of plant development.
Several studies have shown that different members of the WOX family were differentially
recruited for different roles among different species and different organs along evolution,

including at the flower level [see (Costanzo et al. 2014), Chapter II].

Here, the role of WOX genes in plant development has been further investigated by
comparing the function of WOX1 and WOX3 subfamily members between Petunia and
Arabidopsis, representatives of the two major eu-dicot groups called Asteridae and
Rosidae. In Chapter 111, the role of MAW and MAWB in blade outgrowth in lateral organs
has been highlighted. Although the single mutant mawb is WT, the double mutant waw
mawb displays extremely narrow leaves, sepals and petals, in addition to unfused and
shorter carpels. A clear phenotypic gradient can be seen in WT > maw > maw MAWB +/-
> maw mawb, which is suggesting that modulation of MAW/MAWB levels may be at the
basis of the degree of lamina outgrowth, and thus may have been a selection target for
plant architecture during evolution. Interestingly, a similar phenotype to the one of maw
mawb in Petunia had been described earlier for the /a1 mutant (McHale and Marcotrigiano
1998) in Nicotiana sylvestris, but at that time, the underlying mutation was not yet known.
Later on, it was shown that L.4M7 was orthologous to MAEWEST (Tadege, Lin, Bedair,
et al. 2011), despite that the maw phenotype was cleatly much less severe compared to a1
mutants. With the current knowledge that Niotiana contains only one WOX1 member, and
Petunia two (MAW and MAWB), it is obvious now that the two members in Petunia have

partly sub-functionalized and together encode the same function as LAM7 in Nicotiana. In
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both the /a1 and the maw mawb mutant, only the midrib of the leaf develops, in which an
adaxial and an abaxial side are still present showing that mainly mediolateral polarity is
affected. Interestingly, whereas WOXT genes are absolutely required for lamina expansion
in Asteridae, in monocots, such as rice and maize, this role is performed by WOX3 genes.
Studies in a gymnosperm (Norway spruce) suggest a similar role for the WOX3 subfamily
also in this group (Alvarez et al. 2015). In Arabidopsis instead, a member of the Rosidae,
blade outgrowth is only significantly affected when both IWOXT and WOX3 gene functions
are compromised. We don’t know if WOXT7 genes have been progressively recruited for
this role in Asteridae, till completely replacing WOX3 genes, or if functional redundancy
between WOX3 and WOX1 subfamily members is a special feature of Rosidae. For this,
WOX functional analysis of other members of the Rosidae (and eudicots in general) is
requited. Remarkably, WOXT7 genes are absent in all monocots for which a genome
sequence is available (in particular, from Poaceae, see phylogenetic tree in FIG. 1, Chapter
III), explaining the severe phenotype of WOX3 mutants. Among monocots, Poaceae
cleatly display different leaf architecture than eudicots, characterized by parallel veins.
Given the role of the WOX1 subfamily in leaf development in eudicots, the absence of
WOXT1 genes might explain this peculiarity of the leaf in Poaceae. It is interesting to
highlight that the mechanisms undetlying lamina expansion are different between eudicots
and Poaceae. In eudicots, founder cells of the blade are recruited from so-called marginal
blastozones. It has been shown in different species belonging to the Poaceae that founder
cells derive directly from the shoot apex (Hagemann and Gleissberg 1996; McHale and
Marcotrigiano 1998; Scanlon 2000; Efroni et al. 2010). Therefore, WOX genes should act
upon different kind of cells in order to provide lamina expansion in eudicots and Poaceae.
The functionalization of WOX7 and WOX3 genes might mirror this difference in cell-
types. In any case, the role played by WOX genes in blade expansion is in line with the

previously hypothesized basic meristematic role of WOXes.
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Moreover, in order to explain such a differential functional recruitment of IWOX genes
among different organs and species, it should be noticed that it likely is a result of different
¢s elements, rather than differences in protein sequence. This is shown by promoter
swapping experiments (Lin, Niu, McHale, et al. 2013) in which members of the recent
WUS subfamily were able to complement defects in blade expansion in /an1 Tobacco
mutants under the STF promoter. This is suggesting that the basic molecular activity is
retained by different WOXes, whereas changes in expression patterns allow the
implementation in different developmental processes among different species. An
additional, unexpected finding was the involvement of WOXT genes in ovule development.
WOXT genes cooperate with D lineage genes during ovule development. This highlights
WOXT1 subfamily genes as novel regulators of ovule identity, adding a new regulatory role

to this class of genes.

We then investigated the downstream pathways controlled by MAW and MAWB in
Petunia, by means of RNA-Seq (Chapter IV). We adopted a strategy aimed at identifying
pathways commonly affected among the single maw and double maw mawb mutant. As a
selection critetion, we considered the single zaw mutant as intermediate between WT's and
double mutants, to specifically identify biological processes involved in blade expansion.
We found that DEGs involved in the auxin biosynthesis pathway are mainly
downregulated, suggesting that also auxin levels do the same, in line with previous findings
in N. gylvestris and Medicago (Tadege, Lin, Bedair, et al. 2011). This is of interest because
auxin is involved in many aspects of organ development. Auxin maxima are known to
determine the origin of organs at the shoot and root level (Benkova et al. 2003). Moreover,
auxin is involved in polarity establishment in lateral organs (Qi et al. 2014), and auxin
fluxes pattern vein formation in leaves (Marcos and Betleth 2014). In line with the
observed phenotype, we also found that cyclins and cell-proliferation transcription factors

are downregulated, such as GRF and GIF, involved in leaf lamina expansion in
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Arabidopsis (Horiguchi et al. 2005). We found that a genetic module involved in
plastochron control in Arabidopsis, the #R756/SPL module (Wang et al. 2008) was also
affected in the maw and maw mawb mutant. This probably explains the higher number of

leaves and leaflets observed in the single and double mutant.

Finally, in Chapter V, we have shown another new role played by WOX genes in
Petunia: Development of multicellular trichomes. To perform a comparison between the
functional roles of the WOX1 and WOX3 subfamily between Petunia and Arabidopsis, we
characterized the two members of the WOX3 subfamily in Petunia, WOX3 and WOX3B.
We were expecting for PA-WOX3 and Ph-WOX3B to find a similar role to Arabidopsis or
Monocots, that is, a role in blade expansion in lateral organs. Instead, single and double
mutants displayed normal sized organs. Blade development was not further affected even
in maw mawb wox3 wox3b quadruple mutants, compared with maw mawb double mutants,
therefore showing that no genetic interaction among WOX1 and WOX3 members take
place in Petunia, in contrast to Arabidopsis. Unexpectedly, we observed a glabrous
appearance in the double mutant wox3 wox3b. In fact, such a phenotype was due to extreme
shortening of trichomes because of the fewer number of cells. We further confirmed the
causal relationship between the phenotype and wox3 wox3b double mutation by revertant
analysis. Components of the multicellular-trichome developmental pathways (typical of
Asteridae) are almost unknown, with the exception of the gene WO in Tomato (Yang, Li,
Zhang, Luo, et al. 2011). This is strikingly different from Arabidopsis (Rosidae), in which
molecular pathways leading to unicellular trichome development (which have components
in common with the anthocyanin production pathway) are very well characterized. The
observed role of WOX3 subfamily genes in multicellular trichome development in Petunia
probably is another example of the differential functional recruitment of WOX genes along
evolution. We have shown that, in Petunia, WOX1 subfamily genes are in charge of blade

outgrowth and WOX3 subfamily genes are involved in trichome development. The
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common ground probably is the ability of IOX genes to control cell proliferation, here to

extend organ blade, there to produce the cells forming the trichome.

Experiments in mosses (Sakakibara et al. 2014), are pointing to the possibility that the
very first role of WOX genes was in stem-cell formation and cell wall loosening. Probably
because of this basic role, WOXes resulted useful every time a new stem-cell niche was
required during evolution: Shoot and root meristems (Laux et al. 1996; Ananda K. Sarkar et
al. 2007), and the cambium meristem (Ji et al. 2010 p. 4). In Petunia, the WOX9 orthologue
EV'G, and COMPOUND INFLLORESCENCE in Tomato, have been tecruited for
inflorescence development (Rebocho et al. 2008; Lippman et al. 2008). Moreover, OX
genes are also known to pattern embryo development (Haecker et al. 2004). In fact, this
was among the first roles assigned to WOX genes, just after discovery of WUS
involvement in the shoot apical meristem. For instance, WOX9 and WOXS (from the same
genetic subfamily), are overlapping at the embryo level in promoting cell division in
Arabidopsis (Wu et al. 2007; Breuninger et al. 2008). This highlights, once more, how such
a basic role of WOX genes at cell level has probably been recruited in different organs,
species, and even developmental programs (embryonic »s. adult) during evolution. The case
of WOXY in Arabidopsis is even more telling. In fact, WOXY is an “old WOX?”, not a
member of the recent WUS lineage. Despite of that, WOX9 has probably retained some of
its ancient functions in promoting growth of the shoot apical meristem and in promoting
WUS expression at the shoot level (Skylar et al. 2010). Probably WOX9 underwent
functional degeneration in Arabidopsis, and its fundamental role has been progressively
substituted by WUS. The fact that simple addition of sucrose can rescue the wox9
phenotype in Arabidopsis (Wu et al. 2005), is a further sign of its ancient role in basic

cellular processes.
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In conclusion, this work clearly illustrates the need for multiple plant model systems,
not only for comparative analyses and to better understand evolution, but also to uncover
the full plethora of functions performed by master regulators of plant development, such
as the WOX family. IWOX genes might well support and further extend the view of plant
evolution based on the central role of modularity and differential genetic recruitment. In
the very end, WOX genes probably represent an excellent example of evolution’s

playground.
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VII. Materials and Methods

In this section, laboratory protocols and supporting information (Appendix I & II) are reported.

Plant material and growth conditions

The comparative study among Rosidae and Asteridae was performed by means of two
representative species of these main groups of core-eudicots (representing, together, more
than 65 % of flowering plants): Arabidopsis thaliana and Petunia x hybrid, respectively.
Additionally, these two species have different floral structures, as pointed out by their
classical botanical fomulas: CasCo4A4+20G(2) for Arabidopsis (Brassicaceae, Brassicales,
Rosidae), and CasCo(s)AsG(z) for Petunia (Solanaceae, Solanales, Asteridae). (Ca=calyx,

Co=corolla, A=androecium and G=gynoecium).
Arabidopsis thaliana

Arabidopsis plants (Columbia 0 genotype) were sown and grown in pots (compost
ARGIL10 - FAVORIT®) and a two days 4 °C chilling petformed before moving seeds
under short days conditions (8 h light, 16 h dark) for the first weeks (allowing rosette

expansion). Later, plants were moved to long day conditions (16 h light, 8 h dark).

wox1 prs mutants for transformation, as well as mutant combinations for statistical
analysis (see below), derive from the following lines: wox7 line 8AAJ85 (En205
transposon); prs line SALK_127850; wox6 - pfs2-2 line SALK_033323, as in

(Vandenbussche et al. 2009).
Petunia x hybrida

We used three different Petunia x hybrida lines: The high-copy number JTph7
transposon W138 line (Gerats et al. 1990), the V26 line (van der Meer 2006), and the
Petunia Mitchell line [e.g., McLean et al. 1988)]. For germination, Petunia seeds were sown

in pots (compost ARGIL 10 - FAVORIT®) and sprayed with a 30 uM GAj3 solution.
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Plants were grown in a growth chamber under long day conditions (16 h light, 8 h dark) for
the first weeks, and then moved to greenhouse conditions. Mutant plants carrying the
dIphl transposon (T) or footprint (ft) were obtained from the in-house W138 seed

collection, based on methods described in (Vandenbussche et al. 2008, 2013a; b).

N.B. Plant lines listed in this chapter have a serial number where the first letters (eg
LY’ for Petunia plants, or ‘ATLY’ for Arabidopsis plants) unequivocally refer to a
common list adopted by our team in Lyon, allowing progeny (and parents) tracking over

time.

DNA extraction (Edwards’ method)

DNA extraction from plant material (Petunia and Arabidopsis) was performed using

the following method, based on (Edwards et al. 1991).

Young plant material (vegetative apexes or young leaves) was harvested in 1 ml
collection tubes (96 wells), each tube containing one grinding ball made of stainless steel (o
4 mm). Samples were frozen in liquid nitrogen. Grinding of samples was performed two
times at 30 Hz for 30” using a TissueLyser 11 machine (Qiagen). 400 ul of extraction buffer
(Tris 0.1 M pH 8.0, NaCl 0.5 M, EDTA 50 mM, SDS 0.7%) were added to each sample.
After mixing, DNA extraction was petformed at 60 °C for 60’. Tubes were centrifuged at
4,000 rpm for 15’ at room temperature and 300 ul of supernatant were transferred to new 1
ml tubes (96 wells). To each sample, 300 pl of isopropanol were added. Tubes were
inverted ten times for mixing, and samples centrifuged at 4,000 rpm for 15’ at room
temperature. The supernatant was eliminated, keeping the DNA pellet. 200 pl of ethanol
70% wete added to each sample. Samples were centrifuged at 4,000 rpm for 15’ at room
temperature, and supernatant eliminated. DNA pellet was air-dried overnight at room
temperature. DNA was dissolved in 500 pl of water. Samples were incubated one night at 4

°C. Before use (eg., PCR) samples are centrifuged 10’ at 4,000 rpm at room temperature.
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Polymerase Chain Reactions (PCRs)

PCRs were performed on DNA samples extracted as previously described. For each
reaction, 5 pl of DNA solution were mixed with 4 pl of 5x Go Taq® buffer (Promega), 0.2
ul of ANTPs 20 pM, 0.1 ul of Taq Polymerase (Promega), 1 pl of forward primer 10 uM, 1
ul of reverse primer 10 uM and water to a final volume of 20 pl. Samples were incubated in
a 96 wells plate (or, alternatively, PCR tubes) and reactions performed in a thermocycler.

For example, in Petunia genotyping the following thermal cycle was typically used:

95 °C x 2%; {95 °C x 30”; 60°C x 30”; 72°C x 30” x kbproquer} x 40; 72 °C x 7% 18 °C x

0,
Table of primers for mutant screening in Petunia x hybrida
Mutant Transposon insertion  Primer fw Primer rv WT  fragment Footprint
allele size
maw-4 2054 bp after ATG MLY0158 MLY0159 110 bp ft
genomic sequence analysis:
EL300:
110 min
maw-6 601 bp after ATG on MLY0780 MLY0781 138 bp
genomique
mawb-T788 788 bp after ATG on MLY0491 MLY0492 120 bp ft
cDNA analysis:
EL300:
125 min

wox3-312 312 bp after ATG on  MLY0494 MILY0495 121 bp
cDNA

wox3-439 439 bp after ATG on  MLY0496 MILY0497 106bp
cDNA

wox3-640 640 bp after ATG on MLY0722 MLY0723 108 bp
cDNA

wox3b-552 552 bp after ATG on  MLY0499 MILY0437 114 bp
cDNA
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7 (Heijmans et al. MLY1094  MLY1095  125bp
2012a)

il (Heijmans et al. MLY1033  MLY1034 148 bp
2012a)

List of primers for mutant screening in Petunia x hybrida

Primer Sequence (5’-3%)

MLY0158 AGAAAGATGGATACCATTCGATGAG

MLY0159 GTGGTGAACAAGACAAATGCATCA

MLY0780 TGAACAAATTCAGCACATTACTGC

MLY0781 AGCGGCATTGGATTCAAGTTGAC

MLY0491 TCTTCGAACATGCCTCTCAATCAG

MLY0492 CCTTTCATTTTCAACATTTCTTGCTAG

MLY0494 CCTGTTGATGCTCATAGTACTACC

MLY0495 CTTGTAGAAACCCTGTAGTAGAAG

MLY0496 GGTGGAATCAAAGAGGCCTCAC

MLY0497 CTTTTCCATAAGGTCTTACCATGC

MLY0722 ATTACAACTACAAGTACCCTCAAGG

MLY0723 ATGACTTTCCCGACGAGTTAACTG

MLY0499 TCTTGATGATGGCAGACAATGTTC

MLY0437 TCGGTCCCTATTCCTTAATGCCAG

MLY1094 CAGGAATATTATATTGTGAGATGG

MLY1095 AGTTCATATGCCTTTTTCAGCAATC

MLY1033 TATATAGGAAAGTGAGATCATTATGG

MLY1034 GCATCACAAAGAACTGAAAGTTCG
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List of primers for mutant screening in Arabidopsis thaliana

Primer Original Sequence (5-3%) Notes
name*
MLY0089  A+WO0X7-2 CACAGCAGTGGTGACGATGACG segregation
fw analysis, 8AAJ85

MLY0090  A#W0X71-2  CTTCAAGAACCCTTAACTGATCTGGTG  segregation

v analysis, 8AAJ85
MLY0097  En205 AGAAGCACGACGGCTGTAGAATAGGA  For A+WOXT-2
Transposon screening
MLY0093  _A#~PRS fw GGGAACTGGAGTAGGAGAAGCTC For A+PRS
screening
MLY0094  A#~PRS rv CATCCAATCTCGACCGTACGATGAG For A+PRS
screening

MLY0091  AxW0X6 TAAAGACGTCAAGGATTCATCATCAG For  AxW0X6

fw screening
MLY0092  A+WO0X6rv GAGCTTTGTCTGATCAACTCGATG For  A+W0X6
screening
MLY0099  T-DNA GAACAACACTCAACCCTATCTICG For mutant
LEFT screening in lines
border prs

SALK_127850
and wox6 - pfs2-2
line
SALK_033323

*see reference papers in ‘Notes’ column.

Elchrom™ electrophoresis

For screening of Petunia transposon (T) mutants, normal gel electrophoresis was
petformed on agarose-TAE gels. Elchrom™ Spreadex® EL300 gels were used for screening
of Petunia footprints (ft) mutants. In some cases, Elchrom™ Spreadex® EL500 gels wete

also used. Elchrom gels wete run in an Elchrom™ Origins machine, loaded with TAE
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buffer preheated at 55 °C. Gels wete stained in TAE-ethidium bromide before UV

detection.

DNA extraction from agarose gels

Low percentage agarose (1-2%)-TAE gels were used for electrophoresis. After UV
detection, gel bands were rapidly excised from gels and purified using the NucleoSpin® Gel
and PCR Clean-up kit (Macherey-Nagel), following producet’s instructions. The Macherey-

Nagel protocol is based upon the method from (Vogelstein and Gillespie 1979).

Competent cells transformation (heat-shock)

50 pl of competent E. co/i cells (DH5a strain) were thaw on ice. 2 ul of transformation
plasmid were added. Cells were incubated on ice for 30’ and heat shock performed at 42°C
for 30”, followed by rapid ice incubation. To each vial of transformant cells, 250 ul of SOC
medium were added. Cells were incubated (225 rpm) at 37°c for 1 to 2 hours under
shaking. 250 pl and 50 pl of culture were separately plated on different selective LB agar

plates, containing the suitable antibiotics, and incubated overnight at 37 °C.

Colony PCRs
Colony PCRs on Escherichia coli were set up using the following method (Michiel

Vandenbussche, personal communication). Sterilised wooden-tips were used to gently
scrape the selected bacterial colonies from growth plates. Using sterile PCR tubes,
reflecting the order of colony PCR reactions, the wooden-tip bringing the colony was first
immersed in 50 pl of LB, and then moved to the PCR reaction tubes, to let the remaining
cells to work as DNA template for PCR. PCRs were performed in 20 pl volume (see
above). A 5 hot-statt step at 95 °C was added to the thermal cycle. PCR tubes containing
LB inoculated with the bacterial colonies were incubated at 37 °C under shaking. After gel
analysis of PCR products, the suitable LB tubes were used as inoculum for overnight liquid

cultures and subsequent plasmid extraction.

181



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

Plasmid extraction from bacterial cell cultures (miniprep)

Overnight E. co/i liquid cells cultutes were performed at 37 °C (cultures provided with
selective antibiotics, depending on plasmid construct — typically: Carbenicillin 20 pg/ml;
kanamycin 50 pg/ml; streptomycin 50 pg/ml). Minipreps wete petformed from these
cultures, using the Nucleospin® Plasmid kit (Macherey-Nagel), accordingly to
manufacturer’s instructions. The Macherey-Nagel protocol is based upon the method from

(Birnboim and Doly 1979).

RNA extraction (TRIzol® method)
RNA EXTRACTION — Plant material was collected in 2 ml tubes containing two

grinding balls (stainless steel, © 4 mm) and rapidly frozen in liquid nitrogen. A TissueLyser
II machine (Qiagen) for grinding (two times at 30 Hz for 30”). RNA extraction was
petformed using the TRIzol® method (Thermo-Scientific), as described by the
manufacturer. TRIzol is a commercial product containing guanidinium thiocyanate and
phenol. Eventually, RNA samples were re-suspended in 40 pl of MilliQQ water and stored at
-80 °C. For RNA concentration, a NanoDrop 1000 Spectrophotometer (Thermo
Scientific™) was used. RNA quality was assessed on 1% agarose-TAE gels by

electrophoresis.

DNase TREATMENT - DNA removal from RNA samples was performed using the
Ambion® TURBO DNA-fee™ DNase kit, accordingly to the following manufacturer’s

protocol (optimized for removal of 1 pg of DNA from a reaction volume 25 — 100 pl).

cDNA synthesis
REVERSE TRANSCRIPTION - For each sample, 1 ng of RNA was treated in 1.5

test tubes (RNase-free) adding 1 pl primer Smart Race CDS-A 20 uM (
AAGCAGTGGTATCAACGCAGAGTTTTTTTTITTTTTTTITTITTTTTTITTTITTITV

N) and MilliQ water to a final volume of 11 pl. Samples were incubated at 70 °C for 5’ and
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transferred to ice. RT reaction: Buffer Fermentas 5x (4 pl), ANTPs 20 mM (1 ul), RNasine
40 U — Fermentas (0.5 pl), MilliQ water (1.5 pl) and added (8 pl) to each tube. Samples
wete incubated at 37 °c for 5. 1 pl of reverse transctiptase (RevertAid M-MuLV 200 U/pl
— Fermentas) was added to each sample. Reactions were incubated at 42 °C for 1h, and

stopped by incubation at 70 °C for 10”.

Phusion® PCR (High-Fidelity)
Phusion® PCR for high-fidelity products was performed based on the protocol from

the manufacturer (Thermo Scientific™).

Reaction setup

Component Final volume 50 pl Final Concentration
Nuclease-free water to 50 ul

5x Phusion HF 10 ul 1X

10 mM dNTPs 1ul 200 pM

10 uM Forwatd Primer 2.5 pl 0.5 uM

10 uM Reverse Primer 2.5 pl 0.5 uM

Template DNA 5ul <100 ng

DMSO (optional) 1.5ul 3%

Phusion DNA 0.5 ul

Polymerase

Thermal cycle: 98 °C x 30”; {98 °C x 8”; 70 °C -> 60°C x 30” —touchdown- ; 72°C x 30” x

kbprodueef x 10; {98 °C x 8”; 60°C x 30”; 72°C x 30” x kbproduee} x 40; 72 °C x 7%; 18 °C x 0.
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Cloning and sequencing of WOX3 footprints in Petunia — IOX3 footprints were
amplified by touchdown PCR from genomic DNA using the following primer

combination:

Fw primer MLY0496 GGTGGAATCAAAGAGGCCTCAC
Rv primer MLY0497 CTTTTCCATAAGGTCTTACCATGC

After colony PCR, and plasmid preparation, purified plasmids were sent for
sequencing to GATC Biotech (GATC Biotech SARL, 4 rue des Bonnes Gens, 68100

Mulhouse, France). Sequence alignment was performed using the BioEdit package (Hall

1999).

In situ hybridization

In sitn hybridization was performed on different Petunia tissues and organs. Probes
wete produced by PCR Phusion® amplification (see above) from genomic DNA, using the

following primers:

Primer Target gene  Type Sequence

MLY1654 Ph-MAWB  fw CTGATGAATTTAATTCATATGCATGCTC

MLY1557 Ph-MAWB  Rv + TGTAATACGACTCACTATAGGGCAACACAGATCAGAAGACTCATCTATAC

7

MLY1019 Ph-PRS fw CACCATGTCTCTTTTGAAAAGAGAAAAAATTACAAGAC

MLY1528 Ph-PRS v+ T7  TCTAATACGACTCACTATAGGGCAGTACACACTGAAACAGTTGAACTAC

MLY1021 Ph- fw CACCATGCCTCGACCAAGATG
WOX3B

MLY1530 Ph- v+ T7  TCTAATACGACTCACTATAGGGCACTAGAAGTCAGCTGTTTTACAAATC
WOX3B

PCR products were purified from agarose gels and analyzed using a NanoDrop 1000

Spectrophotometer (Thermo Scientific™).
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PROBE TRANSCRIPTION - For probe transcription, 200 ng of PCR product were
used. In a final volume of 20 pl, the following reagents were mixed: 4 ul Transcription
Optimized 5x Buffer (Promega®), 2 pl DIG RNA labeling mix 10x (Promega®), 1 ul Ribo-
block (Thermo Scientific™), 1.5 ul T7 RNA polymerase (Promega®). Reactions wete
incubated 1 h at 37 °C. 1 pl of reaction product was loaded on agarose gel for analysis.
Unincorporated nucleotides were eliminated by EtOH precipitation: Precipitation solution
(NaAc 1 volume+ EtOH 2.5 volumes) was supplied with 2 ul glycogen (2 mg/ml) and

incubated 1h at — 80°C, then centrifuged 30 at 4°C. Pellet was resuspended in 25 pl H>O.

PROBE HYDROLYSIS — Hydrolysis time was estimated as follows: (Initial length —
Final length) / (K*initial length*final length), where K = 0.1 kb/mn. Hydrolysis was

petformed at 60°C adding 25 pl of carbonate buffer 2x (see solutions).

RNA PRECIPITATION - 2 pl of glycogen [2 pg/ml], 19 ul of NaAc solution and
47.5 pl of EtOH were added to the transcription product. The reaction was incubated at -
80 °C for 1 h and then centrifuged at > 16,000 g for 30’, 4 °C. Pellet was dissolved in 25 pl

of formamide:H,O (1:1) and stored at -80 °C.

DOT BLOT TEST - In sitn probes in formamide:HO (1:1) were tested on
nitrocellulose membrane. For each probe, 4 dilutions were used (1, 1:10, 1:100, 1:1,000),
blotting 1 ul of each dilution. The membrane was incubated as follows. Tp2 for 30°, Tp2
supplemented with antibody anti-DIG 1:2,000 (Anti-Digoxigenin-AP Fab fragments 150 U
[200 pl], Roche®), Tp2 for 5, Tpl for 5 (x 3 times), Tp4 for 5’, coloring solution. The last
step was performed in the dark. N.B. The colorimetric reaction is time and probe

concentration dependent.
Solutions:

Tpl — Tris 100 mM pH 7.5, NaCl 150 mM
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Tp2 — Tpl, blocking reagent 0.5%. Heated 5” in the microwave after preparation.
Tp3 — Tpl, BSA 1%, Triton X100 0.5%
Tp4 — Tris 100 mM pH 9.5, NaCl 100 mM, MgCI2 50 mM

Staining solution — Tp4, 4.5 ul of NBT [75 mg/ml dimethylformamide], 3.5 pl XP [50

mg/ml dimethylformamide].

Carbonate buffer. For 10 ml H20, 127.2 mg sodium carbonate, 67.2mg sodium, pH

10.2 with NaOH.

SAMPLE PREPARATION FOR i/ situ HYBRIDIZATION — Plant material from

Petunia plants was included in paraffin accordingly to the following protocol.

Samples were fixed in FAA solution (EtOH 50%, acetic acid 5%, formaldehyde 3.7%)
and incubated on ice. Vacuum infiltration was performed 2 times for 15’ at -0.6 bars.
Overnight incubation at 4 °C, in FAA solution. Samples dehydratation: 1 h in EtOH 70%,
1 h in EtOH 95%, 1 h in EtOH 100%, 1 h in EtOH 100% and 1 h in methanol 100%.
Samples were incubated two days at -20 °C and then embedded in Paraplast Plus® (Sigma-

Aldrich®) using a Roboplast TP 1020 machine (Leica), following producet’s instructions.

SAMPLE SECTIONS - Samples were sectioned using a HM 355 S microtome
(Microm/Zeiss) at 9 pm width. Sections were deposited on Supetfrost UltraPlus® (Thermo

Scientific™) slides and incubate at 37 °C overnight. Slides wete stored at 4 °C.

FORMALDEHYDE IMPREGNATION AND DEHYDRATATION -Different
washing steps wete petformed, to eliminate paraffin: 10’ in Histo-Clear® 100% (National
Diagnostic) for 2 times, 5" in EtOH 100% for 2 times, 30” in EtOH 95%, 30” in EtOH
85%, 30” in EtOH 70%, 30 in EtOH 50%, 30” in EtOH 30%, and 15’ in H>O. Samples
wete incubated in HCI 0.2 M for 20’ at RT, 5’ in H,O, 5’ in SSC 2x for two times, and 15’

in a proteinase K solution at 37 °C (Ttis pH 8 100 mM, EDTA 50 mM, proteinase K 1

186



Doctoral Thesis — IWOX genes in Petunia and Arabidopsis — Enrico COSTANZO

pg/ml) (this step is needed to expose endogenous RNAs), 2’ in glycin solution 2 mg/ml at
RT, 4 in PBS 1x, 10’ in formaldehyde 4% in PBS 1x, 10’ in PBS 1x. Samples were
dehydrated throughout the following steps: 30” in EtOH 30%, 30” in EtOH 50%, 30” in
EtOH 70%, 307 in EtOH 85%, 30” in EtOH 95%, 17 in EtOH 100%, and 1’ in EtOH

100%.

HYBRIDIZATION - For each slide, 1 ul of probe was combined with 75 ul of DIG
Easy Hyb buffer (Roche) (working on ice). The diluted 7 situ probe was denatured for 2’ at
80°C and incubated on ice. Slides from EtOH 100% were dried and placed in a humid
chamber. Slides were covered with 76 pl of diluted probe and a 60 um cover slip was
placed over each slides. Humid chambers were sealed with parafilm and incubated

overnight at 50 °C.

Slides were incubated with SSC 0.1x + SDS 0.5% for 2’ at 50 °C in order to detach
cover slips. A preheated solution (50 °C) of SSC 2x + formamide 50% was used for two
washing steps of 60’ and 90’ respectively, always at 50 °C. At RT, slides wete incubated 5
in TBS 1x and 60’ in blocking solution (blocking reagent 0.5 % - Roche — TBS 1x). This
step was performed under gentle shaking. Slides wete incubated 30" with BSA solution
(BSA 1%, Triton X100 3%, TBS 1x) under gentle shaking. Slides were placed in light-
opaque humid chambers and covered with 500 pl of Anti Digoxigenin AP fab fragments
(Roche) diluted 1:3000 in BSA solution. Incubation was performed with the anti-DIG
antibody for 1 h and half. 3 washing steps of 20’ each with BSA solution followed, under
gentle agitation. Slides were incubated 5 with Tp5 (Ttis pH 9 100 mM, NaCl 100 mM,
MgCl, 50 mM) and then moved in dark chambers containing the detection solution (NBT
250 ul —Roche-, BCIP 200 pl —Roche-, Tp5 50 ml). 24 h incubation (minimum) away from

light was required prior to microscope obsetrvation.
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Ph-MAW cloning and Arabidopsis transformation
Genomic Ph-MAW was cloned into a pENTR™/D-TOPO® vector (Invitrogen) by

means of the pENTR™ Directional TOPO® cloning kit (Invitrogen) and thermo-
competent E. c/i cells (DH5a strain) were transformed by heat-shock with the
recombinant plasmid. The KAN resistance cassette from the recombinant plasmid was
removed by restriction reaction (Nci I enzyme), and restriction products purified by
electrophoresis and gel extraction. LR reaction between the restricted plasmid and the
destination vector pMDC123 (accession number Tair: 1009003750) performed by means
of the Gateway® LR Clonase™ II Enzyme Mix kit (Invitrogen). Competent E. co/7 cells
(DH50) were transformed by heat-shock and plasmid purified from liquid culture. A.
tumefaciens  electro-competent  cells  (C58:pMp90  strain) were transformed by
electroporation. Arabidopsis wox? prs plants were transformed following the method of

(Logemann et al. 2000).

DEX inducible pMAW::GR-MAW Petunia line
To identify direct targets of MAW and MAWB by RNA-seq analysis, we set up a

system consisting of mutants maw mawb plants carrying the construct pMAW:=GR-
MAEWEST. Here, the genomic sequence of MAW is fused with the sequence coding for
the rat glucocorticoid receptor (GK), under the control of the same MAEWEST promoter.
In this way, it is possible to activate MAEWEST after treating transgenic mutant plants
dexamethasone. As additional advantage, mutant waw mawb plants expressing pMAW::GR-
MAEWEST can restore WT' phenotype after DEX treatment, allowing seed production by

self-pollination.

CONSTRUCT PRODUCTION - The construct pMAW:GR-MAEWEST to be
inserted into Agrobacterium was produced using the Gibson Assembly method for large

contructs (Gibson et al. 2009), using the Gibson Assembly® Cloning kit (New England
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Biolabs). As a first step, all the components of the construct need to be amplified at high
fidelity using a proof-reading taq polymerase (such as Phusion®, see above). Primers must
be designed so that neighbouring fragments have a 15-25 nucleotides overlap. We

amplified fragments from appropriate templates using the following primers:

List of primers for Phusion® amplification and Gibson Assembly method

MLY12  pENTR fw AGATCAATTCCGATAATATCAAGGGTGGGCGCGCCGACCCA
88 for Gibson GCTTTC
GR-MAW

MLY12  pENTRrev  CATTCTACTCTTATAACTAATTGGGTGAAGGGGGCGGCCGC
89 for Gibson GGAGCCTGCT
GR-MAW

MLY12 MAW GCCGCCCCCTTCACCCAATTAGTTATAAGAGTAGAATGAACA
90 PROMOTE  AAC

R fw for

Gibson GR-

MAW

MLY12  MAW GTTTTTCGAGCTTCCATTTTGTGTTTTACTTAGTGGGGCACG
91 PROMOTE TAC

R rev for

Gibson GR-

MAW

MLY12  GR+ATG CAAAATGGAAGCTCGAAAAACAAAGAAAAAAATCAAAGGGA
92 no STOP fw  TTCAG

for Gibson

GR-MAW

MLY12  GR+ATG TGTCATTGTAACCCATCATCCATTTTTGATGAAACAGAAGCTT
93 no STOP TITGATATTTCC

rev for

Gibson GR-

MAW

MLY12 MAEWEST CAAAAATGGATGATGGGTTACAATGACAGTG
94 cds no ATG

fw for

Gibson GR-

MAW

MLY12 MAEWEST CGCGCCCACCCTTGATATTATCGGAATTGATCTGCAGTC
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95 cds rev no
ATG for
Gibson GR-
MAW

From the GR fragment we eliminated the STOP codon and added the ATG to allow
its positioning in 5’ to the MAEWEST genomic sequence. The PCR products amplified
with these primers were used for the assembly reaction (after gel purification), in
combination with the linearized vector pENTR™.

Total amount of fragments 0.2 — 1 pmols (50-100 ng of vector with 2-3 fold
inserts) —x pl

Gibson Assembly master mix (2x) 10 ul
MilliQ H20 10 —x pl
Total volume 20 ul

The reaction was incubated for 1 h at 50 °C and reaction product used for
transformation of E. c/i competent cells by heat-shock method. Colony-PCR, colny

culture and miniprerps followed, to obtain the recombinant plasmid.

By LR recombination (see above), the pMAW:GR-MAEWEST insert obtained by
Gibson Assembly was cloned into two different vectors suitable for Agrobacterium
transformation: The (pKGWO) carrying the KANAMYCIN resistance in plants, and the
(pMDC123) carrying the BASTA resistance in plants. Recombinant plasmids were used for
transformation of electro-competent Agrobacterium tumefaciens cells, strain EHA105, by
electroporation. Transformed Agrobacteria were plated on selective medium and grown for
3 days. The Agrobacterium film was collected to set up an overnight 5 ml LB liquid culture

(containing selective media), suitable for leaf-discs transformation.
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PLANT MATERIAL - Since the W138 plants from the transposon collection are
untransformable with Agrobacterium, we first crossed mutant W138 maw mawh plants with
the mote easily transformable line V26. MAW +/- mawb in the F, wete used for

transformation.

PETUNIA LEAF-DISCS TRANSFORMATION — Young leaves (2 to 5 cm in
length) from 4 to 6 weeks-old Petunia plantlet (wawb maw -/ + genotype in the W138 x V26
background) were used for leaf discs production and consequent transformation. About 30
leaves from six to ten different plants were harvested and washed with demineralized.
Under a sterile hood, leaves were immersed in a NaClO solution (0.5% of active Cl) under

agitation for 10°. This step was followed by 5 washing steps, each of five 5, in sterile water.

Leaves were sectioned in several squares of 0.5 x 0.5 cm, obtaining about 90-100 leaf-
discs. The overnight Agrobacterium culture was dilute 1:10 and used for leaf-discs
infection in a 50 ml sterile Falcon® tube. Leaf-discs were co-incubated with Agrobacterium
for 15”. The Agrobacterium solution was removed and leaf-discs dried with sterile filter-
papet. Leaf discs were incubated on selective plates (50 mg/ml kanamycin, or 2.5 mg/ml

basta) for 1 week in the dark.

During the following weeks, explants were continuously transferred to fresh selective
medium, till emergence of shoots. Newly formed explants where excided and transferred
on rooting medium (supplied with 50 mg/ml kanamycin or 2.5 mg/ml basta). Several
transfers to new rooting medium were performed in the following weeks, till complete
rooting. Plants were transferred in soil under appropriate moisture conditions. Plants were
tested by PCR for the presence of the transgene. The whole protocol takes about 4

months.
Media

Standard plant medium
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900 ml H20, 30 g sucrose, MS provided with Gamborg B5 vitamins 4.4 g, pH 5.7, 4 g

phytagel.
In vitro media
Standard medium provided with:

e mg/I BAP, 0.1 mg/l NAA co-cultivation medium;
e mg/l BAP, 0.1 mg/l NAA and 50 mg/l kanamycin or 2.5 mg/ml basta
selective medium

e 50 mg/l kanamycin or 2.5 mg/ml basta root medium

This protocol is derived from the protocol of Anneke Rijpkema (RU Nijmegen), based on protocol of
Peter de Groot (RU Nijmegen), adapted from VU protocol A’dam, and on transformation protocol of

Dave Clark lab (University of Florida).

Statistical analysis of Arabidopsis carpels

Columbia-0 WT plants and mutants for prs, woxT prs, wox1 wox6, prs wox6, wox1 prs
wox6 were obtained from crossings of plants analyzed in (Vandenbussche et al. 2009) (and
associated Supplementary Materials; wox7 line 8AAJ85; prs line SALK_127850; wox6 - pfs2-
2 line SALK_033323). Plants were grown for 3 weeks under short day conditions, and then

moved to long days for bolting.

For statistical analysis, 4 plants per genotype were taken into account. From each
plant, 25 flowers were visually screened for carpel defects at the microscope, giving a total
number of 100 flowers screened per genotype. Two different classes were established:

Perfectly WT stigma on one side, and altered (mutant) stigmas on the other.

Raw data (average) from stigma screening from different genotypes (4 plants per genotype,
25 flowers per plant).
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WT Col-0 WT stigma Affected stigma
Value 25 0

Error 0 0

prs WT stigma Affected stigma
Value 25 0

Error 0 0

wox1 prs WT stigma Affected stigma
Value 25 0

Error 0 0

wox1 wox6 WT stigma Affected stigma
Value 24.25 0.75

Error 1.5 1.5

prs wox6 WT stigma Affected stigma
Value 24 1

Error 2 2

wox1 prs wox6 WT stigma Affected stigma
Value 19.75 5.25

Error 1.258 1.258

T test among different genotypes
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t test 99% p<0.01 ook
t test 95% p<0.05 Hok

wox1prswoxt vs.. WT 0.0002 Hokk
wox1prswoxt vs. prs 0.0002 ook
wox1prswoxt vs. wox1 prs 0.0002 KoK
wox1prswoxt6 vs. wox1 wox6 0.0037 Hokk
wox1prswoxt vs. prs wox6 0.0114 Hok

WT . wox1 wox6 0.3559 ND
WT vs. prs wox6 0.3559 ND
wox1 wox6 vs. prs wox6 0.8481 ND

ND in all other cases

Statistical analysis of organ number in WT, maw, and maw mawb Petunia plants

Lateral organs were manually counted on 5 weeks-old Petunia W138 plants, grown
under greenhouse conditions. 8 plants from WT, 8 from maw and 24 from maw mawb were

used.

Table reporting the average number of leaves per genotype

maw mawb maw wt
total leaves 19,58333 15,875 10,75
dev. St 5,380453 2,587746 1,035098
conf. 2,15259 1,793183 0,717273
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Heteroskedastic T-tests

maw mawb vs maw - total leaves

maw mawb vs wt - total leaves

maw vs wt - total leaves

Normal leaves and small leaves

Average Small leaves
Normal leaves
St. dev. Small leaves
Normal leaves
Conf. Small leaves

Normal leaves

Heteroskedastic T-tests

0,015 *
3,082 E-08 Fokok
0,001 Fkeok
maw mawb maw wT
5.92 2.13 0
13.67 13.75 10.75
maw mawb maw wWT
4.59 1.96 0
1.76 1.04 1.04
maw mawb maw WwWT
1.83 1.36 0
0.70 0.72 0.72
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maw mawb V's. maw - normal leaves 0.873 no difference
maw mawb 1's. WT - normal leaves 1.199 E -05 Hokok

maw V5. WT - normal leaves 4.631 E -05 Hokok

maw mawb V's. maw - small leaves 0.003 *x

Annex III: Protein alignment of WOX1 sequences

Full protein alignments for different WOX1 sequences (including Pefunia x hybrida
MAEWEST and MAEWESTB) are shown (next page). Displayed sequences belong to the
following species: At, Arabidopsis thaliana; Ph, Petunia x hybrida; Pt, Populus trichocarpa; Vv,

Vitis vinifera.
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Alignment of different WOX1 aminoacidic sequences
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Annex IV: Bioinformatics and phylogenetic analysis

Sequence search and cDNA prediction

The BioEdit package (Hall 1999), the Wise2 tool (“WISE2 Oanline Tool”), the NCBI
databases (“NCBI database”), and the Sol Genomics database (“Sol Genomics Network

Database”) were adopted for sequence search, sequence alignment and cDNA prediction.
Phylogenetic analysis

The homeodomain regions WOX proteins wete aligned and used for drawing the
phylogenetic tree (reported in FIG. 1, Chapter III), as described in (Vandenbussche et al.
2009). To supportt inferred phylogeny, 1000 bootstrap samples were generated. The tree
was drawn using the Treecon software (Van de Peer and De Wachter 1994), as described in
(Vandenbussche et al. 2009). Homedomain WOX sequences from the following species
were used (see the HOMEODOMAIN alignment below): At, Arabidopsis thaliana; Os,
Oryza sativa; Ph, Petunia x hybrida; Pt, Populus trichocarpa; Sb, Sorghum bicolor, Nv, 1 itis vinifera,

Zm, Zea mays. Only bootstrap values above 65% were shown in the resulting tree.
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RNA-sequencing
RNA SEQUENCING ON W138 SAMPLES - RNA samples were obtained by

TRIzol method (see above). For each condition (WT, maw-6 and maw-4 mawb mutants), 3
biological samples were used. Each biological sample was composed of vegetative apexes

in a variable number comprised between 7 to 10, per biological sample.

Samples Genotype Comments

Sample 1

10 apexes (6 from line Y1502

le 2
Sample T et 4 from line LY1503)
Sample 3
Sample 4
Sample 5 maw-6 7 apexes (LY1504/L.Y1506)
Sample 6
Sample 7

10 apexes (6 de LY1502 et 4

Sample 8 maw-4 mawb de LY1503)
Sample 9

Sample quality was assessed accordingly to sequencing platform specifications: 4
micrograms in 100 pl of MilliQ water (40 ng/ul); 260/280 ratio >1.8; gel analyzed RNA
displayed two prominent bands; after Agilent Bioanalyzer 2100 analysis, RNA samples

displayed an RNA Integrity Number (RIN) > 8.

Samples were sent to IGA Technology Services (Via J.Linussio, 51 Z.1.U. Udine 33100
— Italy) and sequenced on a HiSeq 2500 Illumina machine. A single-end (unstranded)

sequencing on two lanes, producing 100 bp fragments, was performed (meaning that each
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sample was run two times, each time producing ~20 M fragments). In total, 18 FASTQ

library files (2 files per sample) were obtained.

The bio-informatics work was performed in collaboration with Edoardo Bertolini

(Institute of Life Sciences, Scuola Supetiore Sant'Anna, Pisa, Italy).

Library trimming

Libraries were quality trimmed using the ERNE-FILTER software (IGA Technology
Services) (Del Fabbro et al. 2013):
for i in {1..18}; do erne-filter --queryl $i.gz --gzip --min-

mean-phred-quality 33 --min-size 90 --threads 8 --output-prefix
Si-trimmed; done

Quality assessed libraries were unzipped and fused together accordingly to sample

origin (information from each biological sample contained into two different fastq files):

cat Na-trimmed 1.fastqg Nb-trimmed 1.fastqg >
sample N trimmed.fastqg

merged libraries were then saved in a new folder called “copy database”.

As described in Chapter 1V, the bioinformatics analysis was set up as a pseudo de novo
analysis. The two genomes of P. axillaris and P. inflata were merged in a single file,
obtaining a synthetic P. x hybrida genome (called “P.hybridasynth. fasta”, for code
reasons, a symbolic link, “Phybrida.fa” to the original file
“P.hybridasynth. fasta” was created). GFF files for P. axillaris and P. inflata based
on annotation in Tomato were created by Jeremy Just (INRA, Laboratory of Reproduction
and Development of Plants, UMR5667, Ecole Normale Supérieure de Lyon, Lyon,

France).

The following GFF combinations were obtained, to be used in the analysis:
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tomato prot on Pehybrida synth genome.gff, containing coding

sequences in Petunia (P.axillaris + P.inflata) based on Tomato;

Pehybrida synth.rRNA.gff, containing rRNA sequences in Petunia

(P.axillaris + P.inflata) based on Tomato;

tomato prot on Pehybrida synth genome with rRNA.gff,

containing both coding and tRNA sequences in (P.axéllaris + P.inflata) based on Tomato.
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BIO-INFORMATICS ANALYSIS
USING THE "“TUXEDO” PACKAGE

(Trapnell et al. 2012)

For bio-informatics analysis of RNA-seq data, we relied on the
“Tuxedo” package (Roberts etal. 2011; Trapnell et al. 2012; Kim et al. 2013).

The bowtie2 (bowtie2 align version 2.1.0 - 64 bit) software was
run to create an indexed version of our synthetic P. x hybrida
genome :

bowtie2-build P.hybridasynth.fasta

Tophat2 (TopHat v2.0.9) was used to align reads on the genome,
using the GFF file

tomato prot on Pehybrida synth genome with rRNA.gff containing
both coding and rRNA sequences. Tophat2 was launched using the
following bash script:

#!/bin/bash

tophat2 -o ./tophat sampleN phybrida -p 10 -i 10 -I 500000 --
library-type fr-unstranded -G

tomato prot on Pehybrida synth genome with rRNA.gff
./Genome/Phybrida ./copy database/sample N trimmed.fastqg.gz

# ‘nohup’ command

$ nohup ./script.sh > script.out2> script.err &

#Tophat2 produces aligned hits (accepted hits.bam) for Cufflinks.
Cufflinks (cufflinks v2.1.1) is used to assemble transcript
derived from Tophat2. Cufflinks was launched using the following
script in bash:

#!bin/bash

cufflinks -o ./cufflinks/cufflinks sample N pehybrida -p 5 --
library-type fr-unstranded -G
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tomato prot on Pehybrida synth genome.gff -g
tomato prot on Pehybrida synth genome.gff -M
Pehybrida synth.rRNA.gff

./tophat sampleN phybrida/accepted hits.bam

#‘nohup’ command:

$ nohup sh script.sh >script.log &

Before running Cuffmerge, a list containing the path that
Cuffmerge will follow for each sample is created:
“assembly list pehybrida.txt”.

Containing the following list:

./cufflinks/cufflinks sample 1 pehybrida/transcripts.gtf
./cufflinks/cufflinks sample 2 pehybrida/transcripts.gtf
./et cetera.

Cuffmerge (merge.cuff.asms v1.0.0) was used for merging
transcripts from all the nine samples producing a GTF file as
baseline for transcripts quantification. All the nine conditions
are taken into account for the production of the GTF file, so
that even low expressed transcripts are taken into account.

The output from cuffmerge was organized into a new folder:
“merged asm pehybrida synth”.

$ cuffmerge -s ./Genome/P.hybridasynth.fasta -g
./tomato_prot on Pehybrida synth genome.gff -o
./merged asm pehybrida synth ./assembly list pehybrida.txt

The output gtf file, called “merged.gtf” can be converted into a
FASTA file using “gffread”.

$ gffread -w reference pehybrida transcriptome.fa -g
Genome/Phybrida.fa merged asm pehybrida synth/merged.gtf

Conditions (WT, maw, maw mawb) were compared in pairs using
CuffDiff (cuffdiff v2.1.1), obtaining FPKM (Fragments Per
Kilobase of transcript per Million fragments mapped) values of
differentially expressed genes.

$ cuffdiff -o CuffDiff/mawmawb vs wt --compatible-hits-norm --
multi-read-correct --upper-quartile-norm -b
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./Genome/P.hybridasynth.fasta -p 7 -L wt,mawmawb -u

./merged _asm pehybrida synth/merged.gtf

./tophat samplel phybrida/accepted hits.bam, ./tophat sample2 phyb
rida/accepted hits.bam,./tophat sample3 phybrida/accepted hits.ba
m

./tophat sample7 phybrida/accepted hits.bam, ./tophat sample8 phyb
rida/accepted hits.bam, ./tophat sample9 phybrida/accepted hits.ba
m

$ cuffdiff -o CuffDiff/maw vs mawmawb --compatible-hits-norm --
multi-read-correct --upper-quartile-norm -b
./Genome/P.hybridasynth.fasta -p 7 -L mawmawb,maw -u
./merged_asm pehybrida synth/merged.gtf

./tophat sample7 phybrida/accepted hits.bam, ./tophat sample8 phyb
rida/accepted hits.bam,./tophat sample9 phybrida/accepted hits.ba
m

./tophat sampled4 phybrida/accepted hits.bam, ./tophat sample5 phyb
rida/accepted hits.bam,./tophat sample6 phybrida/accepted hits.ba
m

$ cuffdiff -o CuffDiff/maw_vs wt --compatible-hits-norm --multi-
read-correct --upper-quartile-norm -b
./Genome/P.hybridasynth.fasta -p 7 -L wt,maw -u

./merged _asm pehybrida synth/merged.gtf

./tophat samplel phybrida/accepted hits.bam, ./tophat sample2 phyb
rida/accepted hits.bam, ./tophat sample3 phybrida/accepted hits.ba
m

./tophat sampled4 phybrida/accepted hits.bam, ./tophat sample5 phyb
rida/accepted hits.bam,./tophat sample6 phybrida/accepted hits.ba
m

The output tables were exported in Excel (Office Suite — Microsoft) for downstream
analysis.

Production of a transcriptome assembly for downstream analysis and primer design
in P. x hybrida

A simplified “Tuxedo” protocol (see above) was used to obtain a de novo transcriptome.
In particular, no GFF file was provided, in order to allow the software to not be misguided

in the assembly process.
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#!/bin/bash

tophat2 -o

./tophat for transcriptome de novo assembly/tophat denovo sampleN
_phybrida -p 10 -i 10 -I 500000 --library-type fr-unstranded
./Genome/Phybrida ./copy database/sample N trimmed.fastq.gz

#!bin/bash

cufflinks -o ./denovocufflinks/denovocufflinks sample N pehybrida
-p 5 --library-type fr-unstranded
./tophat sampleN phybrida/accepted hits.bam

List: denovo_assembly_list_pehybrida.txt

./denovocufflinks/denovocufflinks sample 1 pehybrida/transcripts.
gtf
./denovocufflinks/denovocufflinks sample 2 pehybrida/transcripts.
gtf ./et cetera.

Scuffmerge -s ./Genome/P.hybridasynth.fasta -o
./denovomerged asm pehybrida synth
./denovo_assembly list pehybrida.txt

Sgffread -w denovo reference pehybrida transcriptome.fa -g
Genome/Phybrida.fa denovomerged asm pehybrida synth/merged.gtf
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Appendix I

Chronostratigraphic Chart
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Appendix II
Data sets from RNA-Seq Analysis

Original FPKM values (not log2) for differentially expressed genes (DEGs) reported from
heat-maps in Chapter IV.

DEGs involved in transcription

Identifier WT maw maw Scaffold
mawb

XLOC_041435 3.439 0.865 -0.895 | Peaxil62Scf00705:10676-14621
XL.OC_010740 1.546 0.686 -0.068 | Peaxil62Scf00071:229280-232779
XLOC_086126 3.280 1.758 1.217 | Peinf101Scf01368:385922-390456
X1L.OC_044833 -1.122 0.459 1.325 | Peaxil62Scf00875:160201-162010
XLOC_032717 -0.816 0.446 1.439 | Peaxil62Scf00418:784360-787239
XL.OC_042581 0.243 0.898 1.531 | Peaxil62Scf00756:238582-243574

XLOC_022995 -0.451 0.910 1.631 | Peaxil62Scf00226:143274-145621
XLOC_049562 0.635 1.190 1.734 | Peaxi1628cf01306:60107-63892
XLOC_045999 -0.514 0.981 1.834 | Peaxil62Scf00939:372964-373892
XLOC_004832 3.214 2.759 1.981 | Peaxil62S8cf00021:1288348-1292905
XLOC_039966 3.254 2.677 2.154 | Peaxil62Scf00654:189690-198727
XLOC_030956 4.480 4.026 2.329 | Peaxil162Scf00380:175815-193413

XLOC_013509 1.285 1.774 3.087 | Peaxil162Scf00098:598565-602829
XLOC_047061 1.809 2.719 3.257 | Peaxil62Scf01006:367466-368054
XLOC_031992 1.385 2.103 3.289 | Peaxil162Scf00401:84633-86799

XLOC_044976 1.389 2.549 3.383 | Peaxil62Scf00882:220039-220486

XLOC_037144 2314 2.903 3.421 | Peaxil162Scf00546:112259-113677
XLOC_069003 2.325 2.974 3.503 | Peinf101Scf00500:299826-300328
XLOC_016772 4.347 3.968 3.595 | Peaxi162S5¢f00135:1083975-1087869
XLOC_084095 4.812 4.185 3.624 | Peinf101Scf01208:506175-508369
XLOC_095215 4951 4.426 3.707 | Peinfl101Scf02757:412771-414420
XLOC_034619 2.917 3.445 3.841 | Peaxil62Scf00465:570952-572879
XLOC_047703 3.037 3.704 4.189 | Peaxil62Scf01064:29927-31787
XLOC_026314 5.437 4.826 4.291 | Peaxil62Scf00287:1900666-1907293
XLOC_009116 2.654 3.254 4.333 | Peaxil62Scf00055:1935487-1938124
XLOC_047468 5.330 4.857 4.377 | Peaxil62S5cf01044:218342-221589
XLOC_012239 5.369 4.987 4.414 | Peaxil62Scf00083:1645457-1647077
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XTL.OC_073172 2.397 3.332 4.525 | Peinf101Scf00661:180334-180823
XLOC_039307 3.121 3.906 4.703 | Peaxil62Scf00624:652952-658242
XIL.OC_071013 5.961 5.418 4.748 | Peinf101Scf00576:359452-360584
XLOC_070477 6.551 5.668 5.191 | Peinf101Scf00559:1363672-1390738
XTL.OC_059332 6.388 5.684 5.341 | Peinf101Scf00184:90365-91609
XLOC_042000 2.602 4.169 5.391 | Peaxil62Scf00732:231933-234101
XIL.OC_029167 6.600 6.021 5.557 | Peaxil62Scf00345:215389-220956
XLOC_026002 1.931 2.701 6.223 | Peaxil62Scf00284:779318-781137
XIL.OC_037580 2.402 3.714 6.312 | Peaxil62Scf00560:255874-256309
Auxin-related DEGs

Identifier wWT maw maw mawb Scaffold

XLOC_001236 5.16494 | 3.72536666 | 1.80734 Peaxil62Scf00003:4971688-4974533
XLOC_063950 5.20554 | 3.46942052 | 1.1845 Peinf101Scf00335:1091683-1095352
XIL.OC_085252 21.7526 | 14.6612644 | 7.62887 Peinf101Scf01294:525501-528794
XIL.OC_026314 43.3249 | 28.3623759 | 19.5766 Peaxil62Scf00287:1900666-1907293
XI1.OC_029167 97.0342 | 64.9339478 | 47.0909 Peaxil62Scf00345:215389-220956
XI1.OC_029938 13.2805 | 9.65167715 | 4.05724 Peaxil62Scf00362:884739-838495
XLOC_087092 44,4308 | 32.6460666 | 13.58 Peinf101Scf01468:28155-32150
XLOC_034619 7.55234 | 10.8919727 | 14.335 Peaxil62Scf00465:570952-572879
XLOC_046604 1.25318 | 2.14700715 | 4.77453 Peaxil62Scf00976:88676-92325
XLOC_047468 40.2233 | 28.9736288 | 20.7737 Peaxil62Scf01044:218342-221589
XIL.OC_084095 28.0818 | 18.1896863 | 12.3292 Peinf101Scf01208:506175-508369
XTL.OC_011420 6.62671 | 4.23471302 | 2.23243 Peaxil62Scf00075:2290593-2293392
XI1.OC_012901 291755 | 1.62818186 | 0.82086 Peaxil62Scf00089:1521276-1526815
XI1.OC_026216 2.88801 | 4.25165297 | 21.5731 Peaxil62Scf00286:1029572-1030994
XLOC_028163 0.87047 | 1.9078239 | 3.31758 Peaxil62Scf00325:76311-77031
XLOC_028911 2.06661 1.07027288 | 0.128225 Peaxil62Scf00339:1173385-1177246
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XLOC_023577 19.1519

XLOC_095215 30.9225 | 21.4956681

11.3862293 | 4.26066

13.0575

Peaxil62S¢f00235:772404-775909

Peinf101S8cf02757:412771-414420

DEGs involved in cell proliferation

Identifier WT maw maw mawb  Scaffold

XLOC_000884 30.6122 | 17.86700554 | 6.25221 Peaxil62Scf00003:2407558-2409240
XLOC_052955 31.3152 | 19.68724886 | 7.81057 Peinf101Scf00019:116538-119101
XL.OC_004832 9.28162 | 6.770467309 | 3.94852 Peaxil62Scf00021:1288348-1292905
XIL.OC_016772 20.3525 | 15.65075462 | 12.0838 Peaxil62Scf00135:1083975-1087869
miR156/SPLs module

Identifier WT maw maw mawb  Scaffold

XLOC_091056 | 0.176599 | 0.71602566 1.83733 Peinf101Scf01889:60268-62529
XLOC_016004 | 43.4172 28.99338893 | 23.0128 Peaxil62Scf00128:1314265-1319766
XI.OC_016014 | 50.1275 33.82232076 | 25.4217 Peaxil62Scf00128:1473754-1477676
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