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RIASSUNTO

Il lavoro svolto durante la mia tesi di dottorato si € focalizzato principalmente sulla
caratterizzazione di tre fattori di trascrizione, REM34, REM35 e REM36, approfondendo in
particolare il loro ruolo durante la fase riproduttiva dell’organismo modello Arabidopsis
thaliana. REM34, REM35 e REM36 appartengono alla famiglia di geni REM, caratterizzata
dalla presenza del dominio B3 di legame al DNA, e sono localizzati in un cluster sul genoma
di Arabidopsis. Questi geni sono omologhi e condividono lo stesso pattern di espressione,
per tanto & probabile che siano ridondanti tra di loro.

Per studiare la funzione di questi geni, il mio lavoro di dottorato € stato diviso in tre parti
principali: per prima cosa, diverse tecniche di biologia molecolare sono state sfruttate per
perturbare il livello di espressione di REM34, REM35 e REMS36 o per creare mutanti stabili
di questi geni, in secondo luogo é stato analizzato in dettaglio il ruolo che questi geni hanno
durante lo sviluppo del gametofito maschile e femminile ed, in fine, & stato approfondito il
ruolo che REM34, REM35 e REM36 svolgono nella modulazione del signaling dell’lormone
auxina, durante lo sviluppo riproduttivo.

Queste analisi hanno dimostrato che REM34, REM35 e REM36 svolgono diversi ruoli
fondamentali durante lo sviluppo riproduttivo di Arabidopsis: sono infatti necessari per |l
corretto sviluppo dei gametofiti femminili e maschili e sono coinvolti nello stabilire la corretta
architettura dell’infiorescenza. Inoltre, durante il mio lavoro di tesi, € stato anche dimostrato
che REM34, REM35 e REM36 svolgono questa funzione modulando il network genetico di
risposta all’auxina, interagendo in particolare con ARF19.

In conclusione, questo lavoro ha permesso di chiarire la funzione e il meccanismo di azione
di REM34, REM35 e REM36 durante lo sviluppo dell'infiorescenza di Arabidopsis, fornendo

nuove evidenze del loro coinvolgimento nel signaling dell’auxina.



ABSTRACT
Role of REM34, REM35 and REM36 in gametophytes development

The REproductive Meristem (REM) gene family encodes for transcription factors belonging
to the B3 DNA binding domain superfamily. In Arabidopsis thaliana, this family is composed
of 45 members, preferentially expressed during flower, ovule, and seed developments. Only
a few members of this family have been functionally characterized: VERNALIZATION1
(VRNT1) and, most recently, TARGET OF FLC AND SVP1 (TFST), which are involved in the
regulation of flowering time and VERDANDI (VDD) which, together with VALKYRIE (VAL)
controls the death of the synergid cell in the female gametophyte. We investigated the role
of REM34, REM35, and REM36, three closely related and linked on chromosome 4 genes
with similar expression profiles during the reproductive development of Arabidopsis.

The functional characterization of REM34, REM35 and REMS36 presented several
challenges, as these genes are in linkage in the genome and redundant. We thus developed
two different approaches, the first based on a multiplexed RNA interference (RNAI)
technology and the second on the fusion of REM34 with the EAR repressive domain, to
modify their expression and identifying their role during inflorescence development.

Plants generated with both methods were characterized by a partial sterility. An in situ
hybridization analysis showed that REM34, REM35 and REM36 share the same expression
pattern throughout reproductive organs development. As these genes were found to be
expressed both in female and male reproductive tissues, the developmental steps of both
gametes were followed in both the REM_RNAi and 355:REM34-EAR lines; these analyses
clearly showed that the partial sterility of these lines is caused by a postmeiotic block in both
female and male gametophytes. Furthermore, protein interaction assays revealed that
REM34 and REMS3S5 interact, which suggests that they work together during the first stages

of gametogenesis.



ABSTRACT
Role of REM34, REM35 and REM36 in inflorescence architecture determination

REM34, REM35 and REM35 were shown to be expressed from the earliest stages of the
reproductive development of Arabidopsis, in the inflorescence meristem and in the flower
meristems; however, their role in these tissues is still unclear.

With the aim of functionally characterize these genes, REM_RNA:i lines, in which the three
genes of interest were downregulated, as well as 35S:REM34-EAR dominant repressor
lines were generated. At the same time, single (rem34, rem35 and rem36) mutants and
multiple mutant combinations (rem34 rem35, rem34 rem36 and rem35 rem36 were
generated by using the CRISPR/Cas9 genome editing technology.

Wild type Arabidopsis plants are characterized by a spiral phyllotaxy, in which successive
siliques arise at an angle of 137.5°, the single and multiple knock-out mutants, as well as
the REM_RNAi and 35S:REM34-EAR lines, instead displayed an altered phyllotactic
pattern, with the divergence angles distributed around three main values: 90°, 140° and
180°. At the inflorescence meristem level, the establishment of the phyllotactic pattern is
tightly regulated by two hormones, auxin and cytokinin, that regulate the timing and spacing
between new organs formation.

The analysis of several marker lines and the effect of exogenous auxin applications clearly
showed that auxin was correctly produced and distributed in the inflorescence meristem but
the perception of this hormone was perturbed in the REM_RNA/ and knock-out mutants.

We also showed that REM35 was able to interact with REM34 as well as with the Auxin
Responsive Factor 19 (ARF19), which loss-of-function mutant is also characterized by a
defective phyllotactic pattern. Furthermore, LBD18, which is a direct target of ARF19 and
whose expression is auxin-dependent, was upregulated in the rem knock out mutant.

Taken together, these findings suggest that REM34, REM35 and REMG36 are involved in
the negative control of auxin response, in the inflorescence, and that they carry out this

function working in complex with ARF19.



AIM OF THE THESIS

Plants have the ability to continuously producing new organs, throughout their life cycle,
from pools of stem cells organized in niches, called meristems. During embryogenesis, two
main meristems are specified: the root apical meristem (RAM), which is in charge of
producing the root apparatus of the plant, and the shoot apical meristem (SAM), from which
most of the areal organs of the plant are generated. During the transition to the reproductive
phase of the plant life cycle, the SAM acquires the identity of inflorescence meristem (IM),
that gives rise to the inflorescence, the reproductive structure of the plant which bears
flowers, fruits and seeds. Plants are characterized by a striking variety of inflorescence
architectures, which differ mainly as a consequence of their different branching abilities.
Furthermore, the organization of lateral organs around the main stem of the inflorescence,
which is called phyllotaxis, follows strict geometrical constraints. The spiral phyllotactic
pattern is the most diffused in nature and is characterized by organs arising at constant
divergences angles from one another, often following the Fibonacci sequence.

Modulation of traits beneficial for cultivation and yield is one of the main goals of crop
improvement and one of the targets for enhancing productivity is changing the architecture
of inflorescences, since in many species it determines fruit and seed yield. Inflorescence
shape and organization is genetically established during the early stages of reproductive
development and depends on the number, arrangement, activities, and duration of
meristems during the reproductive phase of the plant life cycle.

The genetic network that controls the inflorescence meristem activity and thus
inflorescence architecture have been partially unraveled, however the precise mechanism
that controls the timing and spacing between new organs initiation at the meristem level is
still unknown.

Whit the aim of identifying new players involved in this mechanism, the main focus of my
thesis was to functionally characterize three members of the poorly characterized REM
(Reproductive Meristem) genes family in the model species Arabidopsis thaliana.

There are 45 REM genes in the Arabidopsis genome, all characterized by the presence of
multiple B3 DNA binding domains, most of which are organized in clusters and are
preferentially expressed during the reproductive phase of the Arabidopsis’ life cycle. We
chose to focus on REM34, and on its homologues REM35 and REM36 as an extensive

analysis of this family showed that these genes are expressed in the inflorescence and
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flower meristems. Furthermore, REM34 was found to be co-expressed with several floral
meristem identity genes, which are involved in flower meristem specification, suggesting
that this transcription factor is likely to be involved in the same biological process.

REM34, REM35 and REM36 are homologous and share the same expression pattern and
are thus likely to be redundant between each other. They are located in linkage on the
genome, in a 7.5 kb region of the fourth chromosome. The first aim of this thesis was to
develop and test different methodologies to functional characterize these genes,
overcoming the difficulties derived from working with redundant and in linkage genes.

To do so REM_RNAI, 355:REM34-EAR constructs and single and double CRISPR knock-
out mutant combinations for the genes of interest were produced.

These lines were characterized by partial sterility, which was further investigated with
molecular biology and microscopy techniques, due to a post-meiotic block in both female
and male gametophytes development. Additionally, these lines were also displaying a
mutated phyllotactic pattern, which was found to be caused by permutations in the hormone
auxin signaling pathway.

Taken together, these evidences suggest that REM34, REM35 and REM36 play different
key roles during inflorescence development, from primordia initiation to gametes
development, and that they do so by modulating auxin response in the inflorescence

meristem.



|. INTRODUCTION

I.I Reproductive development in plants

Plant development is characterized by the continuous formation of lateral organs from
pools of stem cells, which are maintained throughout the entire life cycle of the plant,
localized in niches called meristems. During the earliest stages of plant development, the
two main meristems, the root and shoot apical meristems, are determined; the first one is
responsible for root growth while the Shoot Apical Meristem (SAM) gives rise to most of the
aerial organs of the plant (Busch et al., 2010).

The life cycle of flowering plants can be divided into a vegetative phase and a reproductive
phase. During the vegetative phase, the SAM is responsible for the production of leaves;
the change to the reproductive phase is called floral transition and causes a reprogramming
of the SAM that starts to produce the inflorescence, the reproductive structure of
Angiosperms. The floral transition is triggered by exogenous signals, such as photoperiod,
light quality and temperature, and endogenous inputs, which include hormonal biosynthesis
and signaling, and, during this phase, the SAM acquires the identity of Inflorescence
Meristem (IM) (Andrés and Coupland, 2012).

Inflorescence development is a key process in the life of the plant, as it ensures offspring
establishment, and is of great agronomical value, because it determines the number of
fruits/seeds that the plant will produce. Angiosperms are characterized by a striking variety
of inflorescence types, whose shape is determined by the fine-tuning of the proliferation of
the stem cells of the Indeterminate Meristems (IMe), and their ability to differentiate into
Determinate Meristems (DMe), giving rise to the different organs of the inflorescence
(Prusinkiewicz et al., 2007).

In the dicot model species Arabidopsis thaliana, the indeterminate inflorescence meristem
(IM) produces a number of determinate flower meristems (FMs), whose destiny
unequivocally leads to flower formation and the depletion of meristematic cells. Other
dicotyledons, such as Solanaceae, are characterized by a Cymose inflorescence in which
IM differentiate into a flower meristem and, at the same time, it also produces a new IM on
the side which reiterates the same developmental pattern.

In monocots, like grasses, the IM produces different meristem types which ultimately
differentiate into a spikelet meristem (SM), producing florets that can be directly attached to
the main inflorescence axis, as in spikes, or developing on flower-bearing branch meristems
(BMs), as in panicles (Figure I-1).

There is an increasing interest in understanding the regulatory mechanisms which
determine inflorescence architecture, since in many species this process is strictly
correlated with fruit and seed yield. Furthermore, regularly-organized reiterative patterns are
commonly found in morphogenic processes of different complex organisms (Shyer et al.,
2013; Corson et al., 2017; Marcon and Sharpe, 2012) and phyllotaxis has been employed
several time as a model to understand the mechanisms behind this regularity (Guédon et
al., 2013; Refahi et al., 2016).
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Figure 1-1 Schematic representation of reproductive meristems in different plant species

In the dicot Arabidopsis the indeterminate Inflorescence Meristem continuously produces new
determinate flower meristems on its flank, throughout the entire reproductive development of the plant.
Solanum lycopersicum is characterized by a cymose inflorescence, in which the inflorescence
meristem, called sympodial inflorescence meristem SIM, differentiate into a determinate flower meristem
and into a new SIM, the firs will produce the flower while the second ensures the growth of the
inflorescence.

Oryza sativa (rice) and the male inflorescence (tassel) of Zea mays (maize) are characterized by the
production of a branched inflorescence called panicle. In these inflorescences, the indeterminate
reproductive meristem differentiates into branch meristems, which will then produce a determinate
number of spikelet meristems (SM), from which flowers originate.

In Hordeurn vulgare (barley), Triticurn aestivurm (Wheat) and in the female inflorescence of maize (ear),
the reproductive structure is an unbranched inflorescence called spike. In this case the indeterminate
inflorescence meristem differentiates directly into SM, which will develop a specific number of flower
meristems.

For each specie, a scheme of the reproductive meristem is represented, with the Indeterminate
Meristems (Ime) highlighted in blue and the Determinate Meristems (DMe) in red.

The figure is adapted from Caselli et a/., 2020.




I.Il Arabidopsis thaliana reproductive development

Arabidopsis thaliana as a model organism in plant biology and genetics

Arabidopsis thaliana is a small flowering plant, belonging to the Brassicaceae family.
Despite its lack of agronomical value, Arabidopsis quickly imposed itself as one of the major
model organism in plant biology. This plant is indeed characterized by a short life cycle,
small dimension and it is easily grown in restricted spaces. It is also a self-pollinating plant,
able to produce a large number of offspring. Furthermore, its small genome (12.5 Mb) was
the first plant genome to be completely sequenced (The Arabidopsis Genome Initiative,
2000) and it can be easily manipulated with different genome engineering techniques.

The Arabidopsis genome encloses several duplicated chromosomal segments derived
from one or more rounds of genome duplication followed by gene loss and divergence. Many
gene families are organized in tandem arrays, which supports the hypothesis of the evolution
of the genome through events of gene duplication and specialization. Whole genome
duplication events caused the presence of multiple gene copies in the Arabidopsis genome,
leading to functional redundancy between highly homologous genes, which has to be taken
into account when approaching genomics studies in this organism (Bevan and Walsh,
2005).

Importantly, despite of the difference in gene numbers between Arabidopsis thaliana and
crop species, there are no gene classes in crop species that are not present in Arabidopsis.
Therefore, by establishing orthologous relationships between Arabidopsis and crop genes
it is possible to exploit the knowledge obtained from the functional characterization of
Arabidopsis genes to identify genes with similar roles in crops.

Inflorescence architecture determination

Arabidopsis has an indeterminate inflorescence in which the inflorescence meristem
continuously produces floral meristems on its flank with a precise pattern. Floral and
inflorescence meristem identity is controlled by a complex gene regulatory network in which
IM genes ensure the conservation of the population of stem cells while the FM identity genes
(FMI) specify for the floral meristem fate.

Organogenesis at the inflorescence level is a very complex process that requires a high
spatiotemporal regulation and gives rise to a precise geometrical pattern, called phyllotaxis,
in which successive primordia are positioned along the main axis in a Fibonacci spiral with
a divergence angle of 137.5° (Galvan-Ampudia et al., 2016) (Figure I-2A).

It has long been proposed that phyllotaxis establishment, at the IM level, is a self-organizing
process resulting from the combinatory effects of inhibitory fields, generated by the emerging
primordia, that prevent organogenesis in the proximity of existing organs (Douady and
Couder, 1996). As the stem elongates and newly formed primordia move away from the
apex, their inhibitory effect decreases allowing the formation of a new primordium where the
sum of the inhibitory fields is lowest. The inhibitory effect on new primordium initiation by the
already formed lateral organs was demonstrated by surgical dissection and laser ablation of
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preexisting primordia, that causes a permutation of the position where the new organ arises
(Snow and Snow, 1932; Reinhardt et al., 2004).

At the IM level, the spatial information for new primordia initiation is mainly given by the
phytohormone auxin: this molecule is transported directionally toward the area in which a
new primordium has to arise, where its accumulation is able to trigger a complex
transcriptional response that controls the specification of the developing primordium. Auxin
depletion around the new primordium, which acts as a sink for auxin accumulation,
generates the inhibitory fields that set the spacing between successive organ initiations
(Heisler et al., 2005; Benkova et al., 2003; Vernoux et al., 2000) (Figure I-2B).

The polar transport of auxin in the meristem is mainly controlled by the efflux carrier PIN
proteins, which are polarly localized on the cell membranes. The disruption of the auxin
efflux in the Arabidopsis IM causes the formation of pin-like inflorescences, that are no
longer able to produce lateral organs (Okada et al., 1991). Local auxin micro-application on
the IM flanks are able to rescue flower formation in the pin1 mutant, indicating that this
hormone is necessary and sufficient to trigger organogenesis (Reinhardt et al., 2000).

In the inflorescence meristem, auxin accumulates only in the epidermal cell (L1) layer,
where organ initiation takes place. In this cell layer PIN1 is polarized toward the incipient
primordia and it has been shown that the correct polarization of this efflux carrier in the cell
membrane of the L1 layer of the meristem is fundamental to specify a correct phyllotactic
pattern (Kierzkowski et al., 2013; Jonsson et al., 2006; Smith et al., 2006).

50 pm

Figure 1-2 Arabidopsis thaliana inflorescence architecture

A. Arabidopsis primary inflorescence, successive siliques arise from the stem at a divergence angle of
137.5° as indicated by the arrows. B. Arabidopsis inflorescence meristem, the IM generates new
primordia on its flanks with a divergence angle of 137.5°. Auxin maxima, indicated in green, indicate the
position where the new primordia will arise. FM: Floral Meristem; IM: Inflorescence Meristem; P1/P1:
Primordium 1/2; i1: initiation site of the new primordium.
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Auxin is both polarly transported from other plant tissues and directly produced in the IM
itself, as demonstrated by the fact that different enzymes involved in its biosynthesis, such
as YUCCAT1 (YUCT), YUCZ2, YUC4, YUC6 and TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS (TAAT), are expressed in this tissue (Cheng et al., 2006b). Yucca mutants
display different developmental defects, including short inflorescences and sterility. It has
been shown that these defects cannot be rescued by exogenous auxin application but the
expression of the bacterial auxin biosynthetic gene iaaM, under the control of the YUCCA6
promoter, in the yucca background leads to the formation of wild type-like plant.

These evidences indicate not only that auxin produced in the meristematic tissues is
fundamental to ensure the correct reproductive development of the plant but also that its
biosynthesis needs to be strictly regulated to ensure a correct inflorescence development
(Cheng et al., 2006a).

The production of auxin in the meristem is partially controlled by PLETHORA transcription
factors, which positively regulate the expression of YUC1 and YUC4, and when these genes
are mutated, plants lose the ability to ensure new organ formation at the correct position
showing an alterated phyllotactic pattern, in which the predominant divergence angle is 180°
(Pinon et al., 2013; Prasad et al., 2011). A similar role was shown for the INDETERMINATE
DOMAIN (IDD)14, IDD15 and IDD16 transcription factors, which regulate both auxin
biosynthesis and transport at the meristem level. Mutants in these genes show alteration in
their inflorescence architecture and a partial sterility and, also in these mutants, these
defects could be partially rescued by reestablishing auxin biosynthesis (Cui et al., 2013).

Different tools have been developed to allow the visualization of auxin dynamics in vivo
(Liao et al., 2015; Mir et al., 2017), which have recently been employed as a tool to study
the correlation between the rhythmic organ patterning at the IM level and the tight
spatiotemporal regulation of auxin distribution in this tissue (Galvan-Ampudia et al., 2020).

The regularity of the spatial distribution of auxin in the inflorescence meristem, and the
consequent spiral phyllotactic pattern, depends, among other factors, also on the function
of the VIP subunit of the RNA polymerase ll-associated factor 1 complex (Pafic). When
these proteins are mutated, the divergence angles between successive organs show an
increased variance compared to the wild type and non-canonical regions of auxin maxima
in the meristem (Fal et al., 2017).

Although auxin is considered to be sufficient to promote organogenesis at the meristem
level, a second hormone, cytokinin, was found to be necessary for the precise regulation of
phyllotaxis. Auxin and cytokinin play opposite roles in the IM, where the first is involved in
organogenesis and cell proliferation while the second is important for the maintenance of
the indeterminate meristem (Leibfried et al., 2005; Su et al., 2011). A negative signaling
pathway involving the precise expression in the emerging primordia of the ARABIDOPSIS
HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6) phosphatase, a phosphotransfer
protein involved in cytokinin signaling, regulates the timing of new organ formation ensuring
the establishment of the correct phyllotactic pattern (Besnard, Rozier, et al., 2014; Besnard,
Refahi, et al., 2014b).
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A similar role was found for the DORNROSCHEN-LIKE (DRNL) transcription factor, which
shares the same expression pattern as AHP6 in the founding cells of the primordia: its
correct expression is important to maintain the spiral phyllotactic pattern of organ formation
in the IM (Chandler et al., 2011; Comelli et al., 2020; Comelli et al., 2016).

Cytokinin signaling, in the reproductive meristem, is partially mediated by the ERECTA
receptor kinases and mutants show severe defects in meristem maintenance and final
architecture of the plant (Uchida et al., 2013; Mandel et al., 2014).

Although the spatiotemporal pattern of new organ initiation is mainly established at the IM
level, the final architecture of the plant and the phyllotactic pattern is also influenced by post-
meristematic elongation of the stem. For instance, mutants in the boundary genes CUP-
SHAPED COTILEDON (CUC) 2 and 3 show a regular organ initiation in the apical meristem
but an altered phyllotaxis due to defects in growth and cell division during the stem
elongation (Burian et al., 2015; Peaucelle et al., 2007).

Finally, the formation of new organs is also dependent on changes in the cell wall
composition, that needs to be loosen in order to allow cell elongation and division, that lead
to primordia outgrowth (Peaucelle et al., 2011; Peaucelle et al., 2008).

Besides from these molecular cues, also changes in the meristem size can affect the
phyllotactic pattern: plants with larger meristems show a higher rate of permutation events
at the level of the phyllotaxis while smaller meristems display a more robust phyllotactic
pattern (Landrein et al., 2015a).

The spiral phyllotactic pattern, where consecutive organs emerge from the central axis with
a divergence angle of 137°, is very robust and the most represented one among plant
species. This prevalence in nature might be linked to advantages in light capture as well as
the consequence of developmental constrains (Strauss et al.,, 2020) and, since this trait
strongly correlates with the overall plant biomass and with fruits production, understanding
the mechanisms behind it could be beneficial for yield improvement. For instance,
Arabidopsis plants in which the divergence angle between successive siliques is narrower
(e.g. of 90°) are potentially able to produce more siliques without increasing the total height
of the plant. Plants with an opposite phyllotactic pattern, in which consecutive organs arise
from the stem at the same time at a divergence angle of 180°, can produce more
flowers/fruits in the same amount of time than species characterized by a spiral phyllotaxis.

Finally, the advancements in understanding the mechanisms behind the spatiotemporal
specification of new primordia during inflorescence development in Arabidopsis can be
applied to improve the yield of agronomically important plants, which are usually
characterized by more complex and branched inflorescences.

Gametophytes development

The life cycle of plants is characterized by the alternation between the diploid sporophytic
generation and the haploid gametophytic generations, which in Angiosperms develop within
the flower in the female and male reproductive organs.

As soon as the reproductive phase is triggered by day-length, temperature and internal
factors, the SAM change its identity becoming an IM and the pool of genes devoted to its
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maintenance, among which TERMINAL FLOWER 1, start to be expressed (Parcy et al.,
2002). At the same time, the transcription factors LEAFY (LFY) and APETALA 1(AP1), start
to be expressed in the cells that will give rise to the flower meristem (FM), which arises
initially as a spherical protrusion on the flank of the IM.

SHORT VEGETATIVE PHASE (SVP) and AGAMOUS LIKE 24 (AGL24) are also required
in this process, first for the floral transition and later for the specification of the FM. In
particular, these genes, together with AP1, initially act repressing floral organ identity genes
and are thus important for the specification of the floral primordium. Once the FM is
established, genes involved in floral organ differentiation start to be expressed and, together
with AP1, they repress AGL24 and SVP (Gregis et al., 2008). Flower organogenesis is
orchestrated by the ABC(D)E homeotic genes, whose expression leads to the formation of
the different floral organ primordia. The different floral organs are organized in four
concentric whorls: sepals, petals, stamens (male reproductive organs) and carpels (female
reproductive organs) (Coen and Meyerowitz, 1991; Rijpkema et al., 2010).

Flower development, from primordium initiation until fertilization, takes about two weeks
and can be divided in 12 stages based on morphogenesis, growth rate and structure of the
floral tissues (Smyth et al., 1990). As mentioned above, flower development is tightly
correlated with gametes production which, after fertilization, will give rise to mature seeds.

Arabidopsis is a heterosporous plant, characterized by the production of two unisexual
gametophytes, the female megagametophyte (embryo sac), and the male
microgametophyte (pollen). Developments of both female and male gametophytes can be
divided into two main steps: sporogenesis, during which meiosis occurs giving rise to haploid
spores, and gametogenesis, which leads to the formation of the gametes (Berger and Twell,
2011).

The Arabidopsis female gametophyte develops inside the gynoecium, which is the
innermost whorl of the flower and its composed by two fused carpels. The first step of
megasporogenesis consists in the formation of the ovule primordia, which initially arise as a
finger-like protrusion of the placenta. One of the cells enclosed by this protrusion
differentiates into the megaspore mother cell (MMC) or megasporocyte, which goes
thorough meiosis, giving rise to four haploid megaspores. Three of these spores degenerate
and only one, the functional megaspore, continues its development and after three mitotic
divisions forms a mature embryo sac composed of eight nuclei and seven cells: three
antipodal cells, two medial polar nuclei, and one egg cell surrounded by two synergids
(Mansfield and Briarty, 1991) (Figure I-3A).

In the anthers, with a similar process, the microspore mother cell gives rise, through
meiosis, to four microspores, which all develop into mature pollen grains, containing two
sperm cells surrounded by the vegetative cell (Hafidh et al., 2016) (Figure |-3B).

The transition from sporogenesis to gametogenesis is directly correlated with the cell cycle
transition from mitosis to meiosis and back to mitosis. During gametogenesis, the number
of mitotic divisions (two for the male and three for the female gametophyte) has to be tightly
regulated and coordinated with cytokinesis.
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Figure 1-3 Female and Male Gametophyte Development

A. Ovule (Female gametophyte) development takes places in the nucella and is divided in
megasporogenesis and megagametogenesis. Megasporogenesis consist of three major events: the
megaspore mother cell (MMC) formation, meiosis to produce haploid megaspores, and megaspore
selection. Three of the megaspores degenerate and one survives, originating the embryo sac. During
megagametogenesis the embryo sac undergoes three rounds of mitosis without cytokinesis, resulting
in a seven-celled structure consisting of three antipodal cells (localized at the chalazal pole), one central
cell (which contains the two polar nuclei), two synergid cells (localized at the micropylar pole), and one
egg cell. DM: degenerating megaspores; FM: functional megaspore; Il: inner integument; L1: L1
epidermal layer of the ovule primordium; MMC: megaspore mother cell; MT: meiotic tetrad; Ol. outer
integument; AC: antipodal cells; CC: central cell; CCN: central cell nucleus; CH: chalazal region of the
ovule; EC: egg cell; F: funiculus; FG: female gametophyte; MP: micropyle; PN: polar nuclei; SC: synergid
cells. Adapted from Drews & Koltunow, 2011.B. Pollen (Male gametophyte) development takes place in
anther loculi where the pollen mother cells, are localized. The formation of the male gametophyte
consists of two distinct processes: microsporogenesis, the formation of the haploid immature pollen
grain, inside the microsporangia; and microgametogenesis, the development of the microgametophyte
though two mitotic rounds, which lead to the formation of a mature pollen grain, containing a vegetative
cell and two sperm nuclei. Adapted from Rutley & Twell, 2015.

This cell division process is complex and requires the integration of different pathways such
as those involved in cell cycle progression (Ebel et al., 2004; Ingouff et al., 2006; Johnston
et al., 2008; Zhao et al., 2017; Liu et al., 2008), and chromatin modifications (Huanca-
Mamani et al., 2005; Latrasse et al., 2008). Moreover, mitotic progression during
gametogenesis is also affected when interfering with basic biological processes such as
organelle and ribosome biogenesis (Shi et al., 2005; Li et al., 2009; Wang et al., 2012). The
perturbation of these pathways often results in an arrest of the cell divisions at earliest
stages of both female and male gametophytes development.

The hormone auxin, which acts as a morphogen in different developmental processes, was
found to have a crucial role in the correct development and patterning of both gametophytes.

Auxin is both imported from the sphoropytic placenta and directly synthesized in the
mycropilar pole of the female gametophyte and it is distributed in the gametophyte forming
a gradient, which gives to the developing cells of the embryo sac the positional information
for their differentiation (Pagnussat et al., 2009; Panoli et al., 2015). Indeed, when auxin
transportation is perturbed, megagametogenesis progression is impaired (Ceccato et al.,

2013).
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Auxin biosynthesis and transportation in the male gametophyte was also proven essential
for the transition from microsporogenesis to microgametogenesis (Yao et al., 2018; Ding et
al., 2012). An auxin maximum was proposed to play a key role in late stamen development
and essential for correct and coordinated pollen maturation, anther dehiscence and filament
elongation (Cecchetti et al., 2017).

Finally, auxin function in the female gametophyte is coordinated in a stamen-dependent
manner, and auxin synthetized in the stamen is thought to play an important role in the
synchronization of the maturation of the female and male reproductive organs, to ensure a
successful fertilization (Larsson et al., 2017).

Auxin production in the gynoecium is at least partially controlled by the cytokinin signaling
pathway and the cross-talk between these two hormones is important to ensure the correct
specification of the female reproductive organs primordia (Mdiller et al., 2017).

Cytokinins appear to play an important role also in providing positional information to the
developing ovule. Cytokinin signaling originates from the chalaza and is essential for the
production of a functional megaspore (Cheng et al., 2013).

Genetic studies have identified a large number of loci that control gametophyte
development. Molecular cloning and characterization of some of them have revealed
insights in sporocyte formation, meiosis/mitosis, and gametophyte development. Detailed
phenotypic and molecular characterization of mutants remains a big challenge also because
of the complication to work with such mutants, which often are partially sterile or even lethal
(Muralla et al., 2011).

[.1Il Auxin homeostasis in the inflorescence meristem

Auxin biosynthesis and transport

As mentioned above, in plants auxin plays a crucial role in almost all the developmental
processes, from embryogenesis to root and shoot/flower growth and development. The main
auxin in plant is Indole-3-acetic acid (IAA), which can be de novo synthetized starting from
tryptophan or released from inactive conjugated forms.

The main IAA biosynthetic pathway is composed of two steps: the first step is catalyzed by
the TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA) and consists in the
conversion of Trp in Indole-3-pyruvate (IPA), which is then decarboxylated into I1AA by the
YUCCA (YUC) monooxygenases enzymes (Won et al., 2011; Mashiguchi et al., 2011).

TAA and its homologues TAA RELATED (TAR) belong to a small family, composed of five
genes in total. Multiple mutants are characterized by several developmental defects,
including a severe reduction of areal tissue production, flower development and partial or
complete sterility. Their expression is restricted to specific groups of cells in all the different
sectors of the plant, suggesting that a precise spatial regulation of auxin biosynthesis is
required throughout plant development (Stepanova et al., 2008; Tao et al., 2008).

In Arabidopsis, the YUCCA family has 11 members four or which, YUC1 YUC2 YUC4 and
YUCB6, were found to play a crucial role in inflorescence meristem development. The
analysis of the quadruple mutant, which is impaired in auxin synthesis at the meristem level,
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is complemented by expressing a bacterial IAA synthesis gene under the YUCT promoter,
but its phenotype cannot be rescued by exogenous auxin applications, clearly
demonstrating that the spatiotemporal regulation of the expression of these enzymes is
crucial for correct flower development (Cheng et al., 2006b). Recently, it has been
suggested that, in the shoot apical meristem, auxin is mainly produced in older primordia
and subsequentially transported towards the meristem and incipient primordia, and that this
flux is regulating phyllotaxis and meristem size (Shi et al., 2018; Galvan-Ampudia et al.,
2020).

IAA can naturally enter the plasma membrane from the apoplast, thanks to the fact that the
low pH of the cell wall causes this molecule to become protonated. Once IAA reaches the
cytosol, the higher pH of the environment leads to the deprotonation of this molecule and to
the loss of its ability to freely cross the plasma membrane. As a consequence, auxin efflux
from the cells can only be achieved by active transport. As mentioned above, the main
effectors of this active efflux are the member of the PINFORMED carrier family.

The dynamic and polar distribution of PIN efflux carrier proteins on the plasma membrane
of the cells, in the shoot apical meristem, reflects the asymmetric distribution of auxin
maxima and minima in the shoot apical meristem which, in turn, regulates organogenesis in
these region (Vernoux et al., 2000; Galvan-Ampudia et al., 2020; Reinhardt et al., 2003).

Despite the fact that auxin can autonomously enter the cell, a family of transporters
associated with auxin uptake from the apoplast, the AUX/LAX influx carrier, were found to
be expressed across the L1 layer of the apical meristem. Unlike the PIN efflux carriers, these
proteins are evenly distributed on the plasma membrane. It is thus unlikely that these
proteins are involved in controlling the asymmetric auxin flux, but they rather facilitate the
uptake of auxin from lower cell layers to the meristem surface, where PINs are expressed
and in charge of the polar redistribution of this hormone.

The characterization of multiple AUX/LAX and PIN mutants showed that these influx
carriers play a precise role in the regulation of the phyllotactic pattern and organ boundaries
establishment in the meristem (Bainbridge et al., 2008; Reinhardt et al., 2003).

It is finally important to underline that a precise integration of the processes of auxin
production and transport, at the meristem level, is fundamental for the correct spatiotemporal
and dynamic distribution of this molecule, which is crucial to ensure the reiteration of a
precise organogenic pattern. A feedback loop that coordinates auxin biosynthesis and
transport was individuated both during root and shoot development (Ljung et al., 2001;
Cheng et al., 2006b; Cheng et al., 2007) and is a good example of the complex mechanisms
behind the robustness and stability of phyllotaxis.

Auxin signaling

Auxin accumulation triggers a short signaling cascade that leads to major changes in genes
expression which, in the inflorescence meristem, guide primordia formation and
organogenesis.
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This signaling pathway relies on three components: Auxin Response transcription Factors
(ARFs), which can either function as activators or repressors, Aux/IAA repressors and the
SCFTIRVAFB yhbiquitin ligase complex. In the classical model, in low auxin conditions ARFs
are bound to the Auxin Responsive Elements (AuxREs) in the promoter of their target genes.
Their activity as transcriptional activators is however inhibited by their interaction with the
Aux/IAA repressors, which, acting in a complex with TOPLESS, are able to recruit histone
deacetylases that keep the chromatin of ARFs targets in a repressive state (Szemenyei et
al., 2008; Wang et al., 2013; Long et al., 2006).

Auxin can directly bind to the SCFTRVAFB complex and it acts as a molecular glue,
enhancing its affinity to the Aux/IAA repressors, which are then targeted and degraded by
the 26S proteasome (Gray et al., 2001). The degradation of the Aux/IAA activates the ARF
transcription factors, which can regulate the expression of genes downstream of auxin
response (Figure 1-4).

LOW AUXIN HIGH AUXIN

-» Degradation

Figure 1-4 Reqgulation of Auxin Mediated Gene Expression

In low auxin conditions the ARF transcription factors are bound to the AuxRE sequences in the Auxin

Responsive genes promoters but their activity as transcriptional activator is inhibited by their interaction

with the Aux/IAA repressors. When auxin enters the cell, it can bind the SCF"R"AFB complex, which is

tGhen able to bind the Aux/IAA, causing their degradation and allowing the transcription of Auxin Induced
enes.

The modularity of the auxin response cascade is, at least partially, explained by the
spatiotemporal expression of the different members of the ARFs and Aux/IAAs and by the
specific combinations of the ARF-Aux/IAA protein-protein interactions (Vernoux et al., 2011).
Furthermore, the interaction between the SCFTRVAFB complex and the different Aux/IAA
repressors was found to change in an auxin-dependent manner: different SCFTIR1/AFE-
Aux/IAA pairs can indeed form at different auxin concentration (Calderén Villalobos et al.,
2012).

Finally, despite the fact that the TIR1 and AFBs subunits of the SFC complex are
ubiquitously expressed in the different tissues of the plant, their expression is restricted post-
transcriptionally mainly by the action of small RNAs (Chen et al., 2011; Si-Ammour et al.,
2011).

Several auxin-responsive gene families have been individuated through transcriptomic
analysis of auxin-treated tissues. Among these families, there are genes involved in the
regulation of auxin homeostasis, such as the GRETCHEN HAGEN 3 (GH3) auxin amido-
conjugases, which conjugate auxin in an inactive form the Aux/IAA repressors and the
carrier involved in auxin redistribution (PINs and AUX/LAXs).
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The GH3 and Aux/IAA are both important, as they are involved in a feedback mechanism
that controls auxin concentration and activity within the cell. Other auxin-responsive families,
such as the LATERAL ORGAN BOUNDARY DOMAIN (LOBs) transcription factors and the
small auxin up-regulated RNA (SAUR), are involved in the control of the developmental
pathways downstream of auxin induction (Paponov et al., 2008). It is worth underlining that
some of these factors are induced in all the different parts of the plant, while for others the
induction seems to be tissue-specific, indicating that auxin can elicit different transcriptional
responses throughout the plant.

The SCFTRVAFB.Aux/IAA-ARF interaction model has been well characterized, however, it
only partially explains the complexity of auxin signaling. For instance, this mechanism is only
applicable to the activating ARFs, while there is little evidence of interaction between the
Aux/IAAs and the repressive ARFs (Vernoux et al., 2011). It is thus possible to speculate
that, at least the ARFs that act as repressors, work in an auxin-independent way.

The visualization of auxin dynamics at the inflorescence meristem level, showed that this
molecule is present at high concentrations both in the newly emerging primordia and in the
dome of the IM. However, auxin is only able to trigger organ differentiation in the cells of
primordia but not in the meristem dome, suggesting that the auxin signaling model should
include a niche of cells, though which auxin flows, which are auxin insensitive (Ma et al.,
2019; Galvan-Ampudia et al., 2020; Vernoux et al., 2011)

l.IV The B3 superfamily

The B3 binding domain superfamily is composed of transcription factors, all characterized
by the presence of one or more ~110 aa long DNA binding domain, called the B3 binding
domain. The B3 binding domain was first discovered in maize in the VIVIPAROUST gene
(McCarty et al., 1991) and it is a plant-specific domain widespread in different species.

This superfamily can be divided in five different families: Auxin Response Factor (ARF),
Abscisic Acid-Insensitive3 (ABI3), High Level Expression of Sugar Inducible (HSI), Related
to ABI3/VP1 (RAV) and REproductive Meristem (REM).

Among these, the ARF family is the better characterized one, while the others are yet to be
exhaustively characterized. From the evidences available, it appears that proteins
containing this domain might be involved in hormonal regulation: in fact, as described above,
the ARFs are the main effectors of auxin signaling, the RAV family are connected to the
regulation of the response to brassinosteroids and the HSI family seems to respond to
abscisic acid (Swaminathan et al., 2008).

The B3 DNA binding domain is composed of seven [3 strands that are folded into an open
B barrel (Waltner et al., 2005) and, while the tertiary folding is maintained, the loops
connecting the B strands show some differences between families, suggesting that the
folding is responsible for the interaction with the DNA while the loops might be determinant
for the sequence specificity of the different proteins carrying this domain (Romanel et al.,
2009).
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ARF gene family

In Arabidopsis thaliana the ARF gene family is composed of 23 transcription factors, which
share the same modular structure (Figure I-5). These factors are indeed characterized by
the presence of three major domains: the N-terminal DNA binding domain, a middle domain,
whose aminoacidic composition differs between activators and repressors, and a C-terminal
PB1 protein interaction domain, which mediates the ARF-ARF and ARF-Aux/IAA binding.

Among the Arabidopsis’s ARFs, five are predicted to be activators (ARF5, ARF6, ARF7,
ARF8 and ARF19), 14 are repressors and four are truncated and lack the PB1 domain
(Guilfoyle and Hagen, 2007).
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Single and multiple mutants characterization studies showed high redundancy between
members of this family, as single mutants often do not show any visible phenotype
(Okushima et al., 2005).

ARFs are able to bind DNA, through the B3 binding domain, in a sequence specific way to
the so called AuxRE sequences. This TGTCTC consensus sequence was originally
identified in the promoter sequence of the soybean GH3 gene (Liu Zhan Bin et al., 1994),
and was later demonstrated to be bound by different ARF proteins. Exploiting this sequence,
an auxin responsive promoter, called DR5 promoter, containing several repeats of the
AuxRE motif, was developed and broadly employed as an auxin sensor in plants (Ulmasov
etal., 1997).
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In recent years, advances have been made in understanding the DNA binding mechanism
of these proteins that led to the idea that the ARFs are able to bind with high affinity other
sequences besides from the classical TGTCTC (O’Malley et al., 2016; Lieberman-
Lazarovich et al., 2019; Sassi et al., 2014; Liao et al., 2015).

High-throughput yeast-2-hybrid interaction assays showed that many ARFs are able to
homo- and heterodimerize and this interaction is thought to modulate the cell sensitivity to
auxin and to increase the different cell-specific effects that auxin triggers in different tissues
(Muto et al., 2006; Hardtke et al., 2004; Farcot et al., 2015). This interaction is thought to be
mediated both by the P1 dimerization domain and by a second protein-protein dimerization
domain, localized near the DNA binding domain (Boer et al., 2014).

Besides from ARF-ARF interactions, evidences show that these proteins are able to
heterodimerize with proteins belonging to other families, which act as cis-regulatory factors
modulating auxin response (Cherenkov et al., 2018). For instance, it is known that the
interaction between MYB77 and ARF7 is fundamental for the correct regulation of lateral
root growth (Shin et al., 2007).

Due to the redundancy among genes belonging to the ARF family, it has been difficult to
understand the functions that the different members of this family play during plant
development. Among the different ARFs expressed during the reproductive phase of
Arabidopsis life cycle, a clear role has been assigned only to ARF3, ARF4, ARF5, ARF6
and ARFS8.

ARF3 or ETTIN plays a crucial role in the determination of the floral meristem identity,
integrating the function of the floral meristem identity genes AGAMOUS and APETALAZ2 (Liu
etal., 2014). ARF3 in the inflorescence meristem is also involved in the direct regulations of
three uncharacterized genes, TARGETS UNDER ETTIN CONTROL (TEC) 1, 2 and 3, which
are involved in the establishment of a correct phyllotactic pattern (Simonini et al., 2017).
ARF5 or MONOPTEROS is also involved, together with ARF3 and ARF4, in the
transcriptional regulation of several genes involved with the flower development initiation
process (Yamaguchi et al., 2013; Wu et al., 2015; Chung et al., 2019). Finally, ARF6 and
ARF8 control fertilization and fruit maturation (Finet et al., 2010).

Up to today however, the function of other members of this family which are expressed in
the inflorescence meristem, such as ARF7 and ARF19, is still unclear.

REM gene family

In Arabidopsis thaliana the REM gene family is composed of 45 genes, most of which are
located in clusters on the genome, and because of the high functional redundancy between
members of this family and their clustered position in the genome, up to now not much is
known about their function (Figure 1-6A).

All the REM transcription factors are characterized by the presence of multiple copies of
the B3 DNA binding domain. The fact that the DNA binding domain is often present in
multiple copies suggests that it is unlikely that the members of this family can bind DNA in
a specific manner, further more from the analysis of the structure of the B3 binding domain
of REM genes it appears that members of this family can bind DNA in a less sequence
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specific way, compared to other transcription factor carrying the same domain (Waltner et
al.,, 2005). Over the years, some hypothetical consensus sequences for some of the
components of this family have been individuated. Through DAP-seq analysis it was shown,
for instance, that REM5 and REM19, involved in the cold-induced flowering process (Berke
and Snel, 2015), preferentially bind to a long poly-A motif (O’Malley et al., 2016).

An protein-binding microarray in vitro approach allowed also the identification of a binding
DNA sequence for REM34, but this sequence has yet to be confirmed in planta (Franco-
Zorrilla et al., 2014).

Only a few members of this family have been functionally characterized: VERDANDI (VDD
or REM20) and VALKYRIE (VAL or REM11), which have a function in gametophyte
development (Matias-Hernandez et al., 2010; Mendes et al., 2016). VERNALIZATION1
(VRN1 or REMS5), REM19 and TARGET OF FLC AND SVP1 (TFS1or REM17) were shown
to be involved in the control of flowering time (Richter et al., 2019; Levy, 2002; Sung and
Amasino, 2004).
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A. REM genes on Arabidopsis’ chromosomes, with colors indicating the different phylotegenetic
relationships. The largest cluster is located on a 30 kb region on the fourth chromosome and it
contains nine genes in total. From Mantegazza et al., 2014. B. REM34, REM35 and REM36
expression pattern, the numbers indicate the developmental stage of the flowers; im: inflorescence
meristem; fm: floral meristem; se: sepals; From Mantegazza et al., 2014,
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More recently, REM16 was associated with the regulation of the flowering pathway through

the direct regulation of SOC1 and FT (Yu et al., 2020). Finally, rem33 was identify as an
ovule defective mutant in a high-throughput screening but a complete functional
characterization of this gene is still lacking (Pagnussat et al., 2005).
To better understand the possible role of the REM genes during Arabidopsis development
a deep characterization of this family was performed by Mantegazza et al., (2014). The
expression pattern of the REM genes was investigated by both analyzing the available
microarray data and by gPCR which showed that the majority of the members of this family
are preferentially expressed during flower and seed development. This analysis resulted in
the identification of a set of genes, REM34 REM35 and REM36, which seem to be involved
in the earliest stages of flower development. REM34, REM35 and REM36 are located in a
cluster, containing 9 REM genes in total, on the fourth chromosome of Arabidopsis and they
show a high level of homology, which might indicate a possible functional redundancy.

An in situ hybridization analysis showed that REM34, REM35 and REM36 share the same
expression pattern and that they are expressed in the IM, FM and during early stages of
flower formation, although no expression was observed in the developing sepals
(Mantegazza et al., 2014) (Figure 1-6B).

REM34 was also found to be co-expressed with the FMI genes LEAFY and APETALAT1,
which are responsible for the specification of floral meristem identity. The degree of
correlation between the expression patterns of different genes is considered to be a good
indicator of their functional association, thus the co-expression analysis can be a useful tool
when investigating the function of genes (Usadel et al., 2009; Mantegazza et al., 2014).

The available single insertional available mutants for REM34, REM35 and REM36 showed
no visible phenotype and, because of the position in linkage of these genes on the
Arabidopsis genome, it is difficult to obtain multiple mutant combinations by crossing.

In this thesis | focused on the functional analysis of REM34, REM35 and REM36 using
both an RNAI silencing and CRISPR-Cas9 mutagenesis approach. These studies showed
that these REM genes play a role in phyllotaxis and male and female gametophyte
development.
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Il. Results and Discussion

Il.I Strategies to Functionally characterize in linkage redundant genes

REM_RNAi and 35S:REM34-EAR lines construction and chatacterization

REM34, REM35 and REM36 are located in a cluster, containing 9 REM gene in total, on
the fourth chromosome of Arabidopsis. This cluster is thought to derive from a duplication
event involving chromosomes Il and IV, which occurred about 4 to 14 million years ago. In
addition, this cluster of genes sustained recent tandem duplication events, as indicated by
their similar intron/exon structures in which the position of the B3 DNA binding domains is
highly conserved (Romanel et al., 2009).

As a result of these duplications events, REM34, REM35 and REM36 are homologous,
sharing around 70% of sequence identity. Furthermore, they share the same expression
pattern during the first stages of flowed development (Mantegazza, et al., 2014). REM34,
REM35 and REM36 are thus likely to be functionally redundant, as this is a common
phenomenon between genes that share an high degree of homology and the same
expression patter (Briggs et al., 2006). As mentioned above, the REM34 cluster is composed
of 9 genes in total, however, REM34, REM35 and REM36 show unique characteristics
compared to the other members of the same clusters, such as the presence of several FMI
genes binding sites in their regulatory regions, and their sequences shows a higher level of
homology compared to the other REMs. As so, the analysis performed by Mantegazza et
al. '2014), suggested that among the 9 REM genes belonging to the REM34 cluster, REM34,
REM35 and REM36 might have overlapping functions during the reproductive development
of Arabidopsis.

Single insertional knock-down mutants were available only for REM34 and REM36, while
no suitable insertional line was available for REM35 (Mantegazza, et al., 2014). REM34,
REM35 and REMG36 are located in linkage in a 7,5 kb region, it is thus unlikely that multiple
mutant combinations can be produced by crossing the single insertional lines available.

We thus decided to employ two different approaches, the first based on a multiplexed RNA
interference (RNAI) technology and the second on the fusion of REM34 with the EAR
repressive domain, with the aim of modifying their expression and identifying their role during
inflorescence development.

To achieve the simultaneous silencing of REM34, REM35 and REM36 we decided to
implement a multi-fragments RNAi approach, previously proven successful in silencing up
to six targets in Arabidopsis thaliana (Czarnecki et al., 2016). Here, the multiple RNA
interference technology was used to express a single chimeric double stranded RNA that
targeted the three REM genes under the control of CaMV35S promoter. The generation of
a single RNA hairpin, containing the three interfering fragments, provides multiple
advantages: it allows the silencing of multiple genes in with a single transformation event; it
prevents the employment of multiple CaMV35S promoters, which are more likely to be
silenced in plants and it allows the achievement of an uniform downregulation of all the
target genes in all the different plant tissues. (Figure 1I-1A).
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The interfering fragments were selected with the aid of BLASTn in three specific regions of
the coding sequences of the three target genes. For REM34 and REMS36 it was possible to
choose three highly specific fragments with no expected off targets. The fragment chosen
to target REM35 had a partial complementarity with REM36 and, at a lower level, with
REM37, one other member of the REM34 cluster, whose expression is almost undetectable
in most of Arabidopsis tissues (Mantegazza, Gregis, Mendes, et al., 2014; Klepikova et al.,
2016).

Forty REM_RNAI T1 lines were obtained, all characterized by defects in the inflorescence
architecture and by a partial sterility. We evaluated the downregulation of REM34, REM35
and REMS36 in nine of them: all of the analyzed lines showed a down-regulation of at least
50% of REM34 and REMS35, while the level of silencing of REM36 was highly variable
(Figure 11-1B).
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Figure 11-1 Multiple RNA interference approach

A. Schematic representation of the RNAI construct. The REM34-REM35-REM36 sense and antisense
fragments are separated by the chsA intron, which allows the hairpin structure formation. B. gRT-PCR on
nine different FEM_RNA/T1 inflorescences, showing a strong downregulation of REM34 and REM35 and
different levels of REM36 expression. C. gRT-PCRs, performed on three different T2 REM_FRNA/#1 plants,
to evaluate the specificity of the three fragments chosen for the RNA interference construct. Two genes
were selected: FEM37, which was the possible off target of one of the fragments, and REM39, which is
the REM gene with the higher expression in the tissues of interest belonging to the cluster of REM34,
REM35and REM36(Mantegazza et al., 2014). Downregulation of neither FEM37nor REM39was detrcted,
confirming the specificity of the silencing. The expression levels of AEM34, RERM35 and REM36 were
also measured, to make sure that the silencing of the target genes was maintained in the T2 generation.
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The silencing of the REM34, REM35 and REM36 was confirmed in the T2 generation,
where, to evaluate the specificity of the RNAIi fragments, the expression of REM37 and
REM39 was also measured (Figure II-1C). REM37 was chosen as it was found to be the
possible off target of the REM35 interference fragment while REM39 expression was tested
as it belongs to the same cluster of REM34 and it is highly expressed in the same tissues
of the genes of interest.

None of the possible off targets was downregulated in the REM_RNAI lines, indicating that
the construct is able to silence in an efficient and specific way only the three genes of
interest, REM34, REM35 and REM36.

To confirm the results obtained in the REM_RNAI lines and further characterize the role of
REM34, REM35 and REM36 during inflorescence development, the Chimeric Repressor
Silencing Technology (CRES-T) was also employed. The CRES-T technique relies on the
expression of the transcription factor of interest, fused with the dominant EAR-motif
repressive domain, thus converting the transcription factor into a dominant repressor (Figure
[I-2A).

Five transgenic T1 lines, with different levels of overexpression of the REM34-EAR mRNA,
were obtained (Figure [I-2B). Interestingly, these lines exhibited a similar mutated phyllotaxis
pattern and partial sterility as the REM_RNA:i lines, further confirming that these phenotypes
were likely caused by the perturbation of REM34, REM35 and REM36 function in the
inflorescence of Arabidopsis.

The overexpression of the chimeric REM34-EAR protein could in theory cause the co-
suppression of REM34 and its homologues REM35 and REM36, which could also be the
cause of the similarity between the REM34-EAR and REM_RNA:i lines.
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Figure |I-2 355.REM34-EAR lines

A. Schematic representation of the 355:FEM34-EAR construct. The C-terminal of the REM34 CDS was
fused in frame with the EAR repressive motif, the expression of the chimeric protein is driven by the
CaM\V35S constitutive promoter. B. gRT-PCR for the evaluation of the REM34_EAR overexpression in
five T1 transgenic lines, compared to the wild type all the analyzed lines show different levels of
overexpression of REM34, the lines #1 and #7 were chosen to further investigate the effect of the
overexpression of the dominant repressor REM34-EAR protein. C. gRT-PCR on inflorescence of the T2
355.REM34-EAR#1 and #7 lines, the level of expression of different members of the REM34 cluster was
evaluated to ensure that the overexpression of REM34 was not causing the downregulation of its
homologous genes.
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To exclude this possibility, the expression levels of REM35, REM36, REM37 and REM39
were measured: which revealed that none of the members of the REM34 cluster was found
to be downregulated, suggesting that the observed phenotypes were indeed caused by the
action of the constitutive REM34-EAR repressor (Figure 11-2C). The level of expression of
the endogenous REM34 was not taken into account, as the perturbation of REM34
expression alone does not cause the phenotypical defects observed in the analyzed lines
(Franco-Zorrilla et al., 2002; Mantegazza, Gregis, Mendes, et al., 2014).

The Arabidopsis genome is characterized by the extensive presence of duplicated
chromosomal segments, suggesting an evolutionary model involving one or more cycles of
genome duplications followed by gene loss and gene divergence. Besides the REM
transcription factors, many other gene families appear to be organized in tandem arrays,
further supporting the hypothesis of the evolution of the genome through gene duplication
and specialization events (Bevan and Walsh, 2005). Functional redundancy between
paralogous genes and the presence of in linkage homologous genes are diffused events in
Arabidopsis and other plant species, making it crucial to develop fast and efficient tolls to
overcome these difficulties.

In this study, we implemented two techniques, the RNAi and CRES-T, to allow the
functional characterization of in-tandem redundant genes. The fusion of the EAR repressive
motif to a transcription factor of interest was already found to be an efficient strategy when
dealing with redundant transcription factors (Hiratsu et al., 2003) and here we further proof
that this tool is reliable also in the case of highly duplicated families, such as the one of the
REM transcription factor. Indeed, the analysis of the expression of REM35, REM36, REM37
and REM39 in these lines showed that the overexpression of the REM34-EAR chimeric
protein does not cause the silencing of other members of the REM family. The only CRES-
T approach downside is that this technique is only appliable when dealing with
transcriptional activators, while it would not be effective to functional characterize genes that
work as transcriptional repressors.

The indication that both approaches gave the same phenotypical defects, when applied to
study the REM34 cluster function, provides solid evidence that both methods are reliable
and useful tool to characterize in linkage and/or redundant genes and suggest that these
genes might work as transcriptional activators.

CRISPR/Cas9 Genome Editing System

The two strategies described above were proved to be very efficient in helping in the
functional characterization of REM34, REM35 and REM36, but they do not produce
complete knock-out mutants. Furthermore, REM_RNAi transgenic construct might be
silenced over generations (Meins et al., 2005). Therefore, we decided to exploit the
CRISPR/Cas9 genome editing technology to generate single and multiple mutant
combinations of the three genes of interest.

Following the protocol described by Fauser et al., 2014, we designed three protospacers,
specific for the coding sequences of REM34, REM35 and REM36 and cloned them into the
pDE_Cas9 vector, in which the Cas9 expression is driven by the constitutive pUBI promoter,
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obtaining in this way three different constructs: pDE_Cas9-REM34, pDE_Cas9-REM35 and
pDE_Cas9-REM36 (Figure II-3A).The protospacers were designed with the aid of the
CRISP-P 2.0 software (Liu et al.,, 2017) and they were selected for their specificity and
absence of off-targets in the Arabidopsis genome.

To generate the three single mutants, the three different constructs were transformed into
wild type Col-0 Arabidopsis plants. At least 15 transformant T1 plants for each construct
were obtained and, for each of them, the region around the protospacer was amplified from
genomic DNA extracted from inflorescences and sequenced, to detect the mutations
induced by the CRISPR/Cas9 system. Among the 15 analyzed T1 plants carrying the
pDE_Cas9-REM34 construct, one was characterized by the insertion of a T in the
protospacer sequence while all the other showed no changes in their sequence; two of the
15 plants carrying the pDE_Cas9-REM35 presented an A insertion in their protospacer and,
finally, an A insertion was found in the protospacer region of two of the pDE_Cas9-REM36
plants (Figure 11-3B).

In this generation, the plants are likely to be chimeric and the mutations observed are
inherited by the successive generation only if they arise in the germ cell line. In addition, the
plants of the T1 generation are still characterized by the presence of the pDE_Cas9
transgene.
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Figure 11-3 CRISPR/Cas9 Genome Editing System.

A. Schematic representation of the construct employed for the editing of REM34, REM35 and REM36.
The Cas9 expression is driven by the PcUbi4-2 promoter, the basta resistance (bar) cassette allows the
selection of transformant plants. The sequences of the three protospacers are indicated in the box.
Adapted from Fauser ef a/, 2014. B. Alignments of the REM34, REM35 and REM36 wild type and
mutated sequences. For all the three genes the wild type sequences is indicated on top of the alignment
and the protospacer is underlined in green. The mutated sequences, with the nucleotide insertion
indicated in red, is showed below. For each gene, the aminoacidic sequence is also shown, and the
newly formed stop codon is indicated by the red asterisk. C. Schematic representation of the structure
of REM34, REM35 and REM36. The three genes are characterized by three repetitions of the B3 DNA
binding domain, indicated by the striped boxes. The premature stop codon location is indicated in red
and the protospacer region in green.
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To allow the segregation of the transgene and test whether the identified mutations were
inherited by the following generation, the T1 plants showing a mutation in the target region
were propagated to the T2 generation, where it was possible to obtain single homozygous
mutated lines for rem34, rem35 and rem36 without the CRISPR/Cas9 construct.

REM34, REM35 and REMS36 share a similar structure, which is characterized by the
repetition in tandem of three B3 DNA binding domains. To disrupt their function as
transcription factors, all the protospacers were designed to target the first of the DNA binding
domain; the three mutants are characterized by the insertion of a single nucleotide which
causes a frameshift in the CDS, inducing the formation of a premature stop codon at the
beginning of the first B3 domain (Figure 11-3C).

Since REM34, REM35 and REMS36 are in close linkage on chromosome 4, it was not
feasible to cross the single mutants to obtain multiple mutant combinations. Once the rem34,
rem35 and rem36 homozygous single mutants were obtained and the Cas9 transgene was
lost by segregation, they were re-transformed with a different pDE_ Cas9 construct, specific
for one of the other REM genes of interest, to generate all the possible double mutants
combinations.

Among the six T1 rem34 plants, carrying the pDE_Cas9-REM35 construct, three displayed
an A insertion in the region of the protospacer. 14 T1 rem34 plants, with the pDe_Cas9-
REMS36 construct, were obtained four of which were found to have a A insertion in the
protospacer. Finally, two of the 19 rem35 plants transformed with the pDE_Cas9-REM36
construct, were found to carry an A insertion in the REM36 coding sequence. In the following
generations, all the different double mutant, without the pDE_Cas9 transgene, were
isolated. To obtain the double mutants, we employed the same protospacers used to
generate the three single mutants. As a consequence, the mutations produced by the action
of the Cas9 were the same in the single and double mutants, and are the ones described in
the Figure 11-3B and C.

Besides from the strategy described above, three different CRISPR/Cas9 multiplexed
genome-editing system were also employed, all of which relied on the expression of multiple
gRNAs in a single construct. While in the first multiplex strategy employed, the Cas9
expression was driven by the constitutive pUBI promoter, the other two relied on the use of
promoters specific for the reproductive tissues, which are more likely to generate mutation
in the germ lines (Lowder et al., 2015; Wang et al., 2015).
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Figure lI-4 Possible inheritance pattern of the mutations induced by a multiplexed
CRISPR/Cas9 genome editing approach.
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These methods were found to be able to generate some multiple mutant combinations, but
never in homozygosity. This might be due to the fact that the target genes REM34, REM35
and REM36 are in tandem and the mutant alleles are not always generated in cis, therefore
the mutants alleles are not always in the same haplotype (Figure 1I-4).

Therefore, we believe that the most efficient strategy, to generate multiple mutants of in
linkage genes in Arabidopsis, was to utilize one single gRNA at the time, generating first the
single mutants of interest and later all the possible double mutants combinations.

[I.1I Role of REM34, REM35 and REM36 in gametophytes development

REM_RNAi and 35S:REM34-EAR have a reduced seed set

At the start of my PhD thesis research the CRISPR-Cas9 induced mutants were not yet
available. Therefore, to functionally characterize the role of REM34, REM35 and REM36
during Arabidopsis’ inflorescence development, plants containing either the REM_RNAI
construct, in which the three target genes were simultaneously silenced, or expressing the
REM34-EAR chimeric protein, where REM34 is constitutively expressed and acts as a
dominant repressor, were used. Both approaches led to the generation of T1 plants with
short siliques, which hinted to fertility problems.

To examine in depth this defect, three REM_RNAI (#1, #4 and #5) and two 35S5:REM34-
EAR (#1 and #7) lines were propagated to the T2 generation, where their silique length and
seed set were evaluated.

The REM_RNA #T2.1 line showed a decrease of 35.3% in the silique length and a 19.4%
reduction in total ovule number. Furthermore, on average 66% of the ovules failed to be
fertilized. The other two REM_RNAI lines, #4 and #5, showed a similar phenotype even if
the percentage of unfertilized ovules was lower, 35.3 and 45.4%, respectively (Figure II-5).
These defects were confirmed in the 35S:REM34-EAR lines, in which the T2 generation of
the #1 and #7 lines were found to show a decrease in the silique length of 23.1 and 25.0%,
respectively, and the presence of 55.0 and 42.6% aborted ovules (Figure II-5).

We chose the CaMV35S constitutive promoter to drive the REM_RNAI fragments and
REM34-EAR expression, as it has been shown that such promoter can be successfully
employed to study the function of genes involved in gametophytic development (Acosta-
Garcia and Vielle-Calzada, 2004; Mendes et al., 2016). Such promoter is highly active in
the sporophytic reproductive tissues, but its activity seems to be low during female and male
gametophyte development. Is thus possible that the observed gametophytic phenotypes are
caused by the silencing of REM34, REM35, and REM36 in the female and male sporophytic
cells, rather than from a defect in the gametophyte themselves. However, it is also important
to consider that the RNAI construct is dominant and that it can trigger a non-cell autonomous
and systemic silencing signal which might be maintained throughout the different phases of
plant development (Mlotshwa et al., 2002; Melnyk et al., 2011; Skopelitis et al., 2018).

To evaluate whether the sterility observed in the REM_RNAi T2 segregating lines was
exacerbated in plants carrying the construct in homozygosity, as expected if the defect was
gametophytic, the REM_RNAI #1 line was propagated to the T3 generation, where plants
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homozygous for the REM_RNAI construct were selected. Interestingly, the percentage of
ovule abortion was the same in the REM_RNAi #T2.1 and the REM_RNA| #T3.1, suggesting
that the silencing of the three REM genes was probably acting both at the sporophytic and
gametophytic level (Figure 11-3C).
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Figure 1I-5 Partial sterility phenotype of the REM BNAi and 35S:REM34-EAR lines

A. Example of a wild type, REM_FRNAi and 355:REM34-EAR line seed set. B. Graph showing the mean
length of 10 wild type and 10 REM_RNA/ #7112, #7113, #74, #5 and 355:REM34-EAR #7 and 7 siliques.
A wild type siligue measures on average 13.4 mm, the siliques from the different REM_RNA/ and
355.REM34-EAR lines were found to measure on average between 7.8 and 10.7 mm. (p < 0.01 for all
comparison with the wild-type, ANOVA and post hoc Tukey HSD test were used). C. Graph showing the
mean number of ovules/silique in the wild-type and REM_RNA/ and 355.REM34-EAR plants, divided in
seeds and not fertilized ovules. Compared to the wild-type situation, in which each silique contains on
average 47.4 ovules, the REM_FRNA/ siliques have on average 29.8 to 38.5 ovules while the 355:REM34-
EAR lines show a reduction of about 10% in the total seed set (p < 0.01 for all comparison with the wild-
type, ANOVA and post hoc Tukey HSD test were used). On each histogram bar, the percentage of seeds
and not fertilized ovules/siliqua are shown: on average between 35.3 and 66.0% of ovules, depending
from the analyzed line, failed to be fertilized, while no aborted ovules were detected in the wild type
situation (p < 0.01 for all comparison with the wild type, ANOVA and post hoc Tukey HSD test were used).
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These analyses allowed also the exclusion of the possibility that the reduced seed set was
linked to the presence of a heterozygous T-DNA insertion (Curtis et al., 2009; Clark and
Krysan, 2010) and suggests that either the sporophytic silencing of REM34, REM35, and
REMS36 affects the gametophyte or that the mobile siRNA diffuses from the sporophyte to
the gametes, causing the partial sterility observed both in the REM_RNA/ and in the
35S:REM34-EAR lines.

To understand if the reduced seed set was due to problems in the female or the male
gametophyte, we performed reciprocal crosses between T3 REM_RNAI #1, homozygous
for the T-DNA triggering the RNAI silencing, and wild type plants. As a control, both T3
REM_RNAIi #1 and wild-type plants were manually self-pollinated, to evaluate how the
manipulation of the flower was affecting the fertility of the analyzed plants (Figure [I-6).
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Figure 11-6 Reciprocal Crosses

A. Reciprocal crosses analysis between wild type and T3 FEM_FRNA/#1 plants, homozygous for
the construct. As a control, both wild type x wild type and REM_RNAI/#1 x REM_RNA/#1 crosses
were performed. Crosses are indicated female x male. (p < 0.01 for all comparison with the wild
type of the non-fertilized ovules number, ANOVA and post hoc Tukey HSD test were used). B.
Example of a wild type and REM_RNA/line flower, compared to the wild type AEM_RNA/ anthers
appear to contain less pollen, which does not adhere well to the stigma. Scale bar 20 mm.

When REM_RNAI pistils were pollinated with REM_RNA:i pollen, 73.3% of the ovules failed
to be fertilized while wild type lines manually pollinated with wild type pollen showed a 19%
decrease in fertility, suggesting that the manual pollination was only slightly affecting the
efficiency of the fertilization process. When REM_RNAI pistils were pollinated with wild type
pollen, the percentage of unfertilized ovules was 78.6%, indicating a strong defect of the
female reproductive organs of the REM_RNAI lines. Interestingly, when wild type pistils were
pollinated with REM_RNAI pollen, 61.0% of the ovules were not fertilized. Moreover, we
observed a high variability in the number of unfertilized ovules using REM_RNAIi pollen.

Macroscopical inspection revealed a decrease in pollen grain number compared to wild
type anthers and a lack of adherence of the pollen to the wild type stigma. All these
considerations strongly suggest that both female and male reproductive organs are affected
in the REM_RNAI lines.
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REM34, REM35 and REM36 expression pattern during sporogenesis and
gametogenesis

Reciprocal crosses between wild type and REM_RNAI plants suggested that REM34,
REM35 and REM36 could play a role in both female and male gametophyte development,
however, a detailed analysis of the expression levels of these genes was only available for
the inflorescence meristem, flower meristem and during the first stages of flower
development (Franco-Zorrilla et al., 2002; Mantegazza, Gregis, Mendes, et al., 2014), while
their pattern of expression during sporogenesis and gametogenesis was not investigated
yet.

Consequently, an RNA in situ hybridization analysis for REM34, REM35, and REM36 in
both female and male reproductive organs was performed, to understand where and when
these genes are expressed during flower development and to further understand if they play
a role during the sporophytic or gametophytic development of the reproductive tissues.

In Arabidopsis, pollen mother cells differentiate inside young anthers, while ovule primordia
arise from the placenta, at stage 8 of flower development and their differentiation is
completed at stage 13 (flower and gametophytes developmental stages are defined
accordingly to Schneitz et al., 1995 and Smyth et al., 1990.)

Our analysis revealed that the timing of expression of the three REM genes coincided with
male and female sporogenesis. Indeed, at stage 8/9 of flower development, a hybridization
signal for REM34, REM35 and REM36 was detected in the anthers, where the pollen mother
cells differentiate, and within the carpels and, where the signal was stronger in the placenta
and ovule primordia (Figure 1I-7A). At stage 10, which coincides with the last steps of
sporogenesis, a strong signal was detected in developing ovules and pollen (Figure 1I-7B).

During subsequent stages of flower development, stages 11-12, both female and male
initiate gametophyte development. A decrease in the signal was clearly observable in
anthers; during these stages, pollen reaches maturity, and the vegetative and generative
cells differentiate, after undergoing two mitotic divisions (Park et al., 1998). In contrast, a
strong signal was detected during ovule development when the surviving megaspore
undergoes three rounds of mitosis and passes from stages 3l to 3V. Interestingly, when the
ovule is at its very last stage of development 3-VI, a strong signal was detected in the
funiculus, in the innermost integument and, inside the mature female gametophyte, in the
central cell region (Figure 11-7D).

The expression analysis of REM34, REM35, and REM36 highlighted the fact that, as
already reported for the inflorescence meristem tissues, they shared the same expression
pattern also during anther/pollen and carpel/ovule development.

They were indeed expressed, during sporogenesis, in the female and male reproductive
tissues, both during the sporophytic and gametophytic phase.

During gametogenesis, their expression level decreased in the anthers and pollen grains,
while a strong signal persisted in the female gametophyte and the surrounding sporophytic
tissue.
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These evidences, combined with the phenotypes observed in the REM_RNAi lines, denote
an important role for these genes during the development and production of viable male and
female structures and gametes, in both sporophytic and gametophytic organs.

Figure II-7 REM34, REM35 and REMS36 in situ hybridization analysis

A. In flowers at ST8-9, the signal in the carpel is restricted in the tissue of the placenta and
ovules primordia. At the same stage, a clear signal is also visible in the anthers. B. At ST
10-11, the signal is present in the ovules, which are completing megagametogenesis, and
in the anthers, where the pollen grains are undergoing the first mitotic division. C. At ST12,
when pollen reaches maturity, the signal is no longer visible in the anthers. D. In flowers at
anthesis, the target genes are expressed in the mature female gametophytes, in particular
in the funiculus, inner integuments, and central cell. (bar = 20 pm).
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REM_RNAIi and 355:REM34-EAR lines are characterized by a post-meiotic
defect of both female and male gametophyte

The expression profile of REM34, REM35, and REM36 suggests that these genes play a
role during ovule and pollen development. Furthermore, the reciprocal crosses showed that
between 73.3% and 78.6% of the ovules in the REM_RNAi homozygous background could
not be fertilized with wild type pollen. In a similar way, REM_RNAI derived pollen was able
to fertilize only 40% of wild type ovules.

Based on this evidence, we hypothesized that both gametophytic defects in the REM_RNAI
lines might be due to an arrest in their development.

Therefore, a detailed evaluation of female gametophyte development was carried out in
the T3 REM_RNAI #1 homozygous line. In this line, 42.9% (227/529) of the ovules failed to
complete their development and showed an arrest in the FG1 stage (Figure II-8A). These
ovules were characterized by an embryo sac containing one large cell, the functional
megaspore, with a single nucleus; the rest of the ovules completed their development
reaching the FG7 stage. The same phenotype was observed in the T2 of the RNAIi #4 and
#5 lines, both derived from hemizygous mothers (Figure 11-8B).

The phenotype of the aborted ovules was further evaluated in cleared mature carpels of
the T2 355:REM34-EAR #1 and #7 lines. Also in these lines, we detected both mature
ovules at FG7 stage, with the seven cells clearly distinguishable, and ovules at FG1 stage,
characterized by a single cell embryo sac (Figure [I-8B). The FG1 stage is the stage that
defines the end of sporogenesis, when the Megaspore Mother Cell (MMC) acquires the
identity of Functional Megaspore and subsequently will undergo three mitotic divisions that
give rise to the mature embryo sac.
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Figure 11-8 Female Gametophyte Analysis.

A. Analysis of cleared mature carpels of both wild type (n = 11) and REM_FRNA/#1(n = 13). In wild type
mature carpels, all the ovules reach the FG7 stage (542/542 ovules), while in the REM_RNA/ line,
227/529 ovules are arrested at the FG1 stage. B. Cleared ovules collected from wild type, REM_RNA/
and 355.REM34-EAR mature carpels. In the wild type situation, 100% of the embryo sac reaches the
FG7 stage, while in the RNAi and EAR carpels it is possible to detect ovules blocked in the FG1 stage,
marked by an asterisk, and mature ovules (bar = 20 um). D. pSUF4.SUF4-GUS in the REM_RNA/ line:
in the uppermost ovule, two nuclei are stained, indicating the progression of gametogenesis till FG4
stage. In the lowest ovule only one nucleus is stained indicating an arrest in FG1 stage. The arrowheads
marked nuclei (bar = 50 um).
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To confirm that, in the REM_RNA:i lines, the defective female gametophytes were arrested
in the FG1 stage, after meiosis, we crossed the pSUF4:SUF4-GUS marker line with the
REM_RNA:i plants. In the pSUF4:SUF4-GUS marker line, GUS expression is not detectable
during megasporogenesis, but it becomes visible after meiosis, once the functional
megaspore is formed, and marks all the nuclei of the embryo sac (Resentini et al., 2017).

In REM_RNA:i pistils, it was possible to observe both wild type like ovules, with more than
one nucleus and ovules arrested in the FG1 stage, with the nucleus of the functional
megaspore, expressing the GUS reporter suggesting that the defect in female gametophyte
development was post-meiotic (Figure 11-8C).

In parallel, to understand the cause of the male gametophyte defect, an in vitro germination
assay was carried out which showed a 30% decrease in the germination rate of the
REM_RNAI pollen compared to the wild type (Figure II-9A and B). The growth rate of
REM_RNA:I pollen tubes and their ability to target correctly ovules were also evaluated in

vivo by means of aniline blue staining.
/n vitro pollen germination test
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A. REM_RNA/ #1 pollen germination test /n vitro showed a 30% decrease in the germination capability in
the REM_RNA/ grains compared to the wild type. B. Example of the in vifro germination test of wild type
and REM_RNA/ #1 pollen grains, plates were imaged 24 h after plating (bar = 100 um), compared to the
wild type, where the majority of pollen grains were able to produce the pollen tube, only a few grains
germinated 24h after plating C. Mature anthers from wild-type and REM_FRNA#7 flowers were dissected,
the released pollen was collected and treated with Alexander’s staining to discriminate between viable and
non-viable pollen grains. In the wild type, 100% of the pollen grains resulted vital while 33.9% of
REM_FRNAi# pollen was found to be non-vital. (wt n = 1,337, REM_RNA/ #1= 874, p < 0.01 for all
comparison with the wild-type, ANOVA and post hoc Tukey HSD test were used). D. Pollen grains,
collected from mature anthers of both wild-type and REM_FRNA/ #1 anthers, were stained with Alexander’s
staining to check pollen grain viability. While all the wild type grains were viable, some REM_RNA/#1 pollen
grains appeared shrunken and unable to be stained in red (bar = 20 um). E. Aniline staining was employed
to visualize pollen grains adhesion to the stigma and pollen tube germination and growth. Compared to
the wild type situation, a lower number of REM_FRNA/ #1 grains were able to adhere to the stigma and to
germinate. In both cases the pollen tubes grow correctly until the end of the transmitting tract, In FEM_RNA/
#1 x REM_RNA/ #17 cross, several ovules are not targeted by a pollen tube, as these are blocked in FG1
stage and so synergids are not properly formed (Bar=100um).
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The REM_RNA:I pollen tubes did not show any growth defect: they reached the end of the
pistil in the same time as the wild type pollen tubes, and the mature ovules were correctly
targeted (Figure 1I-9E). We noticed that, as mentioned before, the REM_RNAI pollen number
appeared to be lower, and they did not adhere well to the stigma papillae, which could
explain the high variability observed in the backcrosses between wild-type pistils and
REM_RNA:i pollen.

To calculate the percentage of viable pollen grains, mature anthers were collected from
REM_RNAI and wild type plants and treated with Alexander’s stain, which colors viable
pollen red. While in the wild type, all the collected pollen was viable, in the REM_RNAi
anthers, 33.9% of the grains were not stained, indicating that those pollen grains were non-
viable and did not appear to contain any cytoplasm (Figure 1I-9C and D).

The percentage of non-viable pollen grains in the REM_RNA:I line corresponds to the
decreased germination capability observed in vitro, suggesting that the grains which are
unable to produce the pollen tube are the degenerated ones.

We decided to follow REM_RNAI pollen development, employing DAPI to visualize nuclei
division, to detect when the degeneration of the nuclei was occurring. At the microspore
stage, both REM_RNAI and wild type grains were characterized by the presence of a single
bright nucleus localized at the center of the cell, indicating that the pollen went through
sporogenesis and meiosis correctly. After meiosis, in wild type, the microspore undergoes
gametogenesis which consist of a first mitotic division that produced one vegetative and one
sperm nucleus. Subsequently, the second round of mitosis leads to the formation of the
mature pollen grain, which contained two small sperm cells each with a bright and elongated
nucleus and the vegetative cell.

In REM_RNAI anthers, however, after the first mitotic round, some grains were
characterized by the lack of nuclei; this phenotype was detectable also at the tricellular
stage, where REM_RNAI anthers displayed both viable pollen grains, with two sperm cell
nuclei and a distinct vegetative nucleus, and not viable pollen grains, in which no DNA was
detectable (Figure II-10 A-F).

The degeneration of the pollen grains was detected also in the T2 of the RNAi #4 and #5
lines, where the DAPI staining of mature anthers confirmed the presence of both fully
developed and defective grains (Figure 1I-10G and H). This analysis suggests that the
degeneration of pollen grains observed in the REM_RNA:I lines could be due to a post-
meiotic block, a similar defect to the one observed in the female gametophytes.

To confirm the post meiotic block in the male gametophyte, mature pollen of the T2
35S:REM34-EAR #1 and #7 lines were stained with DAPI. Similarly to what was observed
in the REM_RNAI lines, some pollen grains were able to reach the tricellular stage while
others appeared shrunken and degenerated, with no visible nuclei (Figure 11-10 I).

Our analyses showed that REM34, REM35 and REM36 are expressed throughout female
and male gametophyte development in both gametes and in the sporophytic tissues
surrounding them. Furthermore, REM_RNAi and 35S:REM34-EAR lines are characterized
by a reduced seed set. This sterility problem is due to a block in both female and male
gametophyte development, that are able to go through sporogenesis correctly, giving rise to
haploid spores, but cannot undergo the mitotic rounds which are necessary for the correct
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gametogenesis. Thus, in Arabidopsis, REM34, REM35, and REMG36 transcription factors
seem to be required post-meiotically for gametophytic development.

M REM RNAi #13.1

Figure 11-10 Pollen development in the REM RNA/and 355:REM34-EAR lines

A-F. DAPI staining of wild type and REM_RNA/ #1 pollen grains at different developmental stages. At
the microspore stage (A and D), all the grains contain a well-defined central nucleus. At the bicellular
stage in all wild type grains (B), the sperm and vegetative nuclei are distinguishable, while in the
REM_RNA/ #1 lines (E), some grains, marked with an asterisk, do not display any nucleus. Wild type
mature pollen grains (C), characterized by the presence of two sperm cells and one vegetative
nucleus. REM_RNA#1 mature pollen (F), the asterisk marks a mutant pollen grain without nucleus (bar
= 10 um). G-H. DAPI stained pollen, collected from the REM_RNA/ #4 and #5 mature anthers, some
grains do not contain any nuclei and appear to be degenerated. I. Pollen grain collected from mature
35S5.REM34-EAR anthers, show the same phenotype described for the REM_RNA/lines

REM34 and REM35 interaction

Different studies on the REM gene family showed that these transcriptional factors are
likely to act forming complexes with themselves or with other regulatory proteins (Romanel
et al.,, 2009; Swaminathan et al., 2008). In particular, VDD and VAL, two functionally
characterized REM factors involved in synergid degeneration upon fertilization, carry out
their function forming hetero and homodimers (Mendes et al., 2016). To understand if also
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REM34, REM35, and REM36 could function via dimer formation, yeast two-hybrid assays
were performed.

This approach revealed that REMB35 is able to interact strongly with itself and also with
REM34, while no interactions were detected with REM36 (Figure [I-11A). All the interactions
observed in the yeast two-hybrid assays were confirmed in vivo with a Bimolecular
Fluorescence Complementation (BiFC) assay in Nicotiana benthamiana leaves (Figure Il-
11 B).

REM34-AD REM34-AD  REM35-AD REM35-AD  prngsg ap REM36-AD  REM36-AD REM34-AD
+  REM35-BD Empty-BD REM35-BD Empty-BD REM34-BD REM35-BD REM36-BD REM34-BD

YFN:REM34 |, : " YFN:Empty
YFC:Empty p° % YFC:REM35

YFN:Empty - YFN:REM34
YFC:REM34 L, . 4l YFC:REM34

YFN:REM35
YFC:Empty

Figure I11-11 REM34 and REMS35 interaction.

A. Yeast two hybrid assays showing the interactions between REM34 and REM35 and REM35 and REM35,
on—-L-W-H + 2.5 3-AT selective media. Empty pDEST32 vector was employed as a negative control. In the
Y2H assays, no interactions were detected for REM36 and REM34 homodimers. B. BiFC experiments in
tobacco leaf cells showing the reconstitute YFP fluorescence (green) between REM34 and REM35 fusions
to the C- and N-terminal fragments of YFP, respectively. REM35 fusions to the C- and N-terminal fragments
of YFP (bar = 50 um). Negative and positive controls for the BiFC experiment: all the constructs were
cotranformed with the corresponding empty vector to test for false positive interaction. The REM34_REM34
interaction, which was found to be negative in the Y2H screening, was also employed as a negative control.
Finally, as a positive control, the VDD_VDD interaction (M. Mendes et al, 2014) was tested.

This finding suggests that REM35 could act as a homodimer and as a heterodimer, together
with REM34. |t is interesting to notice that the same interaction behavior was reported also
for VDD and VAL, suggesting that these characteristics might well be a common feature for
the REM family and, in perspective of the guilt-by-association principle, it would be
informative to analyze all possible REM protein interactions. The same approach was shown
to be extremely useful for the characterization of MADS domain transcription factor family,
for which extensive protein—protein interaction studies effectively guided genetic studies and
functional characterization of many of them (de Folter et al., 2005; Gregis et al., 2006;
Fornara et al., 2008; Immink et al., 2009).

40



Downregulation of REM34, REM35, and REM36 Altered Expression of
Genes Involved in Post-Meiotic Divisions

As described above, the downregulation of REM34, REM35, and REM36 resulted in a post-
meiotic arrest in both female and male gametophytes, suggesting that these transcription
factors could be involved in regulating mitosis progression during gametogenesis.

To elucidate the molecular mechanism behind this block, we measured the expression
levels of genes that control gametogenesis by g-RTPCR. We focused on genes that, when
mutated or overexpressed, cause similar defects to those observed in the REM_RNAi
gametophytes. Those genes were divided into three categories, based on the biological
process in which they are involved in: ribosome biogenesis (MIDASIN MDS, NOTCHLES
NLE), cell cycle control (RETINOBLASTOMA-RELATED PROTEIN RBR, CYCLIN-
DEPENDENT KINASE INHIBITOR KRP6), and chromatin regulation (HISTONE ACETYL
TRANSFERASE HAM1, HAM2) (Figure 11-12).

MDS, which, together with NLE, is involved in the biogenesis of the 60S ribosomal subunit
and is essential during megagametogenesis (Chantha et al., 2010), was shown to be
downregulated in the REM_RNAI lines. KRP6, a CDK inhibitor whose overexpression
causes a block in mitosis progression during female and male gametophytic development,
was also downregulated in the REM_RNA:I lines.
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Among the downregulated genes, the one that stands out most is HAMZ2, a HAT that,
together with its homolog HAM1, belongs to the MYST clade of the HAT family and was
shown to be involved in post-meiotic control of female and male gametophytic development.
The ham1 ham2 double mutant is lethal, while keeping one of the two genes heterozygous
for the mutant allele resulted in a post-meiotic arrest during both female and male
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gametophyte developments (Latrasse et al., 2008), a phenotype similar to the one observed
in the REM_RNA:I as well as in the 355:REM34-EAR lines.

The downregulation of HAMZ2 in the REM_RNAi background, and the phenotypical
similarity between the REM_RNAI lines and the HAM downregulation suggest that these
genes might be involved in the control of the same biological processes throughout
Arabidopsis development. The observed downregulation of the other analyzed target genes
could, for instance, be due to the general deregulation of transcription caused by the
reduced expression of the chromatin remodeling factor HAMZ2. Further analysis will be
needed to confirm the possible interaction between REM34, REM35 and REM36 and the
HATs HAM1 and HAMZ2.

It is finally worth mentioning that, in mammals, the MYST protein family was found to be
involved in many fundamental cell functions such as cell cycle progression and DNA repair
(Pillus, 2008; Sapountzi and Cété, 2011). Furthermore, the human MYST4 acetylase was
found to be involved in the control of gametogenesis as well (McGraw et al., 2007).

While not much is known about the REM gene family, substantial information is available
for other transcription factor families characterized by the presence of the B3 DNA binding
domain. In particular, the well-characterized ARF family, known to play a crucial role in
regulating auxin responses, and the RAV family, which was found to be involved in hormonal
regulation during different stages of Arabidopsis development (Swaminathan et al., 2008).
Auxin was found to be involved in gametogenesis (Pagnussat et al., 2009; Panoli et al.,
2015). For instance, the perturbation of auxin transport in the embryo sac causes an arrest
in the earliest stages of megagametogenesis (Ceccato et al., 2013). Auxin biosynthesis was
also recently shown to be essential for the transition from microsporogenesis to
microgametogenesis, in the male gametophyte (Yao et al, 2018). Because of the
phenotypic similarities between the auxin defective mutant and the REM_RNA:I lines and
because of the linkage between transcription factors containing the B3 DNA binding domain
and the regulation of hormonal responses, it is tempting to speculate that the role of REM34,
REM35, and REM36in gametogenesis could be based on the regulation of hormonal related
processes.

It is finally worth mentioning that this post-meiotic block, while strongly confirmed by the
analyses on the different generations of both REM_RNAi and 35S:REM34-EAR lines, do
not appear neither in the three rem34, rem35 and rem36 single mutant or in the rem34
rem35, rem34 rem36 and rem35 rem36 double mutant. This evidence suggests that REM34,
REM35 and REM36 act redundantly in the control of the gametophytes development and
only the downregulation of the three of them or the overexpression of a dominant negative
version of one of them, as in the case of the REM34-EAR chimeric protein, is sufficient to
trigger an arrest in the female and male gametophytic development.

It might also be possible that, since the REM gene family is very abundant and highly
duplicated, other members of the same family can partially complement the loss of two out
of the three genes of interest, but cannot complement the simultaneous downregulation of
REM34, REM35 and REM36. To verify this hypothesis, the CRISPR/Cas9 genome editing
system could be employed to create a triple knock-out mutant.
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[1.1Il Role of REM34, REM35 and REM36 in inflorescence architecture determination

REM34, REM35 and REM36 are involved in the establishment of the
phyllotactic pattern

The mis regulation of REM34, REM35 and REM36 in the REM_RNAI and 35S5:REM34-
EAR lines was found to cause both a partial sterility, linked to a post-meiotic block in both
female and male gametophyte development (as described above), and evident defects in
the phyllotactic pattern, which is the geometrical arrangement of the flowers around the main
stem of the plant. While the gametophytic defect was only visible in the REM_RNAI/ and
355:REM34-EAR lines, the alteration of the phyllotaxis was present also in the
CRISPR/Cas9 single and double knock-out mutants. As the rem34 rem35 double mutant
was obtained only recently, it was not included in the analysis described above.

Wild type Arabidopsis plants are characterized by a spiral phyllotactic pattern, in which
successive siliques arise at an angle of 137.5° from each other. The REM_RNAI and
35S:REM34-EAR lines are, on the other hand, characterized by an aberrant phyllotaxis, with
siliques arising at narrower or wider angles compared to the wild type (Figure 11-13).

To better characterize the alteration of the phyllotactic pattern of these lines, the angles
between successive siliques of 10 fully matured wild type, REM_RNAi #1, #4, #5 and
355:REM34-EAR #1 and #7 were measured. In the wild type, as expected, 60% of the
angles (76 out of 125 measured angles) had a value included between 130° and 150° and
the phyllotactic graph shows a single prominent peak, around those values, with few outliers.
The phyllotactic pattern of the three analyzed REM_RNAI lines is instead characterized by
the presence of three distinct peaks of values: the canonical 140°, which accounts for around
30% of the total measured angles, and two non-canonical peaks at 90° and 180°, in which
are included on average 40% of the total angles. The other angles are distributed at different
values with no prominent peaks (Figure 1I-13). The same mutated phyllotactic pattern, with
the angles between successive siliques distributed in three peaks at 90°, 140° and 180°, is
displayed also by the two analyzed 35S:REM34-EAR lines (Figure 1I-13). The same analysis
was performed for the three rem34, rem35 and rem36 single mutants and for the rem34
rem36 and rem35 rem36 double mutants. The rem34 single mutant had a disorganized
phyllotactic pattern, with a wider distribution of angles around the 130° canonical value
compared to wild type and a second smaller peak, of the 10% of the total measured angles,
at 180°. The rem35 and rem36 single mutants are instead characterized by phyllotactic
pattern similar to the one observed in the REM_RNAi and 355:REM34-EAR lines, with three
distinct peaks: 10% of the siliques had a divergence angle of 90°, 30% were distributed
around the canonical 130° value and 15% showed a divergence angle of 180° (Figure II-
13).Finally, the two double mutants rem34 rem36 and rem35 rem36 show a highly
disorganized phyllotactic pattern, with several peaks at different degrees (Figure 11-13).
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Figure 11-13 Phyllotactic pattern analysis.

The angles between successive siliques were measured in 10 wild type (n=125), REM-RNA/#1 (n=140),
#4 (n=142) and #5 (n=192), 355:REM34-EAR#1 (n=208) and #7 (n=169). In the wild type the majority of
the angles are distributed around the 140° canonical angles, with few exceptions. In the REM_RNA/and
355:REM34-EAR lines instead the angles are distributed around three values. 90°, 140° and 180°.

The phyllotactic pattern of the rem34, rem35 and rem36 single mutants was also analyzed; the rem34
mutant is characterized by a wider distribution of the angles, the rem35and rem36'single mutants instead
show the same pattern described for the REM_FANA/and 355:REM34-EAR lines. The phyllotactic pattern
of the two double mutants is highly disorganized, with multiple peaks.

The analysis performed on the different single and double mutants combinations allowed
better understanding the role of the different REM genes of interest and suggested that
REM35 and REM36 are the main players involved in the establishment of the correct
phyllotactic pattern, while REM34 plays a less prominent role.

This analysis also underlined the highly redundant role that these genes play in the
regulation of the inflorescence architecture, as the double mutants were characterized by a
much more disorganized phyllotactic pattern compared to the three single mutants.

Alterations in the phyllotactic pattern of Arabidopsis can lead to changes in the rate of
production of new organs and, consequently, change also in the number of siliques that
develop on the inflorescence. In particular, plants with an alternated or decussated
phyllotaxis, in which successive organs arise at angles of 90° or 180°, can in theory produce
more fruits than plants in which the phyllotactic pattern is spiral, without drastically changing
the total high or life span of the plant itself.

To test how the mutated phyllotactic pattern of the REM_RNA:I lines and of the rem34,
rem35 and rem36 single mutants was affecting the overall silique production of these plants,
silique number and the rate of new flower production were evaluated.

We decided to focus these analyses on the RNA/ lines as well as the three single mutants,
as they are characterized by a mutated but regular phyllotaxis pattern. The double mutants
were not considered, as their highly disorganized phyllotaxis is not likely to lead to
improvement in siliques production.As a start, the number of newly opened flowers was
measured every day from bolting of the plant to its complete maturation (around 10 days)
for 10 plants each of WT, RNAI, rem34, rem35 and rem36. The REM_RNAI line was able to
produce on average 30 new flowers in 10 days, compared to the 18 produced by the wild
type, suggesting a high increase in the rate of flower production; the single mutants were
instead characterized by a intermediated phenotype between the REM_RNA/ and wild type
lines (Figure 1I-15A).

To further confirm this increase in the flower production ability of these lines, the
plastochron, which is the time interval between two recurring successive events (such as
flower initiation), was measured in the first 4 days after bolting, the phase in which the rate
of flower production is highest. The REM_RNA:I line it is able to produce a new flower on
average every 7.5 hours, while the time required for wild type plants was 12.3 hours. The
three knock-out lines present, also in this case, an intermediate phenotype between the WT
and the RNA. lines (9h for rem34, 10h for rem35 and 10.1h for rem36) (Figure II-15B).
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While in the REM_RNA:I lines this increase in yield was negatively counterbalanced by a
reduction in seed set, the rem34, rem35 and rem36 single mutants did not exhibit any
decrease in the total seed number (data not shown), making these genes an interesting
target for crop improvement, especially in species closely related to Arabidopsis, such as
Brassica napus.

Plastochrone

RATE OF FLOWER PRODUCTION
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Figure 11-13 rate of flowers production and plastochron

A. The cumulative number of newly opened flowers was measured in 10 wild type, AEM_RNA/ and
rem34, rem35 and rem36 single mutants. Ten days after bolting FEM_RNA/ lines are able to produce
on average 12 flowers more than the wild type. The three single mutants also show an increase in the
rate of flowers productions. B. The platochron, the time interval between new flowers production was
measured in the first 4 days after bolting. Wild type plants are able to produce a new flower every 12
hours, while this time is reduced both in the FEM_FRNA/and rem34, rem35 and rem36 single mutants.

Auxin signaling is impaired in the rem mutant lines

The establishment of the phyllotactic pattern is mainly driven by the polar distribution of the
hormone auxin at the inflorescence meristem level. This hormone accumulates in initiation
sites, where a new primordium has to arise, and controls the first steps in the formation of
new organs. The areas surrounding the primordia are depleted of auxin and therefore
primordium initiation is inhibited in these sites. The spatiotemporal regulation of auxin fluxes
at the meristem level is thus fundamental to ensure a correct phyllotaxis.

Different tools were recently developed, to allow following in vivo auxin fluxes in the
different tissues of plants. Among them the most used ones are the DIl-Venus fusion protein,
that marks auxin minima, and the DR5 auxin responsive synthetic promoter, expressed in
auxin maxima regions.

The current hypothesis is that auxin signaling relies on the dynamic interaction of the ARF
transcription factor with their repressors Aux/IAA: in low auxin concentrations the ARFs are
bound to the AuxRE motif in the promoter of their target genes, but they cannot activate
transcription, as their activity is inhibited by their interaction with the Aux/IAA repressors.
When auxin enters the cell, it can directly bind the TIR1/AFB subunit of the SCF-type E3
ubiquitin-ligase complex, which is then able to target the Aux/IAA protein, causing their
degradation. As a consequence, the inhibition on the ARFs is removed and their target are
derepressed.
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Figure 11-16 Auxin behavior in the FEM FRNA/lines

A. The DIl Venus marker line allows to visualize auxin minima areas in plant tissues, relying on the
degradation mechanism of the Aux/IAA repressors. B. In both wild type and AEM_RNA/lines the
fluorescence signal marks the area around the primordia, suggesting that auxin is correctly
distributed in the inflorescence meristem C. The PIN1 auxin carrier was correctly distributed on the
membranes of both wild type and REM_RNA/ lines, further confirming that the flux of auxin is
correctly maintained in the REM_RNA/lines. IM: Inflorescence Meristem, P: Flower Primordium

The DII-Venus reporter line takes advantage of the Aux/IAA degradation mechanism to
allow the visualization of regions of auxin minima: in this marker line the auxin interaction
domain (domain Il or DIl) of the IAA28, fused in frame with the Venus fluorescence reporter,
is expressed constitutively; when auxin levels are high, the DIl-Venus chimeric protein is
rapidly targeted and degraded, thus a fluorescence signal is not visible in areas of auxin
maxima (Figure llI-16A) (Brunoud et al., 2012).

In both wild type and REM_RNAI inflorescence meristem, the DII-Venus signal is
detectable in the boundary regions between the IM and the developing primordia, which are
the expected auxin-depleted regions of this tissue (Figure II-16B).

This observation suggests that auxin is correctly distributed in the inflorescence meristem
and that the auxin-induced degradation of the Aux/IAA repressors is taking place correcily.

To further investigate whether auxin transport is affected in the REM_RNAi lines, we chose
to visualize the distribution of the PIN1 auxin carrier, which is the main carrier driving auxin
polar flux at the IM level. Also in this case, no differences were detected between wild type
or REM_RNA.I plants expressing the pPIN1:PIN1-GFP marker line: in both backgrounds
PIN1 was correctly located on the membranes of the meristem cells and its distribution was
clearly polarized on one side of the cell, ensuring in this way the correct establishment of
the polar auxin flux towards the incipient primordia (Figure [I-16C).
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Auxin signaling relies both on the Aux/IAA auxin-dependent degradation and on the correct
functioning of the ARF transcription factors, consequently, if one of these processes is
impaired in the plant, the developmental pathways that are driven by auxin are likely to be
affected. The REM_RNAi and 355:REM34-EAR lines, as well as the single and double
knock-out mutants, showed an aberrant phyllotactic pattern, consistent with defects in auxin
signaling during their reproductive development; however, auxin distribution and Aux/IAA
degradation was not impaired in these lines. This suggests the possibility that ARF activity
might be affected in lines in which REM34, REM35 and REM36 are downregulated or
mutated.

To test this hypothesis, we employed the DR5v2-ntdTomato/DR5-n3GFP double reporter
line (Liao et al., 2015). The DR5 synthetic promoter is one of the most used reporters of
auxin response and is composed by repetitions in tandem of the AuxRE (CTCTGT) motif
which drive the expression of a reporter protein, allowing the visualization of areas in which
these sites are highly transcribed (Figure [I-17A).

The DR5v2-ntdTomato/DR5-n3GFP contains both the canonical DR5 promoter, consisting
of 9 repetitions in tandem of the CTCTGT motif, and a second version of the same promoter,
the DR5v2, with a different AuxRE sequence (TGTCGG), found to be more sensitive to
auxin. In the wild type inflorescence meristems, both reporters were visible and the
DR5:GFP signal was, as expected, marking the developing primordia, which are the areas
of auxin maxima. However, in the REM_RNAI background both the DR5 and the DR5v2
promoters were active in the inflorescence meristem (Figure 1I-17B).

To verify whether the reporter constructs were in some way silenced in the REM_RNAI
background, we also investigated their activity in roots of both wild type and REM_RNAi
lines which showed that in both genotypes a strong signal was detectable in the expected
auxin maxima region (Figure 11-17B).

This allowed to rule out the hypothesis absence of the reporter expression in the
REM_RNA:I plants was due to silencing of the construct. Therefore, these results indicate
that the signaling of auxin and, in particular, the transcriptional activation activity of the ARFs
on DRb5-containing promoters, is impaired in Arabidopsis reproductive tissues, when
REM34, REM35 and REM36 are downregulated.

Two possible hypotheses could explain this impairment: auxin concentration in the
REM_RNAI meristem does not reach the threshold necessary to activate the DR5 promoter,
or auxin is present in the correct quantity in the analyzed tissues but the signaling cascade
is impaired, in absence of REM34, REM35 and REM36 activity.

To understand which of these hypotheses was correct, wild type and REM_RNAI plants,
carrying the DR5v2-ntdTomato/DR5-n3GFP reporter line, were treated with exogenous
auxin. If the loss of the DR5 activity in the REM_RNAi background is due to a lack of auxin
in the inflorescence meristem, the exogenous application of this hormone should rescue the
marker line expression.

If, on the other hand, auxin levels are correct but the signaling pathway of this hormone is
defective, auxin treatments should not have an effect on the DR5 promoter activity in the
REM_RNAI background.
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Figure 11-17 Analysis of the DR5:GFP marker line in the REM _RNA/line

A. In the DR5.GFP marker line, the GFP expression is driven by the synthetic DR5 auxin responsive
promoter, which is only active when auxin concentration is high in the cell B. In the wild type
inflorescence meristem, the DR5 signal is visible in the flower primordia, which correspond to the area
of auxin maxima, while in the REM_FRNA/ lines no signal is detectable, at least 5 plants for genotype
were imaged. In the root meristems of both wild type and REM_RNA/lines the DR5 signal is detectable,
confirming that the marker line is functional in the FEM_FRNA/lines. Scale bar 33 um, IM: Inflorescence
Meristem P: Flower Primordium C. gRT-PCR to measure GFP and GH3.4 expression in the wild type,
REM_RNA/and rem34 rem36 and rem35 rem36 double mutant. The GFP expression, driven by the DR
promoter, increases after exogenous auxin application, while in the REM_FRNA/line the GFP expression
Is not rescued by exogenous auxin. To verify whether the auxin application, the GH3.4 auxin responsive
genes expression level was measured.
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In wild type inflorescences, real time PCR analysis showed that GFP expression levels
increased after a 3h application of 10uM IAA. In the REM_RNAI line, GFP transcripts were
almost undetectable in the mock-treated inflorescence and, interestingly, the exogenous
auxin application did not result in increased GFP transcript levels (Figure 11-17C). To ensure
that the auxin treatments were performed correctly on both lines, the level of expression of
GH3.4, a member of the GH3 auxin-responsive family (Hagen and Guilfoyle, 2002), was
measured in untreated and treated inflorescence of both wild type and REM_RNAI plants.
In this case, the GH3.4 was found to be induced by auxin application in both backgrounds,
suggesting that the auxin treatments were correctly performed.

As exogenous auxin application did not increase the DR5-driven GFP transcription levels
in the REM_RNA:I lines, it was possible to rule out the hypothesis that the lack of DR5:GFP
signal was caused by low auxin concentration in the inflorescence. However, these findings
strongly suggested that, in the REM_RNAi lines, auxin perception is impaired.

Preliminary analyses were also performed on the DR5v2-ntdTomato/DR5-n3GFP reporter
line in the rem34 rem36 and rem35 rem36 double mutants, while the rem34 rem35 double
mutant was not included in this analysis as it was obtained only recently, and the
experiments are still ongoing.

First, to assess whether the DR5:GFP marker line was detectable in the double mutants
background, the GFP transcript levels were measured in mock-treated inflorescences.
Surprisingly, in contrast to what was found in the REM_RNAI lines, the levels of GFP
expression were upregulated in the double mutants inflorescences. Furthermore,
exogenous auxin applications were found to be able to increase the GFP transcript levels in
both rem34 rem36 and rem35 rem36 mutant backgrounds. Also in this case, as a control,
the expression levels of GH3.4 were measured in both mock and auxin-treated plants.
GH3.4 was found to be upregulated in the mock-treated inflorescence and exogenous auxin
application was able to increase the expression level of this gene (Figure 11-17C).

These findings are not easily interpretable but, taken together, suggest that the auxin
signaling pathway is partially impaired when REM34, REM35 and REM36 expression is
perturbed. Furthermore, the analysis on the two double mutants, rem34 rem36 and rem35
rem36, suggest that these three genes play both synergistic and antagonistic roles in the
control of the auxin response: while the downregulation of the three of them causes the
silencing of the DR5 promoter, the mutation of only two of them and, in particular, of REM35
causes an increased activity of the same promoter and the overexpression of the auxin-
responsive gene GH3.4. To further elucidate the complex relationship between these genes
and the different roles that each one of them plays in the control of inflorescence
development, it would be important to perform the same analyses as described here using
rem34, rem35 and rem36 single mutants and the double and triple mutant combinations.
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Cytokinin signaling and meristem size in the REM_RNAI lines

Although auxin is the main signaling molecule involved in the correct phyllotaxis
establishment, different other internal and external factors contribute to the precise
spatiotemporal regulation of this phenomenon.

It has been demonstrated, for instance, that meristem size can negatively influence the
robustness of the phyllotactic pattern. It is also know that, besides from genetic cues, also
day length can influence meristem size (Landrein et al., 2015b). To check whether the
permutations detected in the phyllotaxy of the REM_RNAI, single and double mutant
combinations were maintained under different growing conditions, the phyllotactic pattern of
these lines was evaluated after growing the plants for 4 weeks in short day conditions, before
moving them in long day inductive conditions. Plants grown in this way present a larger
inflorescence meristem, compared to the ones only grown in long day conditions, and are
thus more prone to show a disorganized phyllotactic pattern (Landrein et al., 2015a).

In these conditions wild type plants show a more disorganized phyllotaxis with a wider
distribution of angles around the canonical 140°. The REM_RNAi and rem34, rem35 and
rem36 single mutants however, were, also in these conditions, characterized by mutated
phyllotactic pattern, characterized by angles distributed around three main values of 90°,
140° and 180°, suggesting that this pattern is highly specific for the downregulation or
mutation of REM34, REM35 and REMS36 and is independent from the environmental
conditions (Figure 11-18A).

We next investigated whether the impairment of auxin signaling reported in the different
REM mutant or transgenic lines was directly or indirectly affecting inflorescence meristem
size and morphology, causing in this way the permutations registered in the phyllotactic
pattern of these plants. It has indeed been reported that auxin signaling can negatively
influence the size of the inflorescence meristem in Arabidopsis (Shi et al., 2018; Luo et al.,
2018). 5 wild type and 5 REM_RNA:I inflorescences were imaged by Scanning Electron
Microscopy (SEM), and the inflorescence meristem size was measured. No statistically
significant differences between wild type and REM_RNAi meristems were detected,
suggesting that REM34, REM35 and REM36 influence auxin signaling in the inflorescence,
without affecting the size of the IM (Figure 1I-18B).
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Figure 1I-18

A. Growth conditions affect meristem size in Arabidopsis, thus changing the organization of phyllotaxis.
In particular, plants grown under short day conditions are usually characterized by bigger inflorescence
meristems and a more disorganized phyllotactic pattern, compared to those grown in long day
conditions only. To test whether the mutated phyllotactic pattern typical of the REM_FRNA/line as well
of the rem34, rem35 and rem36 mutants was affected by the growing conditions of the plants,
successive siliques angles of 10 plants for each genotype were measured. In these conditions wild
type plants are characterized by a wider distribution of angels around the canonical 140° values. In the
REM_RNA/and single mutants background the angles are distributed around three main values: 90°,
140° and 180°, with a similar distribution to the one described above, suggesting that growing
conditions do not affect the phyllotaxis of these line B. Scanning electron microscopy of meristems of
both wild type and REM_FRNA/ plant, no differences in the morphology of the inflorescence meristem
were detected and the meristem size was not affected in the ANA/lines. Scale bar 30 pm

Finally, cytokinin signaling was found to play a crucial role in the temporal regulation of new
organ formation in the inflorescence meristem (Besnard, Refahi, et al., 2014a), and the
crosstalk between auxin and cytokinin is known to be involved in the control of many plant
developmental processes (reviewed in Chandler and Werr, 2015). With the aid of the
TCSn:GFP marker line, which allows the visualization of cytokinin dynamics, we were able
to prove that the cytokinin signaling and its distribution is not affected in REM_RNA:I lines
(Figure 11-19A).
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Figure 11-19 Cytokinin signaling is not affected in the REM RNA/line

A. The synthetic 7CS promoter, which is induced by cytokinin, is expressed correctly in the REM_RNA/
lines, suggesting that the cytokinin signal is not affected by the downregulation of REM35, REM35 and
REMS36 Scale bar 33 um; IM: Inflorescence Meristem P: Flower Primordia. B. AHPE expression, which
is a negative regulator of cytokinin and it is involved in the temporal regulation of primordia initiation, is
not affected in the REM_RNA/lines. Scale bar 33 um C. AHP6 protein is correctly present in the newly
developing primordia, further confirming the cytokinin signaling is not impaired in the REM_FRNA/lines.

The negative regulator of cytokinin signaling AHP6 is the factor that, in the inflorescence
meristems, controls the crosstalk between auxin and cytokinin and determines the time
intervals between new primordia emergence. Since REM34, REM35 and REM36 are
involved in the specification of the time in which new flowers are produced, as demonstrated
by the shorter plastochron that characterizes the REM_RNAi and rem mutants, we decided
to check whether AHP6 function was impaired in these lines. To do so, we measured the
AHP6 transcript levels and imaged the protein distribution in the REM_RNAI inflorescences.
Neither the transcription nor the distribution of this enzyme was affected in the REM_RNAi
background (Figure 11-19B and C).

These analyses suggest that in the inflorescence meristem REM34, REM35 and REM36
are involved in auxin signaling, while they do not seem to be playing a direct role in the
cytokinin pathway. Moreover, the analysis of the meristem morphology allowed to exclude
the possibility that the perturbation of the phyllotactic pattern in the REM silencing lines are
linked to changes in the dimension of the meristem itself.
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Finally, the comparison of the phyllotaxy of the REM_RNAi and rem single mutants under
grown under different day length conditions clearly showed that the mutated phyllotactic
pattern of these lines, in which angles are distributed around three main values (90°, 140°
and 180°), is not influenced by these different growing conditions. This suggest that the
appearance of these two non-canonical angles, in the different rem background, might be
linked directly to the action of REM34, REM35 and REMS36 in the regulation of auxin
signaling in Arabidopsis inflorescence meristem.

REM35 is able to interact with the Auxin Response Factor 19

The phenotypical analyses, carried out in the different REM mutated backgrounds,
suggested that REM34, REM35 and REM36 play a role in the control of primordia initiation
in the inflorescence meristem of Arabidopsis and can consequently influence the yield of the
plant. The imaging of both auxin and cytokinin marker lines, in the inflorescence meristem
of these plants, allowed to rule out the involvement of REM34, REM35 and REM36 in the
control of the cytokinin pathway, and suggested that they mainly exert their function in the
auxin signaling pathway. Finally, the application of exogenous auxin and the analysis of its
effects on both the synthetic DR5 promoter activity and on the GH3.4 auxin responsive gene,
clearly demonstrated a crucial role for REM34, REM35 and REMS36 in regulating the
transcriptional network downstream of auxin sensing in the cell.

To try to unravel the molecular mechanism through which REM34, REM35 and REM36
act, a yeast-2-hybrid screening, against a library of 96 transcription factors involved in the
control of hormonal pathways in the inflorescence of Arabidopsis, was carried out in
collaboration with the laboratory of Stefan de Folter (CINVESTAYV, Irapuato, Mexico).
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Figure 11-20 ARF19-REM35 interaction

A. REM34, REM35 and REM36 CDS were cloned into the bait vector (obDONOR22-BD) and tested
against a library of 96 transcription factors, cloned into the pray vector (pDONOR32-AD) involved in
hormonal signaling in the inflorescence meristem of Arabidopsis. From this screening, it was found that
REMB35 is able to interact with ARF19, a transcription factor involved in auxin signaling and lateral organ
development in the roots. B. The REM35 and ARF19 interaction was confirmed through BiFC assay, in
which it is possible to see the reconstitute YFP fluorescence (green) between ARF19 and REM35
fusions to the C- and N-terminal fragments of YFP, respectively. The negative controls for the BiFC
assay are shown in Figure 1I-11B C. As auxin signaling is often controlled by feedback loops, the
expression of ARF19 was measured in the AEM_RNA/ lines as well as the rem34 remn36 and rem35
rem36 double mutants. No downregulation of ARF79 was detected, suggesting that REM34, REM35
and REMS36 are not involved in the regulation of ARF79.
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This analysis revealed that REM35, besides being able to form homodimers and
heterodimers with REM34, is able to interact also with the Auxin Responsive Factor ARF19
(Figure 11-20A). This finding, which was also confirmed in vivo with a BiFC assay (Figure II-
20B), further confirmed a central involvement of these REM genes in the regulation of auxin
signaling in the inflorescence meristem.

According to the available expression data (Klepikova et al., 2016), ARF19is expressed in
the inflorescence meristem throughout the reproductive development of Arabidopsis,
however its role in these tissues is still uncharacterized.

Despite this lack of information about the role of ARF19 in inflorescence development, it
investigated in other plant tissues. For instance, it has been demonstrated that this
transcription factor, together with its homolog ARF7, controls lateral root emergence and
development (Okushima et al., 2005).

In particular, ARF19 and ARF7 regulate the initiation and the earliest stages of lateral root
primordia formation, by directly binding to the AuxRE elements of the promoters of different
members of the Lateral Organ Boundaries (LBD) transcription factor family (Okushima et
al., 2007; Lee et al., 2009). It is tempting to speculate that ARF19 might control primordia
initiation also in the shoot apex together with REM34, REM35 and REM36.

Auxin signaling appears to be generally perturbed in the REM_RNAI lines and in the rem
mutants background, we thus decided to test whether this mis-regulation was linked to a
direct regulation of ARF19 expression by the REM transcription factors. The expression
level of ARF19 was not found to be different in the wild type, REM_RNAI, rem34 rem36 and
rem35 rem36 double mutants, excluding this scenario (Figure 11-20C).

Taken together, the discovery of a physical interaction between, REM35 and ARF19 and
the fact that no differences were found in ARF19 transcript level in the analyzed genetic
backgrounds strongly suggest that REM34, REM35 and REM36 act in a putative complex
with ARF19 to regulate auxin signaling.

The role of ARF7 and ARF19 in the phyllotaxis

The evidences presented above hint that ARF19 could control together with REM34,
REMS35 and REMS36 in the control of primordia formation and phyllotaxy in the Arabidopsis
inflorescence meristem.

Since a detailed investigation of the phenotype of the inflorescence architecture of arf19
mutant was not available yet, we fist carried out a measurement of the phyllotaxis pattern of
this line. At the same time, since it is know that ARF7 acts redundantly to ARF19 in root
development (Okushima et al., 2005), we analyzed also the arf7 and arf7 arf19 double
mutant to understand if this redundancy relationship was maintained also in the shoots.

The phyllotaxy of arf7, arf19 and of the arf7 arf19 double mutant showed similar
permutations to the one observed in the REM_RNAI line, also in this case the successive
angles between siliques were distributed around three main values: 90°, 140° and 180°.
This permutated pattern was present in all the mutants analyzed but was more evident in
the arf7 arf19 double mutant where 45% of the siliques (75/165) showed a divergence angle
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ranging from 130° to 150°, while 34% of them (56/165) are characterized by a divergence
angle of 90° or 180° (Figure 11-21).

Higher-order mutants, which carry different combinations of the rem34, rem35 and rem36
crossed with arf7 and arf19, displayed a similar phyllotactic pattern (Figure 11-20), with no
additional permutations, suggesting that these genes control inflorescence architecture by
acting on the same pathway.

The finding that the REM35 can physically interact with ARF19 further sustains the
hypothesis that the members of these two transcriptional factor families collaborate in the
control of primordia specification in the inflorescence meristem of Arabidopsis.
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Figure 11-21 ARF7 and ARF19 are involved in phyllotaxy control

The angles between successive siliques were measured in 10 wild type, arf7, arf19, arf7 arf19
plants, as well as in the multiple order mutants ar/7 arf19 REM_RNAJ, arf7 arf19 rem34, arf7 arf19
rem35, art7 arf19 rem36, arf7 arf19 rem34 rem36 and arf7 arf19 rem35 rem36. Compared to the
wild type, all the analyzed mutant show an aberrant phyllotactic pattern.
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REM34, REM35 and REM36 negatively regulate the expression of the
ARF19 target LBD18

As described above, ARF7 and ARF19 are involved in lateral organ development in the
roots, and the arf7 arf19 double mutant is characterized by the absence of lateral roots. In
particular, these Auxin Responsive Factors regulate lateral root initiation by controlling the
expression of PUCHI and LBD18 (Kang et al., 2013).

To investigate whether the REM35-ARF19 complex is involved in the control of lateral
organ initiation in the shoot, by acting on the same targets that are regulated by ARF19 in
the roots, the LBD18 expression level was measured in inflorescences of wild type,
REM_RNAI, the rem34 rem35 and the rem35 rem36 double mutants (Figure II-22A).
Interestingly, LBD18 appeared to be upregulated in all the lines mutated for the REM genes
of interest, suggesting that these REM factors function as negative regulators of LBD18
expression.

To further test this hypothesis, lines overexpressing REM35 fused with the RFP reporter
were generated, in which REM35 is ectopically expressed also in the roots (Figure 11-22B).
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Figure 11-22 | ateral root development is impaired in the REM35 overexpressing lines

A. LBD18expression is upregulated in inflorescence of the RNAi and double mutants lines, suggesting that
the rems act as negative regulators of LBD78in this tissue. B. Roots of the 35s:REM35-RFP overexpressing
lines, showing the ectopic presence of the REM35-RFP protein in the roots, where this transcription factor
is normally absent. The nuclear localization of the RFP signal suggests that the transcription factor is
correctly localized in the nuclei. C. The overexpression level of REM35 wan assessed in 4 different
35S5. REM35-RFP lines, all off which showed different levels of overexpression of FEM35. D. Compared to
the wild type, the four 355:REM35-RFP lines show a decrease number of lateral roots, similarly to what is
observable in the /bd78 mutant. 10 to 15 plants for each genotype were analyzed, the experiment was
repeated twice; ANOVA and post hoc Tukey HSD test were used, p <0.1 for all the comparison with the
wild type.
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Four lines, showing different levels of overexpression of REM35, were chosen to
investigate the number of lateral roots, comparing it to both the wild type and the /bd18
mutants (Figure 11-22C). All the analyzed lines showed a decreased ability to produce lateral
roots, showing a phenotype similar to the /bd718 mutant. This finding confirmed our
hypothesis that REM34, REM35 and REM36 might work as negative regulators of the
ARF19 target LBD18.

To further understand the molecular mechanism through which REM34, REM35 and
REMS36 control auxin signaling during inflorescence development further experiment are
needed.

Further analyses are indeed required to clarify the mechanism of interaction between
ARF19 and REMB3S5. It has indeed been proven that ARFs can interact with other regulatory
transcription factors both with the B3 domain and with the PB1 dimerization domain and that
these interactions modulate ARFs activity and target specificity (Shin et al.,, 2007; Pandey
et al., 2018). To better understand how REM34, REM35 and REM36 are involved in the
modulation of auxin signaling it would thus be informative to understand with which ARF19
domain they are able to interact and how this interaction affects ARF19 activity as a
transcriptional activator. Preliminary evidences, based on the analysis of LBD18 expression,
suggest that these genes might act inhibiting ARF19 function.

Furthermore, Chromatin Immuno-Precipitation (ChIP) assays could be performed to verify
whether REM34, REM35 or REM36 can directly bind the promoters of their putative target,
such as LBD18. For this purpose, tagged versions of REM34 and REM35, fused with a
fluorescence marker and expressed under the control of their native promoters, were
generated and are currently under analysis.
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I1l. CONCLUSIONS AND FUTURE PROSPECTIVES

The REM transcription factor family, in Arabidopsis, is composed of 45 genes preferentially
expressed during the reproductive development of this plant. Although these genes are
widespread in both monocot and dicot species, their function remains elusive. The main aim
of this thesis was to study REM34, REM35 and REM36, three members of the poorly
characterized REM family, for their role in Arabidopsis reproductive development. We chose
to focus on these three members of the REM family as a deep analysis performed on this
family in our lab suggested that REM34, REM35 and REM36 might play an important role

during inflorescence development (Mantegazza, Gregis, Mendes, et al., 2014)

As a first step to determine the function of REM34, REM35 and REM36 during
inflorescence meristem development, we had to implement different techniques to perturb
the function of these genes, taking into account the fact that they are likely to be redundant
and are located in linkage in the genome. We employed both a multiplexed RNAi approach,
through which the expression of the three target genes was reduced, and the CRES-T
technology, which relied on the overexpression of REM34 fused to the EAR repressor
domain. Several morphological and molecular analyses, performed on both lines, clearly
showed how this multiplexed RNA interference approach is effective and fast in helping in
the characterization of redundant and/or in linkage genes, a situation which is not rare in
plants, whose genomes are usually characterized by duplication events.

At the same time, the CRISPR/Cas9 genome editing system was also successfully
employed to create single and multiple mutant combinations. In particular, we were able to
obtain the three single mutants rem34, rem35 and rem36 and the three possible double
mutant combinations rem34 rem35, rem34 rem36 and rem35 rem36. The characterization
of these mutants showed that these genes are redundant and have overlapping functions in
the control of inflorescence meristem development. As the rem34 rem35 mutant was
obtained only recently, it was not included in most of the analysis described here but the
experiments on this line are still ongoing. Furthermore, this line is currently being employed
to generate the rem34 rem35 rem36 triple mutant, with the CRISPR/Cas9 system described

above.
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The phenotypical characterization of the REM_RNAi and 355:REM34-EAR lines as well as
the single and double mutants showed that both lines have a defective phyllotactic pattern
while only the REM_RNAi and 35S:REM34-EAR plants are characterized by a partial
sterility. The analysis of both female and male gametophytes of these lines revealed a post-
meiotic block in their development: while these plants can produce haploid spores, those
spores cannot undergo gametogenesis and give rise to a completely developed gamete. To
do so, they regulate the expression of different targets both directly and indirectly along the
genetic network that controls gametophytic development in Arabidopsis.

The analysis of the expression pattern of REM34, REM35 and REM36 in the reproductive
organs of Arabidopsis, together with the analyses performed on both hemizygous and
homozygous lines, suggested that these three genes can influence gametogenesis acting
mainly at the sporophytic level. The observation that REM34, REM35, and REM36 are
expressed throughout all stages of gametogenesis in the embryo sac leaves of course the
possibility open that they directly play a function in the female gametophyte. The
employment of an embryo sac specific promoter could be useful in order to validate this
hypothesis and to be able to better distinguish between the sporophytic and gametophytic
roles of REM34, REM35, and REM36.

These finding suggest that REM34, REM35 and REM36 might be crucial for
gametogenesis acting redundantly, as demonstrated by the finding that the single knock-out
mutants do not show this phenotype.

The analysis of the rem34 rem35 rem36 triple mutants, currently under generation, could
help to clarify the cause of this post-meiotic block individuating the exact step in which
REM34, REM35 and REM36 are required.

The analysis of the inflorescence architecture of the REM_RNAI, 35S5:REM34-EAR, single
and double mutant plants revealed that all these lines are characterized by a mutated
phyllotactic pattern, in which the divergence angles are distributed around three main
values: 90°, 140°and 180°, compared to the wild type, in which there is only one canonical
angle, 140°.

Such defects were found to be linked with permutations in the auxin perception at the
inflorescence meristem level. Furthermore, we showed that REM35 can interact with
REM34 and ARF19, a transcription factor involved in the regulation of the auxin signaling

cascade.
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While the role of ARF19 was well characterized in the root apical meristem (Okushima et
al., 2007; Hardtke et al., 2004; Lee et al., 2009), its function in the inflorescence meristem
was still unclear.

We carried out a phenotypical analysis on the phyllotactic pattern of arf7, arf19 and arf7
arf19 double mutants, though which we showed that these mutants have similar defects as
the ones displayed by the REM_RNAi and by the different rem mutants.

ARF7 and ARF19 control lateral organ development in the roots, by regulating the
expression of their targets PUCHI and LBD18 (Kang et al., 2013). To verify whether they
are involved in controlling lateral organ development, and thus the phyllotaxy, in the
inflorescence by acting on the same targets, together with REM34, REM35 and REM36 the
level of expression of LBD18 was measured in the REM_RNAi and rem34 rem35, rem35
rem36 double mutants. Unexpectedly, LBD18 was upregulated in these lines, suggesting
that the REM factors act as negative regulators of this gene. To further confirm this
observation, we chose to overexpress REM35, expanding its expression also in the root,
and evaluate the root phenotype, comparing it with the wild type and with the /bd18 mutant,
in which the lateral root number is strongly reduced. Also the lines overexpressing REM35
show a decreased lateral root number, further suggesting that it is a repressor of LBD18.

It is not known whether REM34, REM35 and REM36 can directly bind the DNA and if they
can do this in a sequence specific way, however there are structural evidences supporting
the idea that the B3 domain of these proteins can function as a dimerization domain with
other proteins. The ARFs transcription factor are also characterized by the presence of the
B3 domain, which acts both as a sequence specific DNA binding domain and as a
dimerization domain (Shin et al., 2007).

Different hypothesis can be made, on the mechanism in which REM35 and ARF19 interact
and the role that this complex plays in the regulation of LBD18. It is possible to speculate
that REMB35 interacts with the B3 domain of ARF19, regulating its target specificity, as
already reported for the MYB77-ARF7 interaction (Shin et al., 2007), this hypothesis would
not however explain the opposite effect that REM34, REM35, REM36 and ARF19 appear to
have on their targets (Figure llI-1A). It is also tempting to speculate that a possible
interaction between the B3 DNA binding domain of ARF19 and REMB35 prevents the binding
of ARF19 to its target regions in the genome, inhibiting its function as a transcriptional
activator, which could also explain why the target of ARF19 LBD18is upregulated in the rem

mutated backgrounds (Figure 111-1B).
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Finally, one other explanation of the negative effect that REM34, REM35 and REM36 seem
to have on LBD18 expression might be that these genes are involved in mediating the
interaction of ARF19 with the Aux/IAA-TOPLESS complex, which is in charge of recruiting
histone deacetylases that keep the chromatin of ARFs targets in a repressive state (Figure
[1-1C).
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Figure Ill-1 Possible mechanisms of action of REMS34, REM35 and REM36

A. ARF19 binds DNA through the B3 DNA binding domain, it is thus possible that REM34 and REM35
regulate target specificity of this transcription factor interacting with the B3 domain. B. It is also possible
that REM35, interacting with the B3 binding domain of ARF19, prevents the binding of this domain to the
DNA C. REM35 could bind the PB1 binding domain of ARF19, facilitating the interaction with the Aux/IAA
repressors.

Auxin signaling seems to be affected in different ways in the REM_RNAI lines and in the
double mutants, for instance the DR5 auxin responsive promoter is not functional in the
RNAI plants but seems to be overexpressed in the rem34 rem36 and rem35 rem36 double
mutants. The different level of expression of the DR5:GFP marker line in the different
analyzed backgrounds might be explained by the hypothesis that REM34, REM35 and
REMS36 are able to interact with different members of the ARF gene family, which can act
both as activators and repressor of transcription. The analysis of the rem34 rem35 rem36
triple mutant, as well as of the three single mutants, could help unravel the role that each
one of these genes plays singularly in modulation auxin response. Furthermore, protein-
protein interaction analysis between REM34, REM35 and REM36 and the 23 ARFs of
Arabidopsis might help elucidating the mechanisms through which these genes modulate
auxin response.

While a putative DNA consensus sequence for REM34 has been proposed (Franco-Zorrilla
et al., 2014), it is still unclear whether the REMs transcription factors can bind DNA in a
sequence specific way. ChIP experiments, performed on LBD18 promoter employing the
PREM34:REM34-GFP and pREM35:REM35-RFP, which were generated and validated
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(data not shown), could help in understand whether these genes regulate their target binding
specific sequences in their promoter or if their sequence specificity is given by the interaction
with other factors, such as ARF19.

The characterization of the inflorescence architecture of the different rem mutant and of
arf7 and arf19 mutants clearly showed that these genes are involved in phyllotaxis
regulation. The highly repetitive spiral phyllotactic pattern of Arabidopsis, in which
successive flower primordia arise from the inflorescence meristem at a divergence angle of
137.5°, is the result of geometrical and chemical constrains; in particular, the spatio-
temporal regulation of the perception of the hormone auxin, which is the morphogen in
charge of triggering new primordia initiation, in the inflorescence meristem is the signal that
gives rise to this organized developmental pathway. As reiterative processes driven by the
perception of morphogenic signals are common phenomena in the development of different
organisms (Shyer et al, 2013; Corson et al., 2017; Marcon and Sharpe, 2012),
understanding how phyllotaxis is established in Arabidopsis might be useful to clarify the
general mechanism behind such pathways.

A key factor that determines the spatial and temporal interval between successive events
is the precise regulation of the production and of the perception of the signals which trigger
such events. In Arabidopsis, this morphogenic signal is auxin. Recently it has been
demonstrated that, in roots, auxin perception is spatially regulated by the cytoplasmatic-
nuclear partitioning of ARF proteins. In particular, ARF7 and ARF19 were found to
accumulate in cytoplasmatic aggregates in regions where the plants do not need to respond
to auxin. These aggregate are, on the other hand, not present in auxin-responsive regions,
such as the root tip, where these transcription factors localize in the nuclei (Powers et al.,
2019). These aggregates are easily reverted into monomeric proteins, which can thus
quickly enter the nucleus and trigger auxin response.

It is possible that the same cellular partitioning of ARF7 and ARF19 is conserved also in
the inflorescence meristem and it is tempting to speculate that the plasticity of such protein
aggregates is one of the regulatory mechanisms behind phyllotaxis establishment. to verify
this hypothesis, it would be important to characterize the cellular localization and distribution
of ARF7 and ARF19 in the inflorescence meristem and, since ARF19 is able to interact with
REM35 and REM34, it would be interesting to understand whether the REM genes are also

involved in the regulation of the formation and/or disaggregation of the ARF aggregates. To
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do so, it would be possible to employ the pREM34:REM34-GFP and pREM35:REM35-RFP
marker lines, which were produced and validated during this thesis (Data not shown).

It is finally worth mentioning that the phenotypical analysis of the rem34, rem35 and rem36
single mutants showed that the mutations in the phyllotactic pattern led to an increased yield
of these lines, which is due to a higher rate of flower production without affecting the total
high of the plant. As so, these genes might be promising targets for crop improvement. In
particular, in Brassica napus, a cultivated Brassicaceae relative of Arabidopsis thaliana, the
REM34 cluster appears to be conserved and could be thus an interesting target to improve

seeds production in this specie.
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IV. MATERIALS and METHODS

IV.I Plant material and growth conditions

All experiments were performed in Arabidopsis thaliana ecotype Columbia-0 (Col-0). Plants were grown
in a controlled environment at 20—22°C either under long day conditions (16 h light/8 h dark) or under
short day (8 h light/16 h dark) conditions for 4 weeks after germination and then transferred to long day
conditions.

When necessary, seeds of Arabidopsis were germinated on MS plates (Murashige & Skoog Medium,
supplemented with 1% sucrose and solidified with 0,7% Plant Agar) with the appropriate selection.

BASTA® selection was performed on seedlings, which were sprayed 3 times/week with BASTA solution
(Bayern, working concentration on soil 50 pug/mL). Tobacco plants were germinated and grown at 20—
22°C under long day conditions.

The suf4-1 pSUF4:SUF4-GUS seeds were donated by Scott Michaels. (University of Wisconsin, USA).
The DR5:GFP/DR5v2:Tomato and R2D2 marker lines were donated by Dolf Weijers (Wageningen
University, Netherlands). The TCSn:GFP and pPIN1:PIN1-GFP reporter lines were provided by Jifi Friml
(Ghent University, Belgium). The pAHP6:AHP6-GFP line was provided by Anthony Bishopp (University
of Helsinki, Finland). The arf7-1 arf19-1 double mutant was obtained from the Nottingham Arabidopsis
Stock Centre (N24629).

V.1l Constructs
RNA Interference and 35S:EAR-REM34

The REM_RNAi and 355:EAR-REM34 construct were already available in the laboratory. The DNA
fragments specific for the coding sequence of REM34, REM35, and REM36 silencing were amplified with
the following primers: REM34 fw GGT CTC ACA CCT GAA GTT TCC AAA GGA AAG G —rv GGT
CTC TAT CTC TCT CCA ACC TCT TC; REM35 fw GGT CTC AAG ATT CCA AGT CCA AGG ACA
AG —rv GGT CTC GTG TCA ACA ATA ATC TGT TTC; REM36 fw GGT CTC GCC TTA ATC ATC
CCA CAA GCA CAC—rv CAC CAT GGC GGA TCC ACC ACATTT C. The specificity of the selected
fragment was checked by BLAST against the Arabidopsis genome. Both constructs were transformed
into Arabidopsis plants using the floral-dip method (Clough and Bent, 1998).

CRISPR/Cas9 Genome Editing System

The pDE-Cas9-REM34, pDE-Cas9-REM35 and pDE-Cas9-REM36 constructs were cloned following
the protocol published by Fauser et al., 2014. The three protospacers were selected with the aid of the
CRISP-P 2.0 software (http://crispr.hzau.edu.cn/CRISPR2) and are: REM34 TTT CAG CAA AAATTT
CGT AC; REM35TTC TTC GTC ATAGTT CTT CA; REM36 GTG ATC TGA CGA AAA AAG GT.

REM35 Overexpression Line

To obtain the 35S:REM35-RFP constructs, the 35S CaMV, the REM35 CDS (fw GGG GAC AAG TTT
GTA CAA AAA AGC AGG CTT CAT GGATGA TCC AGC AATTTC —rv GGG GAC CACTTT GTA CAA
GAA AGC TGG GTC TTA CTT GAG GAT TTT GTT GAT TTC CG) and the mRFP (Red Fluorescence
Protein) were cloned into the pGHW?7 multiplex Gateway vector.
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V.11l Phenotypical analyses
Divergence Angles Measurement

The phyllotactic patter was measured as described before (Peaucelle et al., 2007) on 2 months old
plants using a 3D clockwise protractor. The first 3 cm of the stem were not taken into account because
elongation of is incomplete in this region. The divergence angle was measured taking in account the
insertion point of the two successive floral pedicels, without considering the outgrowth direction of the
flower. The clockwise or anticlockwise orientation of the phyllotaxis was determined by following the
direction that gives the smallest average divergence angle. The measurement was performed on at least
10 plants for each genotype.

Figure I'V-1 3D Protractor
A. Stems were fixed to the apex pointing down
through the center of the structure in which a
: sliding 3D protractor allowed to measure the
y N successive organ. The precision of the protractor is
: u * 3 of +/- 10° B. Divergence angles are measured
between the insertion point of the pedicel of two
successive branches in clockwise or anticlockwise
orientation.

Plastochrone Measurement

The plastochrone, which is the time that a plant needs to produce a new flower (hours/number of flowers)
was evaluated in at least 10 plants for each genotype. The number of newly opened flowers was
measured every day for 10 days, starting from the day after bolting. This measurement was performed
at the same time of the day during the entire experiment. ANOVA and post hoc Tukey HSD test were
used to assess the p-value.

Silique Length, Seed Number Evaluation, and Reciprocal Crosses

For at least 3 plants for each line, 10 siliques were dissected in order to evaluate the number of seed,
aborted seed, and non-fertilized ovule employing a Leica® MZ 6 microscope.

For wild-type x REM_RNA:i reciprocal crosses, stage 11-13 buds were emasculated, removing all floral
organs except for the ovary. Anthers in the correct stage of development were than taken from other
flowers and used to pollinate the stigma. The numbers of seeds and unfertilized ovules were assessed
for at least five pistils for each cross, and three biological replicas of the experiment were performed.
ANOVA and post hoc Tukey HSD test were used to assess the p-value.

Female Gametophyte Characterization

The female gametophytes analysis was performed as previously described by Brambilla et al., 2007:
flowers were emasculated and harvested on the next day. The emasculated pistils were left O/N at 4°C
in a 1:9 acetic acid:ethanol solution. Samples were rehydrated by subsequent washes with ethanol 90
and 70% and incubated O/N at 4°C in clearing solution (160 g chloral hydrate, 50 g glycerol, and H20 to
a final volume of 250 ml). Pistils at different developing states were separated from the other floral organs
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and opened to evaluate the female gametophyte morphology with a Zeiss Axiophot® microscope
equipped with differential interference contrast (DIC) optics. At least 10 carpels for each genotype were
analyzed. ANOVA and post hoc Tukey HSD test were used to assess the p-value.

For the suf4-1 pSUF4:SUF4-GUS marker line analysis, B-Glucuronidase (GUS) assays were performed
as described by Resentini et al., 2017, pistils were dissected and fixed in acetone 90% and incubated
O/N at 37°C and subsequently cleared as described above.

Male Gametophyte Characterization

In vitro pollen germination analysis was performed following the protocol by Bou Daher et al., 2009, with
minor modifications: pollen grains were plated on small glass plates, containing 2.5 ml of pollen
germination medium [PGM:18% sucrose, 0.01% boric acid, 1 mM CaCl2, 1 mM Ca(NO3)2, 1 mM MgSO4,
0.5% agarose pH = 7]. The plates were incubated overnight at 22°C, with wet paper to maintain humidity.
The next day, pollen germination and growth were evaluated with a Zeiss Axiophot® microscope.

Aniline Blue Staining was performed on flowers emasculated and, after 24 h, pollinated. The pollinated
ovaries were collected at two different time points: 5 and 24 h after pollination. Samples were fixed O/N
and stained in absolute ethanol/glacial acetic acid 9:1, as described by Mori et al., 2006. Subsequently,
they were transferred into an 8M NaOH solution for 1 h at 50°C. Finally, the carpels were washed twice
with ddH20 for 10 min and they were stained with aniline blue solution (aniline blue 2%, glycerol 1 M
ddH20) (Takeuchi and Higashiyama, 2016). Samples were stored at 4°C for 3 h or overnight and were
imaged under UV light (350—400 nm) with a Zeiss Axiophot® microscope.

Pollen DAPI Staining was performed according to Park et al., 1998: mature pollen was obtained by
placing 3—4 open flowers in a microcentrifuge tube containing 300 ul of 4’,6-diamidino-2-phenylindole
(DAPI) staining solution (0.1 M sodium phosphate (pH 7), 1 mM EDTA, 0.1% Triton X-100, 0.4 pg/mi
DAPI high grade, Sigma). After brief vortexing and centrifugation, the pollen pellet was transferred to a
microscope slide and observed with a Zeiss Axiophot® microscope. Pollen at earlier stages of maturation
was also analyzed by dissecting single anthers. Anthers were disrupted on microscope slides and
squashed in DAPI staining solution (1 yg/ml) under a coverslip.

Alexander Staining on pollen grains was performed as described by Peterson et al., 2010. After fixation
(performed with 6 alcohol:3 chloroform:1 acetic acid), the anthers were placed on a microscope slide with
a few drops of staining solution (10 ml 95% alcohol, 1 ml malachite green (1% solution in 95% alcohol),
50 ml distilled water, 25 ml glycerol, 5 ml acid fuchsin (1% solution in water), 0.5 ml orange G (1% solution
in water), 4 ml glacial acetic acid, and distilled water to a total of 100 ml). Samples were analyzed with a
Zeiss Axiophot® microscope.

CLSM Analysis

For confocal imaging, the Laser Scanning Confocal Microscope Nikon A1 was used. For GFP, laser
conditions were set at 488 nm of excitation and the signal was acquired considering an emission range
between 500 and 600 nm. After removal of siliques and older flowers, the inflorescence was harvested
approximately 1 cm from the SAM. With the help of a Leica® MZ 6 microscope floral buds were removed,
leaving exposed only flower primordia and the inflorescence meristem. The steam of the inflorescence
was included in a 2% solution of low melting agar.

For female and male gametophytes analysis inflorescences were fixed as described by Braselton et al.,
1996.

68



IV.IV Protein -Protein Interactions
Yeast-2-Hybrid (Y2H)

The AH109 yeast strain was used for the Yeast-2-Hybrid assay, and yeast transformation was

performed as described by de Folter and Immink, 2011. The coding sequences of REM34, REM35, and
REM3 were cloned in the GAL4 system Gateway vectors (pGADT7 and pGBKT7; Clontech Laboratories,
Inc.). The protein-protein interaction assays were performed on selective yeast synthetic dropout medium
lacking Leu, Trp, Ade, and His, and supplemented with different concentrations of 3-aminotriazole (1, 2.5,
or 5 mm of 3-AT). Plates were grown for 5 days at 20°C.
The CDS of the genes of interest were cloned with the following primers: REM34 fw GGG GAC AAG TTT
GTA CAAAAAAGC AGG CTT CAT GGC GGATCC ACCACATTITCTIC-rvGGG GACCACTTTGTA
CAA GAA AGC TGG GTTI CAA ACC AGA TTA CTG CTG AGG; REM35 fw GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTT CAT GGA TGA TCC AGC AAT TTC; REM36 fw GGG GAC AAG TTT GTA
CAA AAA AGC AGG CTT CAT GGC GAATCA TCC ACT A; REM35/REM36 v GGG GAC CACTTT
GTA CAAGAAAGC TGG GTC TTACTT GAG GAT ITTT GTT GAT TTC CG.

Bimolecular fluorescence complementation (BiFC)

The REM34, REM35 and REM36 coding sequences were cloned in the pYFPN43 and pYFPC43
vectors. Agrobacterium, co-transformed with the viral suppressor p19 construct, was used to infiltrate
tobacco leaves. 3 days after inoculation, the abaxial surfaces of infiltrated leaves was imaged. As positive
control, the VAL-VDD interaction was tested (Mendes et al., 2016) while the constructs containing the
CDS were co-transformed with the empty pYFN43 and pYFC43 vectors, as a negative control. REM34
homodimerization, which was not observed in the Y2H assays, was also employed as a negative control.

IV.V In Situ Hybridization Analysis

In situ hybridization analyses on REM34, REM35, and REM36 were performed as described in
Mantegazza et al., 2014, employing the same probes described. Evaluation of the expression profile in
the inflorescence and flower meristems, which was previously published, was used as a positive control.

IV.VI Gene Expression Analysis

Total RNA was extracted from whole inflorescences using lithium chloride. RNA samples were treated
with DNase and retrotranscribed employing the iScript™ Reverse Transcription Suoermix (Bio-Rad). 1:10
dilutions of the cDNA were used as templates in gRT-PCRs, which was performed with the iQ SYBR
Green Supermix (Bio-Rad) to detect target synthesis. All the experiments were performed with three
technical replicates for each of the three biological replicates.

Auxin treatments were performed 5 days after bolting on primary inflorescences, using 15 pL of 10 uM
IAA or water (mock), containing 0.01% Silwet L-77. 3h after treating, inflorescences were collected and
immediately frozen in liquid nitrogen. RNA extraction and RT-PCR were performed as described above.

Primers employed for expression analysis are listed in the table below (Table 1V-1).
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CTGTTCACGGAACCCAATTC Ubiquitin fw
GGAAAAAGGTCTGACCGACA Ubiquitin rv
AGCTTGTGAGACTGCTCCAC REM34 fw
CCTGATCGGAGACTGAGCAC REM34 rv
CATTTGATGAAGGAGGGGAGAC REMB35 fw
CTTTCTAGCTCTGACCGAATCC REM35 rv
TCACTTGCTGGACACACCTC REM36 fw
TCGTCTCGAAGACAGTGTGC REM36 rv
TGGCATAGAGTGGAAGTCGCATC REM37 fw
GTCATTCGGGGTTTCCTATCC REM37 rv
GGAGAAGTTTCTGCCGTGAG REM39 fw
GGTCACTGGCCACTCTTCTC REM39 rv
ACGTAAACGGCCACAAGTTC eGFP fw (Che-Yang Liao et al 2015)
AAGTCGTGCTGCTTCATGTG eGFP rv (Che-Yang Liao et al 2015)
CCTGTTCCTGGGGCATGG tdTomato fw
TGATGACGGCCATGTTGTTG tdTomato rv
GCAAGCTCAGTGGTGACTAC MDS fw
ACATCCACTTTCTGACATGC MDS rv
GTTAACCGTTGCTCACAGAC NLE fw
GCCTTTGCAAGTAAACAATG NLE rv
AGTCGCCTGCTGCTAAGACAAA RBR fw
ATGACAGTCCTGAGCCACTTGG RBR rv

CTTCTGATTCATCACCGGACTC

KRP6 fw (Liu J et al 2008)

ACACCAAACGACGAACTGTTCT

KRP6 rv (Liu J et al 2008)

ATGGGATCGTCTGCGGATACA

HAM1 fw (Latrasse et al., 2008)

GAATTCGTGAGAGCGAGTATCGCA

HAM1 rv (Latrasse et al., 2008)

CCTTTAACTCCTGATCAAGCTAT

HAM2 fw (Latrasse et al., 2008)

CTACAGCGCACTCTACTGAATC

HAM2 rv (Latrasse et al., 2008)

ATGAATCTCTACGTGCCGGG

GH3.4 fw

GACGTCCTGAAGTAGTCGCT

GH3.4 rv

Table IV-1 Primers employed for Expression Analyses
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VI. APPENDIX

REM34 and REM35 Control Female and Male Gametophyte Development in

Arabidopsis thaliana.
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In this paper we investigated the role of REM34, REM35, and REM36, three closely related
and linked genes, in both female and male gametophytes development. Simultaneous
silencing by RNA interference (RNAI) caused about 50% of the ovules to remain unfertilized.

Careful evaluation of both ovule and pollen developments showed that this partial sterility
of the transgenic RNAI lines was due to a post-meiotic block in both female and male
gametophytes. Furthermore, protein interaction assays revealed that REM34 and REM35
interact, which suggests that they work together during the first stages of gametogenesis.

Finally, to confirm the phenotype observed in the REM_RNAi lines we generated
transgenic lines overexpressing REM34, fused to the EAR repressive motif. Also these lines
displayed the same post-meiotic block of both ovules and pollen, confirming that REM34,
REM35 and REM36 are involved in the control of a very early step of female and male
gametogenesis.

| contributed to this paper by performing most of the described experiments, with the
exception of the Bimolecular Fluorescence Complementation analysis (BiFC) and the

confocal laser scanning microscopy (CLSM) imaging, and by writing the manuscript.
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The REproductive Meristem (REM) gene family encodes for transcription factors belonging
to the B3 DNA binding domain superfamily. In Arabidopsis thaliana, the REM gene family
is composed of 45 members, preferentially expressed during flower, ovule, and seed
developments. Only a few members of this family have been functionally characterized:
VERNALIZATIONT (VRNT) and, most recently, TARGET OF FLC AND SVP1 (TFS1) regulate
flowering time and VERDANDI (VDD), together with VALKYRIE (VAL) that control the death
of the receptive synergid cell in the female gametophyte. We investigated the role of
REM34, REM35, and REM36, three closely related and linked genes similarly expressed in
both female and male gametophytes. Simultaneous silencing by RNA interference (RNAI)
caused about 50% of the ovules to remain unfertilized. Careful evaluation of both ovule
and pollen developments showed that this partial sterility of the transgenic RNAI lines was
due to a postmeiotic block in both female and male gametophytes. Furthermore, protein
interaction assays revealed that REM34 and REM35 interact, which suggests that they
work together during the first stages of gametogenesis.

Keywords: gametophyte development, REM, transcriptional regulation, ovule, pollen, post-meiotic division,
Arabidopsis thaliana

INTRODUCTION

In higher plants, the alternation between the diploid sporophytic generation and the haploid
gametophytic generation is a fundamental characteristic of their life cycle. The formation of the
gametophyte from the sporophyte is the result of two sequential processes, sporogenesis, and
gametogenesis. Angiosperms are heterosporous plants, characterized by the production of two
types of unisexual gametophytes, the megagametophyte (embryo sac), and microgametophyte
(pollen). Developments of both female and male gametophytes can be divided into two main steps:
sporogenesis, during which meiosis occurs giving rise to haploid spores, and gametogenesis, which
leads to the formation of the gametes (Berger and Twell, 2011).

In Arabidopsis, the female gametophyte develops in the gynoecium. The first step of megasporogenesis
consists in the formation of the ovule primordia, in which one cell differentiates into the megaspore
mother cell (MMC) or megasporocyte; the MMC sustains one meiotic division, giving rise to four
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haploid megaspores. Only one of them, the functional megaspore,
continues its development and goes through three mitotic divisions
forming a mature embryo sac composed of eight nuclei and seven
cells: three antipodal cells, two medial polar nuclei, and one egg
cell surrounded by two synergids (Mansfield and Briarty, 1991).

In the anthers, the microspore mother cell gives rise, through
meiosis, to four microspores, which develop into mature pollen
grains, containing two sperm cells surrounded by the vegetative
cell (Hafidh et al., 2016).

The transition from sporogenesis to gametogenesis is directly
correlated with the cell cycle transition from meiosis to mitosis.
During gametogenesis, the number of mitotic divisions (two for
the male and three for the female gametophyte) has to be tightly
regulated and coordinated with cytokinesis. This cell division process
is complex and requires the integration of different pathways such
as those involved in cell cycle progression, chromatin modifications,
and hormonal signaling. Moreover, mitotic progression during
gametogenesis is also affected when interfering with basic biological
processes like organelle and ribosome biogenesis (Shi et al., 2005; Li
et al,, 2009; Wang et al., 2012).

In both gametophytes, the retinoblastoma-related protein (RBR)
plays a key role in the regulation of the cell cycle by inhibiting cell
cycle entry through repressing E2F transcription factors. The rbr
mutation results in an uncontrolled nuclear proliferation in both
gametophytes (Ebel et al., 2004; Ingouff et al., 2006; Johnston et al.,
2008). More recently, RBR was also associated with the meiosis
activation, when the MMC is getting reduced by meiosis and
forming subsequently the functional megaspore (Zhao et al., 2017).

In all eukaryotic organisms, cell cycle progression is tightly
linked to the activation and degradation of different cyclin-
dependent kinases (CDKs). During both female and male
gametophyte developments, the activity of two homologous
RING finger E3 ubiquitin ligases, RHF1 and RHF2, are required
for the degradation of the CDK inhibitor ICK4/KRP6, which
allows the correct progression of the cell cycle. In the rhfI
rhf2 double mutant, both female and male gametophytes fail
to complete their development and are arrested in FG1 and
microspore stage respectively (Liu et al., 2008).

The transcriptional activity in different cell types during plant
development is dependent on epigenetic modifications, such as
chromatin remodeling and histone modifications. Failure in the
establishment of such modifications can cause different defects
throughout the plants life cycle. During gametogenesis, silencing
of the CHROMATIN-REMODELLING PROTEIN 11 (CHRII)
within the embryo sac causes an arrest of nuclear proliferation from
stage FG1 to FG5 (Huanca-Mamani et al., 2005). Furthermore,
mutations in the histone acetyl transferase genes HAMI and HAM2
cause an arrest in the early stages of both megagametogenesis and
microgametogenesis (Latrasse et al., 2008).

Genetic studies have identified a large number of loci
that control gametophyte development. Molecular cloning
and characterization of some of them have revealed insights
in sporocyte formation, meiosis/mitosis, and gametophyte
development.  Detailed  phenotypic = and  molecular
characterization of mutants remains a big challenge also because
of the complication to work with such mutants, which often are
partially sterile or even lethal (Muralla et al., 2011).

In the context of finding new players involved in the
control of this process, the REM gene transcription factor
family promises to be a good candidate since two of the four
REMs that were functionally chatacterized, VERDANDI
(VDD or REM20) and VALKYRIE (VAL or REMI1), have a
function in gametophyte development (Matias-Hernandez
et al., 2010; Mendes et al., 2016). The other two members,
VERNALIZATION1 (VRNI or REM5) and TARGET OF FLC
AND SVPI (TFSI or REM17), were shown to be involved in
the control of flowering time (Levy, 2002; Sung and Amasino,
2004; Richter et al., 2019).

The expression patterns of REM genes were analyzed by
Mantegazza et al. (2014) showing that the majority of the
members of this family are preferentially expressed during flower
and seed developments. Through this analysis, we identified
REM34, REM35, and REM36, which are mainly expressed
in the reproductive meristems but also throughout different
stages of flower development. REM34, REM35, and REM36
are located in a cluster, containing in total nine REM genes
on the fourth chromosome of Arabidopsis. REM34, REM35,
and REM36 are very similar, which might indicate a possible
functional redundancy.

Insertional mutants already analyzed for REM34 and REM36
are not complete knock-outs and showed no visible phenotype
whereas no insertional mutants are available for REM35
(Mantegazza et al., 2014). Since these genes are located in linkage
on the Arabidopsis genome, it is also practically impossible to
obtain multiple mutant combinations by crossing the available
mutant lines.

Therefore, in this study, we investigated the role of REM34,
REM35, and REM36 through their simultaneous downregulation
by RNA interference. Plants in which at least REM34 and REM35
were down-regulated showed an early arrest in the development
of both female and male gametophytes. The process of mega/
micro sporogenesis was not affected, and meiosis was taking
place. However, subsequent mitosis was not occurring after
spore formation, suggesting that these genes play a role in
gametogenesis progression.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All experiments were performed in Arabidopsis thaliana
ecotype Columbia-0 (Col-0). Plants were grown in a controlled
environment at 20-22°C either under long day conditions (16 h
light/8 h dark) or under short day (8 h light/16 h dark) conditions
for 4 weeks after germination and then transferred to long day
conditions. The suf4-1 pSUF4:SUF4-GUS seeds were donated by
S.D. Michaels. Tobacco plants were germinated and grown at
20-22°C under long day conditions.

RNA Interference and 35S:EAR_REM34
Constructs

To obtain the REM_RNAi construct 252, 232 and 254 base
pairs long DNA fragments specific for the coding sequence of

Frontiers in Plant Science | www.frontiersin.org

October 2019 | Volume 10 | Article 1351


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org

Caselli et al.

REM34 and REM35 Control Gametogenesis

each of the genes REM34, REM35, and REM36 were selected
(the primers used to amplify the fragments are listed in the
Supplementary Table 1). The fragments specificity was checked
by BLAST against the Arabidopsis genome.

The three selected regions were PCR amplified, adding
the Bsal sites to the primers, and cloned in a pENTR™ vector
previously modified to function as a Golden Gate acceptor, with
a single Golden Gate reaction, producing the pENTR-RNA;i_
REM vector. The Gateway LR reaction (Invitrogen™ Gateway™
recombination cloning system) was then performed to sub-clone
the RNAi_REMs fragments into the pFGC5941 vector and used
to transform Arabidopsis. Primers that were used are listed in
Supplementary Table 1.

The EAR motif was added to the C terminus of the REM34
coding sequence (see primer sequences in Supplementary
Table 1). The fragment was cloned into the pB2GW?7 plasmid
(35S) passing through the pENTRY-D-TOPO vector (Invitrogen™
Gateway™ recombination cloning system). Arabidopsis plants were
transformed using the floral-dip method (Clough and Bent, 1998).

Quantitative RT-PCR

Total RNA was extracted from whole inflorescences. RNA
samples were treated with DNase (TURBO DNA-free®; Ambion,
http://www.ambion.com/) and retrotranscribed employing the
ImProm-IITM Reverse Transcription System (Promega). Diluted
aliquots of the cDNAs or genomic DNA were used as templates
in qRT-PCRs, using the iQ SYBR Green Supermix (Bio-Rad) to
detect target synthesis. All the experiments were performed with
three technical replicates for each of the three biological replicates,
with the exception of the expression analysis of REM34, REM35,
and REM36 in the T1 REM_RNAI, in the T1 35S:REM34_EAR
plants and for T-DNA abundancy evaluation. Primers employed
for these analyses are listed in Supplementary Table 1.

Silique Length, Seed Number Evaluation,
and Reciprocal Crosses
For each line, 10 siliques (dissected from three different plants)
were measured, and seed, aborted seed, and non-fertilized
ovule numbers were counted. For this purpose, a Leica® MZ 6
microscope was used.

For the reciprocal crosses between wild-type and REM_RNAi
#1 plants, mature siliques as well as open flowers and buds in
an advanced stage of development were removed from the
inflorescence of the mother plant, along with the meristem and
smallest buds. Remaining buds were emasculated by removal of
all floral organs except for the ovary. Then, anthers in the correct
stage of development were taken from other flowers and used
to pollinate the stigma. The numbers of seeds and unfertilized
ovules were assessed for at least five pistils for each cross, and
three biological replicas of the experiment were performed.

In Situ Hybridization Analysis

In situ hybridization analysis for REM34, REM35, and REM36
were performed following the same protocol and employing the
same probes described by Mantegazza et al. (2014). Evaluation of

the expression profile in the inflorescence and flower meristems
was used as a positive control.

Protein-Protein Interaction Analysis

Yeast two-hybrid assays were performed in the yeast strains
PJ69-4A and PJ69-4a (de Folter and Immink, 2011). The coding
sequences of REM34, REM35, and REM36 were cloned in the
pDEST32 (bait vector, BD; Invitrogen) and pDEST22 (prey
vector, AD; Invitrogen) Gateway vector. The bait constructs were
tested for autoactivation on selective yeast synthetic dropout
medium lacking Leu, Trp, and His supplemented with 1, 3, 5,
10, or 15 mM of 3-aminotriazole, in order to set the screening
conditions. After mating, colonies were plated on the proper
selective media and grown for 5 days at 20°C.

The same coding sequences were also cloned in the
pYFPN43 and pYFPC43 vectors, to perform the BiFC assay.
Agrobacterium, transformed with the vectors and the viral
suppressor pl9 construct, was used to infiltrate tobacco leaves.
The abaxial surfaces of infiltrated leaves were imaged 3 days
after inoculation. As positive control for the infiltration, the
already published VAL-VDD interaction was tested (Mendes
et al,, 2016). As negative controls, the constructs containing the
proteins of interest were co-transformed with the empty pYFN43
and pYFC43 vectors. Furthermore, REM34 homodimerization,
which was not observed in the Y2H assays, was also employed as
a negative control (Supplementary Figure 5).

Female Gametophyte Characterization
Female gametophytes were cleared and analyzed as previously
described by Brambilla et al. (2007). Inflorescences were
prepared for observation using the following protocol: flowers
were emasculated and the next day harvested. The emasculated
pistils were left O/N at 4°C in a 1:9 acetic acid:ethanol solution.
Samples were rehydrated by subsequent washes with ethanol 90
and 70% and then incubated O/N at 4°C in clearing solution
(160 g chloral hydrate, 50 g glycerol, and H,O to a final volume
of 250 ml). Pistils at different developing states were separated
from the other floral organs and opened to evaluate the female
gametophyte morphology. For these experiments, a Zeiss
Axiophot® microscope equipped with differential interference
contrast (DIC) optics was used.

In Vitro Pollen Germination
For this experiment, the protocol published by Bou Daher et al.
(2009) was followed applying minor modifications.

Pollen grains were plated on small glass plates, containing 2.5
ml of pollen germination medium [PGM:18% sucrose, 0.01%
boric acid, 1 mM CaCl,, 1 mM Ca(NO,),, 1 mM MgSO,, 0.5%
agarose pH = 7]. The plates were incubated overnight at 22°C, with
wet paper to maintain humidity. The next day, pollen germination
and growth were evaluated with a Zeiss Axiophot® microscope.

Aniline Blue Staining
Flowers were emasculated and, after 24 h, pollinated. The
pollinated ovaries were collected at two different time points:
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5 and 24 h after pollination. Samples were overnight fixed and
stained in absolute ethanol/glacial acetic acid 9:1, as previously
described by Mori et al. (2006). Subsequently, they were
transferred into a 8M NaOH solution for 1 h at 50°C. Finally, the
carpels were washed twice with ddH,O for 10 min. The staining
was performed with a modified aniline blue solution (aniline
blue 2%, glycerol 1 M ddH,0) (Takeuchi and Higashiyama,
2016). Samples were stored at 4°C for 3 h or overnight. The
observation was done under UV light (350-400 nm) with a
Zeiss Axiophot® microscope.

Pollen DAPI Staining

Pollen was stained according to Park et al. (1998). Mature pollen
was obtained by placing 3-4 open flowers in a microcentrifuge
tube containing 300 pl of 4',6-diamidino-2-phenylindole (DAPI)
staining solution (0.1 M sodium phosphate (pH 7), 1 mM
EDTA, 0.1% Triton X-100, 0.4 pg/ml DAPI high grade, Sigma).
After brief vortexing and centrifugation, the pollen pellet was
transferred to a microscope slide and observed with a Zeiss
Axiophot® microscope. Pollen at earlier stages of maturation
was also analyzed by dissecting single anthers. Anthers were
disrupted on microscope slides and squashed in DAPI staining
solution (1 ug/ml) under a coverslip.

GUS Staining

B-Glucuronidase (GUS) assays were performed as described by
Resentini et al. (2017). Pistils at different developmental stages were
dissected and fixed in acetone 90% and incubated O/N at 37°C.
After staining, they were cleared using the protocol described above.

Alexander Staining for Pollen Grains

Staining of pollen grains was performed as described by
Peterson et al. (2010). After fixation (performed with 6 alcohol:3
chloroform:1 aceticacid), the anthers were placed on a microscope
slide with a few drops of staining solution (10 ml 95% alcohol, 1
ml malachite green (1% solution in 95% alcohol), 50 ml distilled
water, 25 ml glycerol, 5 ml acid fuchsin (1% solution in water),
0.5 ml orange G (1% solution in water), 4 ml glacial acetic acid,
and distilled water (4.5 ml) to a total of 100 ml). Samples were
analyzed with a Zeiss Axiophot® microscope.

CLSM Analysis

For confocal imaging, the Laser Scanning Confocal Microscope
Nikon Al was used. Inflorescences were fixed as described by
Braselton et al. (1996). Samples were then excited using a laser
(532 nm), and emission was detected between 570 and 740 nm.

RESULTS

RNAi Mediated Silencing of REM34,
REMS35, and REM36

Since REM34, REM35, and REM36 are very similar and in linkage,
an RNA interference approach was adopted to investigate their
role during reproductive development in Arabidopsis.

Due to sequence divergency, even in the B3 DNA binding
domain (Romanel et al, 2009), it was impossible to design a
single artificial small interfering RNA fragment that was able to
silence the three REM genes simultaneously. Therefore, a multiple
RNA interference (RNAi) technology was used to express a single
chimeric double stranded RNA that targeted the three REM genes
under the control of CaMV35S (Miki et al., 2005; Bucher et al.,
2006) (Figure 1A).

We selected three regions specific for the coding sequence of
REM34, REM35, and REM36. The regions selected for REM34
and REM36 are highly specific for the genes of interest and
were expected not to have any off target in the Arabidopsis
genome. The RNAi fragment that targets REM35 has a partial
complementarity with REM36, and, at a lower level, with REM37,
whose expression is almost undetectable in most Arabidopsis
tissues (Mantegazza et al., 2014; Klepikova et al., 2016).

Forty REM_RNAi T1 transgenic Arabidopsis lines were
obtained. We evaluated the down-regulation of the REM genes in
nine different T1 lines (Figure 1B), which all showed defects in
silique and gametophyte development.

Silencing of the three target genes was confirmed in the
T2 generation by qRT-PCRs (Supplementary Figure 1).
Furthermore, we showed that the RNAi construct was specific for
their targets by testing the expression of REM37 and REM39. The
latter was chosen due to the fact that REM39 is highly expressed
in the tissues where REM34, REM35, and REM36 are also active
(Mantegazza et al., 2014; Supplementary Figure 1).

REM_RNA:i Lines Have a Reduced Ovule
Number and Seed Set Compared to
Wild-Type Plants

We selected three REM_RNAi lines (#1, #4, and #5), with different
levels of silencing of REM36, for further investigations in the
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FIGURE 1 | Multiple RNA interference lines. (A) Schematic representation
of the RNAI construct. The REM34-REM35-REM36 sense and antisense
fragments are separated by the chsA intron, to allow the hairpin structure
formation. (B) gRT-PCR on nine different REM_RNAI T1 inflorescences,
showing a strong downregulation of REM34 and REM35 and different levels
of REM36 expression.
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T2 generation. In line #1, REM36 showed a downregulation of
around 50%, while in lines #4 and #5, REM36 was found to be
slightly upregulated compared to the wild-type (Figure 1B).

In the T2 generation, silique length and seed number were
evaluated for the three selected lines. The REM_RNAi #T2.1 line
showed a decrease of 35.3% in the silique length and a 19.4%
reduction in total ovule number (Figures 2A-C). Furthermore,
on average 66% of the ovules failed to be fertilized (Figures 2C,
D). The other two REM_RNA:i lines, #T2.4 and #T2.5, showed a
similar phenotype even if the percentage of unfertilized ovules
was lower, 35.3 and 45.4%, respectively (Figure 2C).

The REM_RNAi #1 line was selected to further investigate
the sterility phenotype caused by the downregulation of
REM34, REM35, and REM36. This line was propagated to the
T3 generation, where plants homozygous for the REM_RNAi
construct were selected. Even if the RNAi construct has a
dominant effect, we evaluated whether the sterility observed in
the REM_RNAi T2 segregating lines was exacerbated in plants
homozygous for the construct. For this purpose, the seed set of
the REM_RNAi T3.1 homozygous line was evaluated.

Interestingly, comparing both the REM_RNAi #T2.1 and
the REM_RNAi #T3.1, we noticed that the percentage of
ovule abortion was the same, suggesting that the silencing
of REMs is probably acting both at the sporophytic and
gametophytic levels.

Since the two lines in which REM36 was not downregulated
displayed a milder phenotype compared to the REM_RNAi
#T2.1 and REM_RNAi #T3.1 lines, in which all three genes were
downregulated, it is possible that REM36 is partially redundant
to REM34 and REM35 during gametophyte development. On the
contrary, the ovule number was the same in all three REM_RNAi
lines (Figures 2A, C), indicating that REM36 is not involved in
the determination of the ovule primordia number.

To further confirm that no phenotypical differences were
detectable between plants homozygous and heterozygous
for the T-DNA insertion, we analyzed the silique content of
10 REM_RNAi #T2.4 and 10 REM_RNAi #T2.5 T2 plants in
which the construct was still segregating, and we found no
significant differences between all the herbicide resistant plants
(Supplementary Figures 2A, C). For both REM_RNAi #T2.4
and #72.5 lines, a relative evaluation of T-DNA copies in each
of the nine plants considered was performed. The RT-PCR
analyses showed a various amount of T-DNA amplicons which
is clearly unrelated to the ovule abortions and the overall seed
set observed in all the REM_RNAi #T2.4 and #T2.5 analyzed
individuals (Supplementary Figure 2). The ACTIN7 amplicon
was used as normalizer and the herbicide resistance BAR gene
used to estimate the abundancy of T-DNA copies.

These analyses allowed excluding the possibility that the
reduced seed set was linked to the presence of a heterozygous
T-DNA insertion (Curtis et al., 2009; Clark and Krysan, 2010)
and suggests that either the sporphytic silencing of REM34,
REM35, and REM36 affects the gametophyte or that the mobile
siRNA diffuses from the sporophyte to the gametes (Mlotshwa
et al., 2002; Melnyk et al., 2011; Skopelitis et al., 2018).

To understand if the reduced seed set was due to problems in the
female or the male gametophyte, we performed reciprocal crosses

between REM_RNAi #T3.1 and wild-type plants. As a control,
both REM_RNAi #T3.1 (homozygous for the T-DNA triggering
the RNAi silencing) and wild-type plants were manually selfed, in
order to evaluate if the manipulation of the flower was affecting
the fertility of the analyzed plants (Figure 2E).

When REM_RNAi #T3.1 pistils were pollinated with REM_
RNAi #T3.1 pollen, 73.3% of the ovules failed to be fertilized
while wild-type lines manually pollinated with wild-type pollen
resulted in 19.5% unfertilized ovules. When the REM_RNAi
#T3.1 line pistils were pollinated with wild-type pollen, the
percentage of unfertilized ovules was 78.6%, indicating a strong
contribution of the female reproductive organ defects to this
phenotype. Interestingly, when wild-type pistils were pollinated
with REM_RNAi #13.1 pollen, still 61.0% of the ovules were not
fertilized (Figure 2E). Moreover, we observed a high variability
in the number of unfertilized ovules using REM_RNAi pollen
as shown in Figure 2E. Macroscopical inspection revealed a
decrease in pollen grain number compared to wild-type anthers
and a lack of adherence of the pollen to the wild-type stigma,
both observations were further investigated (see below). All
these considerations strongly suggest that both female and male
reproductive organs are affected in the REM_RNAi lines.

REM34, REM35, and REM36 Are
Expressed in Both Female and Male
Reproductive Organs in Adjacent
Sporophytic and Gametophytic Cells
Previously, the expression pattern of the REM genes was
characterized in the shoot apex by in situ hybridization analysis,
showing that REM34, REM35, and REM36 are expressed from
the earliest stages of reproductive development of Arabidopsis in
the inflorescence meristem and flower meristem and during the
first stages of flower development with the exception of sepals
(Franco-Zorrilla et al., 2002; Mantegazza et al., 2014).

In order to analyze the expression profiles in more detail during
male and female sporophytic/gametophytic developments, we
performed in situ hybridization analysis for REM34, REM35,
and REM36 in both female and male reproductive organs. The
flower stages are described accordingly to Smyth et al. (1990) and
Schneitz et al. (1995).

In Arabidopsis, pollen mother cells differentiate inside the
young anther, ovule primordia arise from the placenta in stage
8 of flower development, and differentiation is completed at
stage 13.

At stage 8/9 of flower development (Smyth et al, 1990),
hybridization signals were detected for all three genes, in the
anthers where the pollen mother cells differentiate and within
the carpels, although in this case, the signal was stronger in the
placenta and ovule primordia (Figure 3A).

At stage 10, a strong signal was always detected in developing
ovules and pollen (Figure 3B). Our analysis revealed that the
timing of expression of the three REM genes coincided with male
and female sporogenesis.

During subsequent stages of flower development, stages
11-12, both female and male initiate gametophyte development.
During these stages, a decrease in the signal was clearly observed
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FIGURE 2 | REM_RNA lines have shorter siliques and a reduced seed set compared to the wild-type. (A) Graph showing the mean length of 10 wild-type and 10
REM_RNAi #T2.1, #T3.1, #T72.4, and #72.5 siliques. A wild-type silique measures on average 13.4 mm, the siliques from the different REM_RNA/ lines were found
to measure on average between 7.8 and 10.7 mm. (p < 0.01 for all comparison with the wild-type, ANOVA and post hoc Tukey HSD test were used). (B) Example
of wild-type and REM_RNAI #T2.1 siliques (bar = 5 mm). (C) Graph showing the mean number of ovules/silique in the wild-type and REM_RNAI #T2.1, #T73.1,
#72.4, and #T72.5 plants, divided in seeds and not fertilized ovules. Compared to the wild-type situation, in which each silique contains on average 47.4 ovules,

the REM_RNAI siliques have on average 29.8 to 38.5 ovules (p < 0.01 for all comparison with the wild-type, ANOVA and post hoc Tukey HSD test were used). On
average between 35.3 and 66.0% of ovules, depending from the analyzed line, failed to be fertilized, while no aborted ovules were detected in the wild type situation
(p < 0.01 for all comparison with the wild type, ANOVA and post hoc Tukey HSD test were used). (D) Example of wild-type and REM_RNAI #T2.1 seed sets (bar = 5
mm). (E) Reciprocal crosses analysis between wild-type and REM_RNAI #73.7 plants. As a control, both wild-type x wild-type and REM_RNAI #T3.7 x REM_RNAI
#73.1 crosses were performed. Crosses are indicated female x male. (p < 0.01 for all comparison with the wild type of the non-fertilized ovules number, ANOVA and
post hoc Tukey HSD test were used).
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FIGURE 3 | REM34, REM35, and REM36 expression patterns. (A) In flowers at ST8-9, the signal in the carpel is restricted in the tissue of the placenta and
ovules primordia. At the same stage, a clear signal is also visible in the anthers. (B) At ST10-11, the signal is present in the ovules, which are completing
megagametogenesis, and in the anthers, where the pollen grains are undergoing the first mitotic division. (C) At ST12, when pollen reaches maturity, the signal is
no longer visible in the anthers. (D) In flowers at anthesis, the target genes are expressed in the mature female gametophytes, in particular in the funiculus, inner
integuments, and central cell. Flower stages are described accordingly to Smyth et al., 1990 (bar = 20 pm).
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in anthers (Figure 3C); during these stages, pollen reaches
maturity, and the vegetative and generative cells are differentiated
after mitosis (Park et al., 1998). In contrast, a strong signal
was detected during ovule development when the surviving
megaspore undergoes three rounds of mitosis and passes from
stages 31 to 3V (Schneitzetal., 1995). Interestingly, when the ovule
is at its very last stage of development 3-VI (Schneitz et al., 1995),
a strong signal was detected in the funiculus, in the innermost
integument and, inside the mature female gametophyte, in the
central cell region (Figure 3D).

The expression analysis of REM34, REM35, and REM36
highlighted the fact that, also during anther/pollen and carpel/ovule
development, these three REMs have a similar pattern of expression.

The analysis of the expression patterns of REM34, REM35,
and REM36 combined with the phenotypes observed in the
REM_RNA:i lines denote an important role for these genes during
the development and production of viable male and female
structures and gametes.

In REM-RNA:I Lines the Female
Gametophyte Is Unable to Complete Its
Development

The expression profile of REM 34, REM35, and REM 36 suggests that
these genes play a role during ovule development. Furthermore,
the reciprocal crosses showed that between 73.3 and 78.6%
of the ovules in the REM_RNAi #T3.1, which is homozygous
for the RNAi cassette, were not fertilized (Figure 2E).

Based on this evidence, we hypothesized that the ovule
defects in the REM_RNA; lines might be due to an arrest in
their development. Therefore, a detailed evaluation of female
gametophyte development was carried out in the REM_RNAi

#T3.1 homozygous line. In this line, 42.9% (227/529) of the
ovules failed to complete their development and showed
an arrest in the FG1 stage (Figure 4A). These ovules were
characterized by an embryo sac containing one large cell, the
functional megaspore, with a single nucleus; the rest of the
ovules completed their development reaching the FG7 stage
(Figures 4B, C). The same phenotype was observed in the RNAi
#T2.4 and #T2.5 lines which both derived from hemizygous
mothers (Supplementary Figure 3).

To confirm that, in the REM_RNAi lines, the defective
female gametophytes were arrested in the FGI stage, after
meiosis, we crossed the pSUF4:SUF4-GUS marker line with the
REM_RNAi #T3.1 line. In the pSUF4:SUF4-GUS marker line,
GUS expression is not detectable during megasporogenesis,
but it becomes visible after meiosis, once the functional
megaspore is formed, and marks all the nuclei of the embryo
sac (Resentini et al.,, 2017). Observing REM_RNAi #T3.1
pistils, both wild-type like ovules, with more than one nucleus
and ovules arrested in the FG1 stage, with the nucleus of the
functional megaspore, expressed the GUS reporter (Figure
4D) suggesting that the defect in female gametophyte
development was post-meiotic.

To investigate in detail the arrest at the FG1 stage, we carried
out confocal laser scanning microscopy (CLSM) on REM_RNAi
#T3.1 developing ovules. The feulgen staining perfectly marked
the cell wall of the ovule integuments and the embryo sac
dividing nuclei, allowing the recognition of the gametophytic
developmental stages. In the same REM_RNAi #T3.1 pistil, we
observed ovules that normally developed until stage FG4 (Figure
4E) and those that were arrested in FG1 in which the embryo sac
contains the functional megaspore and the three degenerating
spores on top of it (Figure 4F).
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FIGURE 4 | REM_RNAI #T3.1 female gametophyte characterization. (A) Analysis of cleared mature carpels of both wild-type (n = 11) and REM_RNAi #73.1 (n =
13). In wild-type mature carpels, all the ovules reach the FG7 stage (542/542 ovules), while in the REM_RNAI line, 227/529 ovules are arrested at the FG1 stage.
(B), (C) Cleared ovules collected from both wild-type (B) and REM_RNAI #73.1 (C) mature carpels. In the wild-type situation, 100% of the embryo sac reaches the
FG7 stage, while in the RNAI line, almost 60% of embryo sacs show an arrest in the FG1 stage (bar = 20 um). (D) pSUF4:SUF4-GUS in the REM_RNA line. In the
uppermost ovule, two nuclei are stained, indicating the progression of gametogenesis till FG4 stage. In the lowest ovule 1, nucleus is stained indicating an arrest in
FG1 stage. The arrowheads marked nuclei (bar = 50 um). (E-F) CLSM analysis of REM_RNAi #T3.1 ovules. In the same carpel, it was possible to observe ovules
progressing in their development (E) and ovules arrested at the FG1 stage (F); asterisks indicate three out of the four nuclei. v, vacuole; fm, functional megaspore
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The REM-RNAI Lines Showed a Post-
Meiotic Defect of the Male Gametophyte
From the analysis of wild-type carpels pollinated with REM_
RNAi pollen, we observed that 61.1% of the ovules were not
fertilized, suggesting that the male gametophyte in these lines is
also defective (Figure 2E). To understand the cause of this defect,
we first carried out an in vitro pollen germination assay which
showed a 30% decrease in the germination rate of the REM_
RNAi #7T3.1 pollen compared to the wild type (Figures 5A, B and
Supplementary Figure 4).

The growth rate of REM_RNAi pollen tubes and their ability
to correctly target ovules were also evaluated in vivo by means of
aniline blue staining (Supplementary Figure 4). The REM_RNAi
pollen tubes did not show any growth defect, they reached the
end of the pistil in the same time as the wild-type pollen tubes,
and the mature ovules were correctly targeted (Supplementary
Figure 4). We noticed that, as mentioned before, the REM_RNAi
pollen number appeared to be lower, and it did not adhere well
to the stigma papillae, which could explain the high variability
observed in the backcrosses between wild-type pistils and REM_
RNA:i pollen (Figure 2E).

To try to understand the cause of the male sterility phenotype,
pollen grains were collected from mature anthers and treated
with Alexander’s stain, which colors viable pollen red. While in
the wild type, all the collected pollen was viable; in the REM_
RNAi #T3.1 anthers, 33.9% of the grains were not stained,
indicating that those pollen grains were non-viable and did not
appear to contain any cytoplasm (Figures 5C-E). Interestingly,
the percentage of non-viable pollen grains in the REM_RNAi line
corresponds to the decreased germination capability observed in
vitro, suggesting that the grains which are unable to produce the
pollen tube are the degenerated ones.

To investigate the pollen defect in more detail, confocal laser
scanning microscopy (CLSM) was used. In Figure 5F, wild-type
pollen from a mature anther is shown; intine and exine layers
were very well distinguishable and inside the pollen grain, and
the sperm cells and the vegetative cell nuclei were stained. On
the contrary, in the REM_RNAi #T3.1 mature anthers, a high
percentage of pollen grains appeared shrunken and empty;
neither sperm nor vegetative cells were identified, although the
intine and exine layers looked intact (Figure 5G).

To understand when the pollen grains degenerated, we visualized
their nuclei with DAPI staining at different developmental stages
(Figures 6A-F and Supplementary Figure 3). At the microspore
stage, all REM_RNAi #T3.1 grains were characterized by the
presence of a single bright nucleus localized at the center of the
cell, indicating that the pollen, like wild-type, passed through
meiosis correctly (Figures 6A, D). After meiosis, in wild-type, the
microspores underwent a first mitotic division that produced one
vegetative and one sperm nuclei (Figure 6B). Subsequently, the
second round of mitosis led to the formation of the mature pollen
grain, which contained two small sperm cells each with a bright and
elongated nucleus and the vegetative cell (Figure 6C). Interestingly,
in REM_RNAi #7T3.1 anthers, some grains were characterized by the
lack of nuclei; this phenotype was detectable also at the tricellular
stage (Figures 6E, F and Supplementary Figure 3).

Thus, after meiosis, REM_RNAi anthers displayed both viable
pollen grains, with two sperm cell nuclei and a distinct vegetative
nucleus, and not viable pollen grains, in which no DNA is
detectable (Figures 6E, F). This is similar to what was observed
with the CLSM analysis.

All this evidence suggests that the degeneration of pollen
grains observed in the REM_RNA; lines could be due to a post-
meiotic block in their development, a similar defect as the one
observed in the female gametophytes.

REM35 Formed Homodimers and
Heterodimers With REM34

REM transcription factors can form functional heterodimers
(Mendes et al., 2016). To understand if also REM34, REM35, and
REM36 could function via dimer formation, yeast two-hybrid
assays were performed. This approach revealed that REM35 is
able to interact strongly with itself and also with REM34, while
no interactions were detected with REM36 (Figure 7A and
Supplementary Figure 5).

All the interactions observed in the yeast two-hybrid assays
were confirmed in vivo with a Bimolecular Fluorescence
Complementation (BiFC) assay in Nicotiana benthamiana leaves
(Figures 7B, C and Supplementary Figure 5). This finding
suggests that REM34 and REM35 could act as heterodimers.

Downregulation of REM34, REM35, and
REM36 Altered Expression of Genes
Involved in Post-Meiotic Divisions

As described above, the downregulation of REM34, REM35, and
partially REM36 resulted in a post-meiotic arrest in both female
and male gametophytes, suggesting that these transcription
factors could be involved in regulating mitosis progression
during gametogenesis.

To elucidate the molecular mechanism causing this block,
we measured the expression levels of genes that control
gametogenesis by q-RTPCR. We focused on genes that, when
mutated or overexpressed, cause similar defects to those observed
in the REM_RNAi gametophytes. Those genes were divided into
three categories based on the biological process in which they are
involved in: ribosome biogenesis (MDS, NLE), cell cycle control
(RBR, KRP6), and chromatin regulation (HAM1, HAM2).

MDS, which, together with NLE, is involved in the
biogenesis of the 60S ribosomal subunit and is essential during
megagametogenesis (Chantha et al., 2010), was downregulated
in the REM_RNAi #T3.1 lines. KRP6, a CDK inhibitor
whose overexpression causes a block in mitosis progression
during female and male gametophytic development, was also
downregulated in the REM_RNA lines.

Among the genes involved in chromatin modifications, two
histone acetyltransferases (HATs), HAMI and HAM?2, were
selected. Only HAM2 was downregulated in the REM_RNAi
#T3.1 line (Figure 8).

These results suggest an intricate interconnection
among regulators and effectors, which end up in a correct
gametogenesis program.
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FIGURE 5 | REM_RNAI #T73.71 male gametophyte characterization. (A-B) /n vitro germination test of wild-type (A) and REM_RNAi #73.7 (B) pollen grains, plates
were imaged 24 h after plating (bar = 100 pm). (C-D) Pollen grains, collected from mature anthers of both wild-type (C) and REM_RNAI #T73.1 anthers (D), were
stained with Alexander’s staining to check pollen grain viability. While all the wild type grains were viable, some REM_RNAi#T3.1 pollen grains appeared shrunken
and unable to be stained in red (bar = 20 pm). (E) Mature anthers from wild-type and REM_RNAi#T3.1 flowers were dissected, the released pollen was collected
and treated with Alexander’s staining to discriminate between viable and non-viable pollen grains. In the wild type, 100% of the pollen grains resulted vital while
33.9% of REM_RNAi#T3.1 pollen was found to be non-vital. (wt n = 1,337, REM_RNA#T3.1 = 874, p < 0.01 for all comparison with the wild-type, ANOVA and
post hoc Tukey HSD test were used). (F-G) CLSM analysis of wild-type (F) and REM_RNA#T3.1 (G) mature anthers. All the wild-type grains are round and contain
the vegetative nucleus and the two sperm cell nuclei; in the REM_RNAi#T3.7 anthers, it is possible to visualize both pollen grains at two nuclei stage, as well as
degenerate pollen grains, without any visible nucleus (bar = 10 um).
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without nucleus (bar = 10 pm).

FIGURE 6 | Wild type and REM_RNAI pollen development. DAPI staining of wild-type and REM_RNA#T3.1 pollen grains at different developmental stages. At the
microspore stage (A and D), all the grains contain a well-defined central nucleus. At the bicellular stage in all wild-type grains (B), the spermatic and vegetative
nuclei are distinguishable, while in the REM_RNA#T3.1 lines (E), some grains, marked with an asterisk, do not display any nucleus. Wild-type mature pollen grains
(C), characterized by the presence of two sperm cells and one vegetative nucleus. REM_RNAi#T3.1 mature pollen (F), the asterisk marks a mutant pollen grain

Overexpression of the REM34_EAR
Chimeric Protein

The genes that were downregulated in the REM_RNAi lines
might be targets of the REM transcription factors. This
suggests that REM34 and REM35 might be transcriptional
activators. To investigate whether REM transcription factors
work as activators of transcription, we fused REM34 with the
dominant EAR repressor domain (known as chimeric repressor
silencing technology CRES-T) and transformed wild-type
Arabidopsis plants with this construct. Five transgenic lines that
overexpressed the REM34_EAR chimeric gene at different levels
in the T1 generation were obtained (Figure 9A).

In the T2 generation, silique length and ovule number were
measured in two independentlines (REM34_EAR#T2.1 and REM34_
EAR#T2.7). In both the selected T2 REM34_EAR lines, we observed
a decrease in the silique length of 23.1 and 25.0%, respectively,
and the presence of 55.0 and 42.6% aborted ovules, similar
to what was observed in the REM_RNA: lines (Figures 9B-E).

The phenotype of the aborted ovules was further evaluated
in cleared mature carpels of the REM34_EAR #T12.1 and #T12.7
lines. We detected both ovules at FG7 stage, with the seven cells
clearly distinguishable, and ovules at FG1 stage, characterized by
a single cell embryo sac (Figure 9F).

To confirm also the post meiotic block in the male
gametophyte, mature pollen of both REM34 _EAR #T2.1 and
#T2.7 lines were stained with DAPI Similarly to what was

observed in the REM_RNA:i lines, some pollen grains were able
to reach the tricellular stage while others appeared shrunken and
degenerated, with no visible nuclei (Figure 9G).

The strong similarity between the REM34_EAR and the
REM_RNA:i phenotypes might suggest that the overexpression of
the chimeric REM34_EAR protein was causing co-suppression
of other REM genes. To exclude this possibility, we investigated
the expression level of REM35, REM36, REM37, and REM39 in
the REM34 _EAR #T2.1 and #72.7 lines. The level of expression
of the endogenous REM34 was not taken into account, as the
perturbation of REM34 expression alone did not cause any
evident phenotypical defects (Supplementary Figure 6) (Franco-
Zorrilla et al., 2002; Mantegazza et al., 2014). The obtained results
showed that the closely related REMs were not affected suggesting
that the expression of the REM34_EAR chimeric protein caused
the observed phenotypes.

DISCUSSION

Functional Analysis of REM Genes

The plant-specific REM family in Arabidopsis is composed of
45 genes, generated through multiple duplication events, which
are mostly expressed during flower and ovule development
(Romanel et al., 2009). Even if the expression pattern of these
genes suggests that they could play an important role in regulating
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tM35 YFN:REM35

FIGURE 7 | REM34 and REM35 interaction. (A) Yeast two hybrid assays
showing the interactions between REM34 and REM35 and REM35 and REM35,
on -L-W-H + 2.5 3-AT selective media. Empty pDEST32 vector was employed
as a negative control. (B—-C) BIFC experiments in tobacco leaf cells showing the
reconstitute YFP fluorescence (green) between (B) REM34 and REM35 fusions
to the C- and N-terminal fragments of YFP, respectively. (C) REM35 fusions to
the C- and N-terminal fragments of YFP (bar = 50 pm).

developmental processes such as shoot architecture and flower
development, until now, only a few of them have been associated
to a function (Levy, 2002; Matias-Hernandez et al., 2010; Mendes
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FIGURE 8 | Expression analysis of genes involved in gametophyte
development by gRT-PCR. Selected gene expression in inflorescence of
wild-type and REM_RNAI #T3.1. The expression of selected genes was
normalized to that of UBI, and the expression level in Col was set to 1.

et al., 2016). This might be due to their functional redundancy
but also because they are often in linkage on the genome.

Here, we investigated the function of the linked duplicated
REM34, REM35, and REM36 genes by a multiple RNAi approach
and showed that REM34, REM35, and partially REM36, are
involved in male and female gametophytic developments during
post-meiotic divisions. A similar multiple RNAi approach was
previously employed to silence simultaneously up to six target
genes in Arabidopsis thaliana (Czarnecki et al., 2016).

The REM_RNAi construct was found to be a very efficient
tool: by selecting specific gene sequences, we were able to
silence the three target genes with a single construct and a
single transformation event. Importantly, the construct showed
to be highly specific for the three genes of interest without any
obvious off-target activity. Transgenic lines showing silencing of
the REM genes under study were all characterized by a reduced
seed set and an arrest in female gametophyte development at
the earliest stages of gametogenesis. Since REM34, REM35,
and REM36 appeared to be mainly expressed in sporophytic
tissues throughout Arabidopsis reproductive development, the
CaMV35S promoter was chosen to drive the expression of the
RNAI fragments. The activity of the CaMV35S promoter seems
to be low during female and male gametophyte developments,
but it has been shown that such promoter can be successfully
employed to silence genes during gametophytic development
(Acosta-Garcia and Vielle-Calzada, 2004; Mendes et al., 2016).
A valid hypothesis for the observed gametophyte phenotypes
might be that it is caused indirectly by the silencing of REM34,
REM35, and REM36 in the female and male sporophytic cells.
However, it is also important to consider that the RNAi construct
is dominant and that it can trigger a non-cell autonomous and
systemic silencing signal which might be maintained throughout
the different phases of plant development (Mlotshwa et al., 2002;
Melnyk et al., 2011; Skopelitis et al., 2018).

Since functional redundancy is a common phenomenon
in plants (Briggs et al., 2006), this kind of RNAi approach will
be helpful for the functional characterization of members of
highly redundant families and especially that are in linkage.
Furthermore, since silencing of genes by RNAi is often not
complete, this approach could favor the analysis of genes for
whom knock-out leads to lethality or complete sterility.

REM Protein Interactions

Protein interaction studies revealed that REM34 and REM35 were
able to interact with each other; while no interaction was found
with REM36, this supports the hypothesis that REM36 might not
be able to substitute completely REM34 and REM35 functions.
Interactions between REM factors were found before. VDD and
VAL, two functionally characterized REM factors involved in
synergid degeneration upon fertilization (Mendes et al., 2016), also
interact with each other. Furthermore, both VAL and REM35 were
also able to make homodimers. These characteristics might well be
a common feature for the REM family and, in perspective of the
guilt-by-association principle, it would be informative to analyze
all possible REM protein interactions. The same approach was
shown to be extremely useful for the characterization of MADS
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(F) Cleared ovules sampled from mature REM34_EAR #T2.1 carpels, the asterisk marks the one blocked at the FG1 stage (bar = 20 pm). (G) DAPI stained pollen

grains, sampled from mature REM34_EAR #T2.1 anthers; some grains were able to reach the tricellular stage and showed fluorescent nuclei while others appeared
degenerated and with no visible nucleus (bar = 20 pm).
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domain transcription factor family, for which extensive protein-
protein interaction studies effectively guided genetic studies and
functional characterization of many of them (de Folter et al., 2005;
Gregis et al., 2006; Fornara et al., 2008; Immink et al., 2009).

REM34 and REM35 Control Female and
Male Gametogenesis

We discovered that, in the REM_RNAi lines, both the male and
female germ lines were able to go through meiosis correctly, but
they were not able to pass the FGI stage, suggesting a role for
REM34and REM35 in the control of gametogenesis in Arabidopsis.

Although the REM gene family was named after the specific
meristematic expression of its first member AtREMI, which was
named REM34 (Franco-Zorrilla et al., 2002), our data showed
that REM34, REM35, and REM36 are also expressed during
gametophytic development, and we discovered that they were
expressed starting from both carpels and anther primordia
specification throughout all the stages of anther and carpel
developments. In the carpel, the signal is strongly localized in
the placenta and ovule primordia and in the developing ovules.

Indeed, our deep morphological analysis of both female and
male gametophytes of the REM_RNAi lines showed that from
35 to 65% of the female gametophytes were unable to undergo
mitosis and were arrested at the FG1 stage when the MMC
acquires functional megaspore identity.

REM36 seemed to be partially redundant with REM34 and
REM35. Indeed, in the two lines in which the level of REM36
expression was higher compared to the wild-type, the penetrance
of the embryo sac defect was less. However, in all REM_RNAi
lines, we also observed a decrease of around 20% in the total
ovules number irrespectively of the expression levels of REM36.
Thus, REM36 might be involved in embryo sac development
together with REM34 and REM35 but is not controlling ovule
primordia specification.

In theselines, also pollen development was affected showing the
same post meiotic arrest of the embryo sac. Thus, in Arabidopsis,
REM34, REM35, and partially REM36 transcription factors seem
to be required post-meiotically for gametophytic development.

Further confirmation for their role during both female
and male gametogenesis came from the analysis of different
35S8:REM34_EAR lines. These plants, in which REM34 fused to
the EAR repressor domain was overexpressed, showed the same
postmeiotic arrest both in embryo sac and pollen development,
suggesting that a complex formed by REM34 and REM35 could
act as a positive transcriptional regulator of gametogenesis.

Because of the redundancy and position in linkage of the three
genes of interest in the genome, most of this functional study was
conducted using RNA. This approach was found to be very effective
in the silencing of REM34, REM35, and REM36, but the transgenic
lines cannot be easily employed for genetic studies, due to the fact
that it acts dominantly and because the level of silencing of the target
genes can vary between different lines and throughout subsequent
generations. Despite these difficulties, the analyses performed on
both segregating and homozygous lines suggest that these three
genes can influence gametogenesis acting mainly at the sporophytic
level. This hypothesis is also supported by the expression pattern of

these genes which, as shown by the in situ hybridization analysis,
are present in the sporophytic tissues both in pistils and anthers
when gametogenesis is taking place. The observation that REM34,
REM35, and REM36 appeared to be expressed throughout all stages
of gametogenesis in the embryo sac leaves of course the possibility
open that they directly play a function in the female gametophyte.
The employment of an embryo sac specific promoter could be
useful in order to validate this hypothesis and to be able to better
distinguish between the sporophytic and gametophytic roles of
REM34, REM35, and REM36.

To understand how the REM genes under study act, we
tested whether the down-regulations of REM34, REM35, and
REM36 perturbed the expression of genes known to be involved
in gametogenesis progression. These genes were classified
accordingly to their biological function in three categories: cell
cycle control, chromatin remodeling, and ribosome biogenesis.
Interestingly, we observed that several genes involved in different
biological pathways were downregulated in the REM_RNAi lines.
This observation suggests that REM34, REM35, and, in some
measures, REM36 are involved in the control of a very early steps
of gametogenesis. In particular, they regulate the expression of
different targets both directly and indirectly along the genetic
network that controls gametophytic development in Arabidopsis.

Among the downregulated genes, the one that stands out
most is HAM2, a HAT that, together with its homolog HAM]I,
belongs to the MYST clade of the HAT family and was shown to be
involved in post-meiotic control of female and male gametophytic
development (Latrasse et al., 2008). In mammals, the MYST
protein family was found to be involved in many fundamental cell
functions such as cell cycle progression and DNA repair (Pillus,
2008; Sapountzi and Coté, 2011). Furthermore, the human MYST4
acetylase was found to be expressed and involved in the control of
gametogenesis as well (McGraw et al., 2007). In Arabidopsis, the
ham1 ham2 double mutant is lethal, while keeping one of the two
genes heterozygous for the mutant allele resulted in a post-meiotic
arrest of both female and male gametophyte developments (Latrasse
et al., 2008). This phenotype is similar to the one observed in the
REM_RNAi as well as in the 355:REM34_EAR lines. Interestingly,
HAM]I and HAM?2 were also found to be involved in the control
of flowering time via the epigenetic regulation of FLOWERING
LOCUS C (FLC), which is also a target of VRN1, one of the four
REM genes for which the function is known so far, suggesting a
common mechanism throughout plant development. The artificial
silencing of these two acetyltransferases causes an early flowering
phenotype (Xiao et al., 2013) which was also noticed in the REM_
RNA:i lines (data not shown). The downregulation of HAM2 and
the phenotypical similarity between the REM_RNAi lines and the
HAM downregulation suggest that these genes might be involved
in the control of the same biological processes throughout
Arabidopsis development. Further analysis will be needed to
confirm the possible interaction between REM34, REM35, and
the HATs HAM1 and HAM?2. The observed downregulation
of the other analyzed target genes could be due to the general
deregulation of transcription caused by the reduced expression of
the chromatin remodeling factor HAM2.

While not much is known about the REM gene family,
substantial information is available for other transcription factor
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families that are characterized by the presence of the B3 DNA
binding domain. In particular, the well-characterized auxin
response factor (ARF) family, known to play a crucial role in
regulating auxin responses, and the related to ABI3/VPI (RAV)
family, which was found to be involved in hormonal regulation
during different stages of Arabidopsis development (Swaminathan
etal., 2008). The plant hormone auxin was found to be involved in
gametogenesis (Pagnussat et al., 2009; Panoli et al., 2015). Indeed,
perturbation of auxin transport in the embryo sac causes an arrest
in the earliest stages of megagametogenesis (Ceccato et al., 2013).
Auxin biosynthesis in the male gametophyte was also recently
shown to be essential for the transition from microsporogenesis to
microgametogenesis (Yao et al., 2018). Because of the phenotypic
similarities between the auxin defective mutant (Pagnussat et al.,
2009; Panoli et al., 2015; Ceccato et al., 2013) and the REM_RNAi
lines and because of the linkage between transcription factors
containing the B3 DNA-binding domain and the regulation of
hormonal responses, it is tempting to speculate that the role of
REM34, REM35, and REM36 play in gametogenesis is also based
on the regulation of a hormonal related processes.

In summary, we gained new information about the expression
pattern and function of REM34, REM35, and REM36 during
gametophyte development in Arabidopsis; those genes might
control post-meiotic divisions in both embryo sac and pollen
grains. These findings underline further the importance of REM
genes during reproductive development in plants. Although
these genes are often highly redundant and physically linked in
the genome, slowly on, we start to get a better understanding
about their functions in plant development. Of course, we just
see the tip of the iceberg and still a huge amount of work has to
be done to fully understand in detail the molecular and genetic
mechanisms by which REM genes function.
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In this review, we summarized some of the knowledge acquired in recent years on the
transcription factors involved in the regulation of meristem determinacy and identity in some
of the staple cereal species. To do so, we compared the transcriptomic datasets generated
from the reproductive meristems of Oryza sativa, Zea mays, Hordeum vulgare and Triticum
aestivum, extrapolating the transcriptional factor families, whose members are differentially
expressed in the transition from indeterminate to determinate meristem.

We included in the analysis also the transcriptomic data available for the model species
Arabidopsis thaliana, because of the extensive data available for this plant.

We decided to focus on inflorescence architecture and organization, as it is a trait
fundamental for the determination of fruit and seed yield. Understanding the regulatory
networks underlying inflorescence development will thus facilitate crop improvement for
traits like grain yield.

| contributed to this paper by helping with the production of the concept for the review,

interpreting the comparison data and writing the manuscript.
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ABSTRACT

Modulation of traits beneficial for cultivation and yield is one of the main goals of crop improvement. One of
the targets for enhancing productivity is changing the architecture of inflorescences since in many species it
determines fruit and seed yield. Inflorescence shape and organization is genetically established during the early
stages of reproductive development and depends on the number, arrangement, activities, and duration of
meristems during the reproductive phase of the plant life cycle. Despite the variety of inflorescence
architectures observable in nature, many key aspects of inflorescence development are conserved among
different species. For instance, the genetic network in charge of specifying the identity of the different
reproductive meristems, which can be indeterminate or determinate, seems to be similar among distantly
related species. The availability of a large number of published transcriptomic datasets for plants with different
inflorescence architectures, allowed us to identify transcription factor gene families that are differentially
expressed in determinate and indeterminate reproductive meristems. The data that we review here for
Arabidopsis, rice, barley, wheat, and maize, particularly deepens our knowledge of their involvement in
meristem identity specification.

INTRODUCTION

Crops are characterized by a striking variety of inflorescence types, determined by the coordinated activity of
niches of undifferentiated stem cells, called meristems (Fig.1).

A mathematical “transient model” predicts that the final architecture of the inflorescence is determined by the
fine-tuning of the proliferative activity of the indeterminate meristems (IMe), and their ability to differentiate
into a determinate meristem (DMe) (1).

Stem cells homeostasis within the reproductive meristems is crucial to tailor inflorescence architecture and
ultimately depends on the balance between meristematic cell population versus daughter cell differentiation.
A feedback signaling loop is responsible for this equilibrium, and despite being mainly studied in Arabidopsis,
this pathway seems to be broadly conserved across species such as maize, rice, and tomato (reviewed in (2)).
Master players are WUSCHEL (WUS) and WUSCHEL-RELATED HOMEOBOX (WOX) and KNOTTED-
LIKE HOMEOBOX (KNOX) transcription factors and CLAVATA leucine-rich repeat receptor-like kinases
and their ligands. These factors modulate the transcription of target genes which include many genes involved
in biosynthesis or signaling of phytohormones (3).

The dicot model species Arabidopsis thaliana has a raceme inflorescence, in which the indeterminate
inflorescence meristem (IM) grows indeterminately producing on its flanks several determinate flower
meristems (FMs), whose destiny unequivocally leads to flower formation and the depletion of meristematic
cells (Fig. 1A). Cymose inflorescences, such as those of Solanaceae, are characterized by IM that ends with a



flower meristem and eventually produces a new IM on the side which reiterates the same developmental
pattern. In grasses, the IM produces different meristem types which ultimately differentiate into a spikelet
meristem (SM), producing florets that can be directly attached to the main inflorescence axis, as in spikes, or
developing on flower-bearing branch meristems (BMs), as in panicles (4). Figure 1 describes the development
and the architectures of reproductive meristems in Arabidopsis, rice, wheat, maize, and barley.
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Figure 1. Scheme of inflorescence architecture and meristem identity transition with a graphical configuration of
reproductive meristems development in (A) Arabidopsis, (B) rice, (C) wheat, (D) maize, and (E) barley. Circles:
Determinate Meristem (DMe), arrows. Indeterminate Meristems (IMe).

(A) In Arabidopsis thaliana, the IMe lasts for the entire life of the plant and produces DMe which differentiates
completely in FM.

(B) In the branched panicle of Oryza sativa, the IMe is called rachis meristem (RM). During inflorescence
development, some cells of the IMe differentiate into the Primary Branch Meristems (PBMs) and Secondary BMs
(SBMs) which produce and differentiate determinate SMs. IM elongates after the branches differentiation and
aborts after producing a variable number of PBMs.

(C) In Triticum aestivum, the inflorescence is a determinate spike where the IMe differentiates into SMs which
produce a variable number of FMs.




(D) In Zea mays two distinct inflorescences are produced, tassel and ear, which differentiate into male and female
flowers, respectively. Both structures share a similar architecture in which an apical IMe develops a series of
lateral meristems (LBs). The spikelet-pair meristem (SPM) initiates two spikelet meristems (SM), each of which
develops two floral meristems (FMs), in ears, one FM undergoes a selective abortion. Contrary to the ear, the
tassel is a branched inflorescence, in which the IM can differentiate both SPM and Branch Meristems (BM).

(E) In Hordeum vulgare, the le produces triple spikelet meristem (TSM) which differentiates in lateral spikelet
meristems (LSM) and a central spikelet meristem (CSM). In two-rowed spikes, only the CSM produces a fertile
flower (*) in six-rowed spikes LSMs, and CSM all differentiate fertile flowers.

Green arrow. IMe (Indeterminate Meristem) formation, purple arrow: DMe (Determinate Meristem) formation),
pink arrow: abortion of floral meristems. Abbreviations: LB: lateral branch meristem; FM: floral meristem; IM:
inflorescence meristem; LSM: lateral spikelet meristem; PBM: primary branch meristem; SBM: secondary branch
meristem;, SM: spikelet meristem: SPM: spikelet pair meristem; TSM: triple spikelet meristem; * FM which
develops in two-rowed spikes.

The determination of meristem identity and the transition from indeterminate to determinate meristem activity
are governed by a complex gene network of which some master regulators have been well characterized, but
many others remain still unknown. Identifying new players in this complex process will provide a better
understanding of the mechanisms through which the architecture of the inflorescence is determined and will
facilitate crop improvement for traits like grain yield per hectare, which is closely linked to finding solutions
to feed a fast-growing world population. Therefore, there is an increasing interest in understanding the
regulatory networks underlying inflorescence development. The growing number of plant genomes that have
been sequenced and annotated together with the huge number of transcriptome datasets, including meristem-
specific ones, facilitate comparative analysis of meristem related datasets (5—13). Furthermore, inter-species
comparative transcriptomic is rapidly gaining popularity, as it has been proven to be a useful tool both to
discover common meristem regulators and to identify factors behind the divergences observed among different
inflorescence architectures (9,11,12).

In this review, we summarize some of the knowledge acquired in the recent years on the master regulators of
meristem determinacy and identity in some of the staple cereals species, focusing in particular on families of
transcription factors, which are considered to be the major players in the evolution and domestication of crops.
Because of their role in regulating gene expression, transcription factors are generally considered important
targets of crop improvement, especially when dealing with multigenic traits (14,15).

To identify those families whose activity controls the specification of the different meristem types, we
compared the transcriptomes generated from reproductive meristems of Arabidopsis thaliana (5), rice
(multiple accessions) (9), maize (Zea mays, cv B73) (7), barley (Hordeum vulgare, cv Morex) (13) and bread
wheat (Triticum aestivum, cv Chinese Spring) (8). In particular, since we wanted to specifically review the
genetic pathway controlling the transition from indeterminate to determinate fate, we decided to prioritize the
comparison between indeterminate meristem (IMe) and determinate meristem (DMe) transcriptomes (Fig. 2).
We, therefore, selected datasets of Differentially Expressed Genes (DEGs), that were generated with a similar
methodology: hand-dissection meristems with a morphological control to assess their developmental stage
(Table 1). Because of the extensive knowledge available for Arabidopsis thaliana, the transcriptome generated
from laser-dissected inflorescence meristems of this specie was also included in the analysis (5). We exploited
the PLAZA database (16) to assign each DEG to a specific gene family and families coding for transcription
factors (TF) were selected and grouped according to their functional domains. This strategy allowed us to
extrapolate which TF families are differentially expressed during the transition from IMe to DMe.

The sets of families from the different species were then intersected, to extrapolate the number of families in
common in all the possible comparisons between the selected species (Fig. 3). We were then able to visualize




common and species-specific gene families that might control meristem identity and determination during

inflorescence differentiation.
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Figure 2. Schematic representation of the Indeterminate Meristems (IMe) and Determinate Meristems (DMe)
sampled in Arabidopsis, rice, wheat, maize, and barley.

The qualitative phylogenetic tree was produced and adapted from PhyloT (https.://phylot.biobyte.de/) based on the
NCBI taxonomy of the four species.

The draws represent the IMe-enriched samples (Blue) and DMe-enriched samples (Red) collected in the different
experiments of RNAseq transcriptome analysis considered in this review.

In Arabidopsis, the IM (IMe) and FM (DMe) were sampled through laser-dissection, as indicated in the drawing.
Zea mays tassels were hand dissected and separated, according to their dimensions, in IM/SPM (IMe enriched
tissue) and SM (DMe enriched tissue). Ears were sectioned into different segments, as indicated by the dotted
lines, into IM/SPM (IMe enriched tissue) and SM (DMe enriched tissue). Drawings were adapted from (6).
Oryza sativa meristems were hand dissected and classified according to their morphology, into indeterminate
meristems (PBM and SBM) and determinate meristems (SM). Oryza sativa reproductive meristems were adapted
from (9).

In Hordeum vulgare inflorescence meristems at double-ridge (DR) corresponding to the Waddington stage W2.0

(IMe) and awn primordium (AP), corresponding to W3.5(DMe), stages were collected. Drawings were adapted
from (12).
Triticum aestivum meristems at Double Ridge (IMe) and FM (DMe) stages were collected. Drawings were

modified from (7).




Intersecting Sets of Transcription Factor Families
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Figure 3. Intersecting sets of TF families of Arabidopsis, rice, wheat, barley, and maize (tassel and ear).

All the different comparisons are shown with dots on the x-axis, the number in brackets indicates the number of
TF families differentially expressed in each species. The histogram shows the number of detected TF families in
common between the different transcriptomic sets considered in this review, the number of families for each
comparison is indicated on top of each bar. The two black bars represent the intersections between rice, maize,
barley, and wheat (the crop-specific regulators: NAC, TCP, WRKY, C2H2, and bHLH) and between all the species
considered (common regulators: MADS; ALOG, AP2/ERF, and MYB).

ath: Arabidopsis thaliana; osa: Oryza sativa; zma_t: Zea mays_tassel; tae: Triticum aestivum,; hvu: Hordeum
vulgare,; zma_e: Zeam mays_ear. The plot was designed with the UpSetR package.

The GO enrichment analysis revealed that all the DEG lists are significantly enriched of terms as TF,
expression regulation, DNA binding, RNA biosynthesis, and flower development. The list of DEG TF genes
allowed us to identify four TF families, ALOG, AP2/ERF, MADS, and MYB, in the Arabidopsis, rice, wheat,
barley, and maize transcriptomes (Fig 4A). The meristem transition from indeterminate to determinate is a
crucial step in the life cycle of plants, as it strongly influences the final plant architecture. Despite the variety
of inflorescence morphologies that characterize different species, this process is likely orchestrated by a
conserved set of master regulators, which includes the TF families mentioned above.

From the analysis, we further defined a group of five cereal-specific TF families: bHLH, NAC, TCP, WRKY,
and C2H?2 (Fig. 4B); we foresee that these factors could be putative targets for crop improvement.

Here, we reviewed the current knowledge on these two sets of conserved and cereal-specific TF families,
deepening, in particular, their role in indeterminate vs determinate meristem development.




SPECIES IMe DMe Replicas | Sampling SEQ Cutoff | DEGs| %
(Ref) Indeterminate | Determinate technique | (p value) | tot TF
Meristem Meristem
Ath Inflorescence Floral 3 laser [llumina 0.05 46 | 26.09
%) Meristem Meristem dissection | 50-bp reads
Zma t Inflorescence Spikelet 2 hand [llumina 0.05 144 | 13.89
7 Meristem/ Meristem dissection 50-bp
Spikelet Pair reads
Meristem
Osa Primary Branch Spikelet 3 hand [llumina 0.05 130 | 27.69
) Meristem/ Meristem/ dissection 125-bp
Axillary Floret reads
Meristem Differentiation
Tae Double Ridge/ Floret 2 hand [llumina 0.05 753 | 9.56
®) Spikelet Meristem dissection | 50-bp reads
Meristem
Hvu Double Ridge Awn 3 hand [llumina 0.05 702 | 16.38
(13) Primordium dissection 200-bp
reads
Zma e Inflorescence Spikelet 2 hand [llumina 0.05 8327 | 7.626
(7 Meristem/ Meristem dissection 50-bp
Spikelet Pair reads
Meristem

Table 1. Sequencing information for the different datasets employed in this review.

For each species, the tissues sampled in the Indeterminate Meristem (IMe) and Determinate Meristem (DMe)
stages are briefly described. Sequencing information, DEGs number, and the percentage of TF in each DEG list
are also indicated.

Conserved regulators among different species

A core of four transcription factor families, MADS, ALOG, AP2/ERF, and MYB, resulted differentially
expressed in all the datasets that were reviewed in this work (Fig. 3 and Fig. 4A).

MADS-box transcription factors are implicated in several developmental processes in fungi, plants, and
animals. The name of this family is an acronym of MCMI from Saccharomyces cerevisiae, AG from
Arabidopsis, DEFICIENS from Antirrhinum majus, and SRF from Homo sapiens, the first MADS-box domain
proteins to be discovered (17).

In the plant kingdom, these transcription factors are best known for their key role in the control of meristem
identity specification and organ differentiation. Genome-wide analyses led to the characterization of this
family in different plant model species, including crops (18-21). MADS-box genes are already well known as
key regulators of inflorescence development and, for this reason, it was not surprising to find members of this
family differentially expressed in all the meristems and species considered.

Since MADS-box gene functions and relevance in the context of inflorescence development and crop
improvement have been recently reviewed (22-25), we will not further discuss this gene family.
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Figure 4. Expression trend of the DEGs of the families described.

The panels display the DEGs belonging to the different families here described, grouped in families with
differentially expressed members in all the species considered (A) and only in monocots (B). The solid bars of
each histogram shows the number of genes whose expression increases during the switch from indeterminate
(IMe) to the determinate meristem (DMe), and the striped bars indicate the number of genes whose expression is
higher in the indeterminate meristem (IMe). On the x-axis, the names of the species and the total number of genes
belonging to the family are indicated. ath: Arabidopsis thaliana; osa: Oryza sativa, zma_t: Zea mays_tassel; tae:
Triticum aestivum; hvu: Hordeum vulgare; zma_e: Zeam mays_ear

The ALOG genes encode plant-specific transcription factors named after the first two identified members of
this family, LHS! in Arabidopsis and G/ in rice. In Arabidopsis, LSHI was found to be involved in the light-
dependent regulation of seedling growth (26). LSH3 and LSH4, which are differentially expressed between the
indeterminate and determinate meristems of Arabidopsis, are specifically expressed in the meristematic
boundary cells. In these regions, they suppress organ differentiation and their expression is regulated by a
boundary gene belonging to the NAC family, CUCI (CUP-SHAPED COTYLEDONTI) (27,28).

Recently, in monocotyledons, genome-wide analyses led to the identification of several genes belonging to
this family (29,30). Among these genes, the rice TAWAWAI (TAW1I) is one of the few ALOG genes with a
characterized role in inflorescence architecture determination. This transcription factor is expressed in the
reproductive meristem and was proven to be necessary and sufficient to promote meristem indeterminacy,
delaying its shift to SM. TAW1 is a transcriptional activator, able to induce the expression of several MADS-
box genes that are known to regulate BM maintenance. In the dominant tawawal-D mutant, the BM can
produce more branches before spikelet formation, leading to an increase in the total spikelet number and grain
yield (31).

It is interesting to mention that, in the datasets considered for this review, the majority of the ALOG
differentially expressed between IMe and DMe showed the same trend of expression, being downregulated as
the meristem acquires a determinate identity (Fig. 4A). Although functional information is still missing for the
maize, barley, and wheat ALOG gene family, it becomes tempting to speculate that these transcription factors
share a similar role in the specification of the indeterminate reproductive meristems in distantly related species,
thus being promising targets for crop improvement.




The APETALA2/Ethylene Response Factors belong to one of the largest superfamily of TFs in the plant
kingdom. Based on the number of AP2/ERF domains and their sequence similarity, the members of this
superfamily can be further divided into three groups: AP2, characterized by the presence of two AP2 domains,
the ERF, with a single AP2 domain, and the R4V, which contains also a B3 DNA-binding domain. Members
of this superfamily have been functionally studied in several species, including Arabidopsis, rice, and wheat
(32-34).

In several plant species, a sub-group of AP2/ERF TFs has also been linked to the regulation of reproductive
development (35). In Arabidopsis, for instance, DORNROSCHEN, DORNROSCHEN-LIKE, and PUCHI
control floral meristem identity and organ number (36-38).

Recent transcriptomic data from wild and domesticated rice species revealed that the expression of several
AP2/ERF genes strongly correlates with the domestication status and branching potential of the analyzed
varieties, which indicates that the evolution of the ERF family was driven by artificial selection (9). Among
the rice AP2/ERF transcription factors, the PUCHI homologous FRIZZY PANICLE (FZP)/BRANCHED
FLORETLESSI (BFLI) is considered one of the key regulators of SM determinacy (39-41). FZP expression
is regulated by two AP2 genes, SUPERNUMERARY BRACT (SNB) and OsINDETERMINATE SPIKELETI
(OsIDSI), which redundantly control the transition from SM to FM (42,43). Finally, MULTI-FLORET
SPIKELETI (MFSI) was also found to be a regulator of spikelet meristem and flower development (44).

A similar role in the determinacy of SM branching and identity was also established for the maize AP2/ERF
genes BRANCHED SILKLESS1(BD1), INDETERMINATE SPIKELETI (IDS1) and SISTER OF IDS1 (SID1)
(45,46). IDSI and OsIDS1 activity is regulated with a similar mechanism, that involves the interaction with
miR172 (47,48). Interestingly, an important role for AP2/miR172 in shaping the inflorescence structure has
been described in different monocots and it is known that mutants in this pathway have been selected during
crop domestication (49-52).

Even though the functional characterization of most of the AP2/ERF genes described suggests a role for these
genes during later stages of spikelet meristem development, our comparative transcriptomic analysis
highlighted the presence of a subset of AP2/ERF factors already active during the transition from indeterminate
to determinate meristem. It would not be surprising to find that, overall, this gene family plays crucial roles
throughout reproductive development, coordinating different steps that allow the progression of inflorescence
differentiation.

The fourth family of common regulators is characterized by the presence of the MYB DNA-binding domain.
MYB-containing proteins can be divided into four subfamilies, according to the type and number of repeats
they contain. The R2ZR3-MYB subfamily is the most represented group in plants, with more than 100 identified
in different species (53,54). This superfamily has been linked with the control of plant metabolism and to the
response to biotic and abiotic stress in several species (55-59). A few members of this family were also found
to be involved in the regulation of developmental processes such as flowering time (60,61), floral organ
development (62) and shoot branching and axillary meristems formation (63).

Cereal-specific regulators

Interestingly, transcriptomic analysis of determinate and indeterminate meristems highlighted the presence of
monocot-specific TF families differentially expressed between IMe and DMe. (Fig. 3 and 4B).-

Despite the knowledge that the activity of the maize RAMOSA genes is required to modulate branching (7,64),
no C2H2 protein has yet been linked to this process in other species.

The C2H2 Zinc Finger proteins represent one of the largest family of transcriptional regulators in eukaryotic
organisms and, in the plant kingdom, the majority of the characterized members of this family have been linked
to abiotic stress response pathways (65-67).



An exception can be found in rice, where STAMENLESS] (SL1) is known to be involved in flower development
(68). Furthermore, two other members of this family, EMBRYONIC FLOWER 2 (OsEMF2) and ZINC FINGER
PROTEIN 15 (OsZFP15) were shown to be specifically expressed during reproductive development, however,
their function in these tissues is still unclear(69,70).

The observation that several members of this family are differentially expressed between indeterminate and
determinate meristem in different cereal crops, in conjunction with the key role played by the RAMOSA3
factor in maize, suggests the possibility that a deeper analysis of the function of the C2H2 zinc finger
transcription factors would uncover new mechanisms at the base of meristem identity determination and
branching in these species.

From our transcriptome data analysis, a second family of zinc finger transcription factors, the WRKY family,
was found to be differentially expressed in the comparison between indeterminate and determinate meristems
in rice, maize, barley, and wheat even if the role of these genes in the regulation of plant reproductive
development is still elusive.

The WRKY genes contain at least one repeat of the WRKY DNA-binding domain, which code for 60 highly
conserved amino acidic residues, and a C2H2 or C2H2C zinc finger domain. Based on the number of WRKY
domains and the structure of the zinc finger domain these proteins are divided into three different subgroups.
WRKY transcription factors have been extensively studied in the model species Arabidopsis, as well as in
several agronomic relevant crops, since they are considered to be key regulators of plant immunity and biotic
and abiotic stress responses, but also in developmental processes such as seed development and senescence
(71-77). Until now, a restricted number of WRKY genes have been linked to the control of agronomical
relevant traits, like yield, in rice and maize (78-81).

The NAC genes have been extensively analyzed in barley, wheat, maize, and rice (82—86) and are considered
an important target for crop improvement, as they were found to control biotic stress responses and senescence.
This large family of plant-specific transcription factors has been named after the first three members
characterized: NO APICAL MERISTEM (NAM), ACTIVATION FACTOR 1 (AF1), and CUP-SHAPED
COTYLEDON 2 (CUC2). Besides their role in stress-related pathways, the NAC genes are best known for their
function in specifying organ boundaries. In Arabidopsis, CUCI, CUC2, and CUC3 are expressed in the
boundary regions between the SAM and leave primordia and between the IM and FM. Furthermore, they are
also found in the regions between different floral organs and in the gynoecium. Multiple cuc mutants display
organ fusion phenotypes, with different degrees of severity (87—89).

Moving to cereals, only for the maize NAM1, NAM2, and NAM3 genes the expression profile was analyzed
and resulted to be similar to the profiles of the homologous genes in Arabidopsis (90). Notably, in rice different
members of the NAC family were shown to be involved in shoot branching and seed size control (91-93).

In Arabidopsis, CUC expression is under control of miR164, which is in turn regulated by members of the
TCP transcription factor family (94,95). It was thus not a surprise to find that also the 7CPs are among the
genes differentially expressed in cereal meristems.

These transcription factors are plant-specific and share a conserved non-canonical basic helix-loop-helix DNA
binding domain. TPC factors are divided into two classes, according to their sequence homology, and are
suggested to work antagonistically to regulate cell proliferation throughout the life cycle of plants.

The maize BRANCHING ANGLE DEFECTIVE 1 (BADI) is one of the few TCP transcription factors with a
known function in regulating inflorescence architecture. It is expressed in the inflorescence axillary meristems,
where it inhibits cell division and proliferation. badl mutants are characterized by an up-right tassel, with acute
branching angles (96).

The TEOSINTE BRANCHEDI1 (TB1) allele has been associated with inflorescence development in several
crops. TB1 was selected during maize domestication from teosinte as a major factor involved in axillary branch
regulation (97,98). The rice orthologous OsTB1 or FINECULM showed to have a similar function since this



gene is negatively regulating secondary branching (99,100). The orthologous of 7B/ in barley,
INTERMEDIUM-C (INT-C/HvTB1), and wheat taTB1 were found to be involved in regulating tillering and in
determining the fertility of lateral spikelets (101,102).

The last group of cereal-specific TFs is characterized by the presence of the bHLH domain, which is composed
of 60 aa with DNA-binding and a protein-protein dimerization function. The bHLH superfamily is widespread
in the animal and plant kingdom, and its members have been genome-wide identified in several crops (53,103—
105), but their role in plant reproductive development is still poorly characterized. In maize, MALE
STERILITY32 (MS32) was found to be involved in the control of male fertility (106). In the same species,
BARREN STALKI (BA1) controls the differentiation of the aerial lateral meristems, in connection with auxin
signaling (107,108). Also in rice, a member of this family, LAX PANICLE (LAXI), controls axillary meristem
formation (109).

PERSPECTIVE

o Highlight the importance of the field

Future food security will require improved crops that provide increased grain yield under less favorable
environmental conditions. Thanks to the development of high-tech genomics approaches and new breeding
technologies, trait development for increased environmental resilience and productivity can count on the
discovery of until now unexplored information about genetic variability and gene networks controlling key
aspects of plant growth. Plant performance is greatly linked to plant development, which ultimately is decided
at the meristematic level. It is then fundamental to comprehend the molecular mechanisms controlling plant
meristem identity and the regulation of the meristem transition from indeterminacy to determinacy to further
improve yield components as flower, fruit, and seed number.

o A summary of the current thinking

One of the possible targets that could help to overcome the plateau in crop yield is the possibility to extend the
lifespan of indeterminate meristems, thus allowing the development of more flowers and seeds. Recently
extensive molecular and genetic analyses have demonstrated that transcriptional regulators, which are the focus
of this review, act as master players regulating discrete developmental programs, enforcing the concept that
novel morphological differences may be modulated by changes in the action of these key regulators. Genome
sequences, comparative genomics, and functional data are today the tools supporting the identification of
molecular hubs at the base of inflorescence differentiation in distantly related species.

o A comment on future directions

We are convinced that using genome-wide data analysis for the identification of conserved and cereal-specific
potential regulators governing inflorescence architecture, will allow making a careful selection of the best
candidates. Further analyses using mutant alleles and/or screening for natural variants, will be required to
confirm the role of candidate genes in controlling yield. An extremely powerful method to create novel allelic
variation is through the use of genome editing approaches (110,111). CRISP/RCas9 has been used until now
mainly to introduce mutations in coding sequences for the generation of null alleles for functional studies (112)
but new CRISPR technologies becoming available, like Prime editing (113), which allow also the creation of
amino acid substitutions to modulate transcription factor activity or inducing cis-regulatory mutations to inflect
gene function by changing the expression profile of a gene.
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Summary

The BASIC PENTACYSTEINE (BPC) GAGA (C-box) binding proteins belong to a small plant
transcription factor family. We previously reported that BPCs of class | bind directly to C-boxes in
the SEEDSTICK (STK) promoter and the mutagenesis of these cis-elements affects STK expression in
the flower. The MADS-domain factor SHORT VEGETATIVE PHASE (SVP) is another key regulator of
STK. Direct binding of SVP to CArG-boxes in the STK promoter are required to repress its expression
during the first stages of flower development. Here we show that BPCs of class Il directly interact
with SVP and that MADS-domain binding sites in the STK promoter region are important for the
correct spatial and temporal expression of this homeotic gene. Furthermore, we show that BPCs of
class | and Il act redundantly to repress STK expression in the flower, most likely by recruiting
TERMINAL FLOWER 2/LIKE HETEROCHROMATIN PROTEIN 1 (TFL2/LHP1) and mediating the
establishment and the maintenance of H3K27me3 repressive marks on the DNA. We investigate the
role of LHP1 in the regulation of STK expression. Besides providing a better understanding of the
role of BPC transcription factors in the regulation of STK expression, our results suggest the
existence of a more general regulatory complex composed of BPCs, MADS-domain factors and PRCs,
that cooperate to regulate gene expression in reproductive tissues. We believe that our data along
with the molecular model herein described could provide significant insights for a more

comprehensive understanding of gene regulation in plants.



Introduction

Transcription factors (TFs) are regulators of gene expression; they act at multiple levels to
orchestrate developmental processes. TFs bind specific DNA sequences and they can cooperate
through genetic and epigenetic mechanisms. TFs act in multimeric complexes that can include
members of different TFs families and other proteins. The composition of these complexes
determines their binding specificity and their activity on target gene regulation (Martinez and Rao,
2012). Although in the last decades different classes of plant TFs have been characterised, the
molecular mechanisms by which they act and the complexes they are part of, are yet to be fully
understood. Recently, a new class of transcription factors, named BASIC PENTACYSTEINE/ BARLEY
B RECOMBINANT (BPC/BBR), has been identified (Santi et al., 2003). BPCs bind the RGARAGRRA
consensus site, also called GAGA or C-box, to regulate their target genes (Meister et al., 2004;
Kooiker et al., 2005; Simonini et al., 2012; Simonini and Kater, 2014; Hecker et al., 2015; Mu et al.,
2017; Shanks et al., 2018; Theune et al., 2019; Roscoe et al., 2019; Wu et al., 2019). BPCs have been
described in different plant species including monocots (Oryza sativa (rice) and Hordeum vulgare
(barley)) and dicots (Glycine max (soy-bean) and Arabidopsis thaliana) (Sangwan and O’Brian, 2002;
Santi et al., 2003; Kooiker et al., 2005; Monfared et al., 2011; Berger and Dubreucq, 2012; Simonini
et al., 2012; Simonini and Kater, 2014; Hecker et al., 2015; Mu et al., 2017; Xiao et al., 2017; Shanks
et al., 2018; Theune et al., 2019; Roscoe et al., 2019; Wu et al., 2019). In Arabidopsis, BPCs are
divided into three subfamilies: class | (containing BPC1 to BPC3), class Il (containing BPC4 to BPC6),
and class lll (containing only BPC7) (Meister et al., 2004; Monfared et al., 2011). Except for BPC5,
which is a pseudogene, all the other BPCs are ubiquitously expressed. Combinations of multiple bpc
mutants show strong phenotypes with a wide range of defects, addressing an important role during

plant development (Monfared et al., 2011).

Previously, we have identified the MADS-box gene SEEDSTICK (STK) as a direct target of BPCs
belonging to the class | (Kooiker et al., 2005; Simonini et al., 2012). STK is specifically expressed
during ovule and seed development and has a wide range of functions in these tissues (Favaro et
al., 2003; Pinyopich et al., 2003; Brambilla et al., 2007; Losa et al., 2010; Mizzotti et al., 2014;
Mendes et al., 2016; Balanza et al., 2016; Ezquer et al., 2016; Herrera-Ubaldo et al., 2019).

During carpel development, STK expression is confined to placental tissues and ovule primordia; in
mature ovules, it is expressed strongly in the funiculus and in integuments that will later form the

seed coat (Mizzotti et al., 2014). STK acts redundantly with two other MADS-box factors named



SHATTERPROOF 1 (SHP1) and SHATTERPROOF 2 (SHP2) in the determination of ovule identity
(Favaro et al., 2003; Pinyopich et al., 2003). BPCs of class | form homo- and hetero-dimers and bind
C-boxes in the promoter of STK inducing DNA loop formation (Kooiker et al., 2005). C-boxes are
important for STK regulation since mutations in these sequences result in the ectopic expression of
the homeotic gene in the flower (Kooiker et al., 2005; Simonini and Kater, 2014). The MADS-domain
factor SHORT VEGETATIVE PHASE (SVP) is another key regulator of STK. SVP acts redundantly with
APELATA1 (AP1) and AGAMOUS-LIKE24 (AGL24) to repress STK expression during early stages of
flower development, by binding directly to its promoter (Simonini et al., 2012; Gregis et al., 2013).
Furthermore, BPCs of class | and SVP directly interact to repress STK expression in the floral
meristem, and C-boxes are important to facilitate the binding of SVP to the STK promoter region

(Simonini et al., 2012).

Recently, members of the BPCs family have been shown to be implicated in the recruitment of
histone-modifying complexes that can inactivate gene expression, like the Polycomb Repressive
Complexes (PRCs) (Hecker et al., 2015; Mu et al., 2017; Xiao et al., 2017; Roscoe et al., 2019; Wu et
al., 2019). BPCs of class Il directly interact with LHP1, a component of plant PRC1 that is associated
with genes marked by trimethylation of histone H3 lysine 27 (H3K27me3) (Hecker et al., 2015).
Furthermore, LHP1 also acts as a component of PRC2 to establish H3K27me3 and has a role in
maintaining this mark at PRC2 target genes (Zhang et al., 2007b; Derkacheva et al., 2013; Wang et
al.,, 2016). Interestingly, it was demonstrated that SVP can form heterodimers with LHP1 to
modulate H3K27me3 deposition on the SEPALLATA3 (SEP3) locus (Liu et al., 2009). Furthermore,
BPCs can physically interact with the PRC2 subunit SWINGER (SWN) to repress the expression of
their target ABSCISIC ACID INSENSITIVE4 (ABI4) during root development by the trimethylation of
Histone H3 Lysine 27 (Mu et al., 2017); moreover a close proximity of BPC6 with VERNALIZATION2
(VRN2) has been reported (Hecker et al., 2015).

Here we clarify the molecular mechanisms by which BPCs of class Il and SVP act in the regulation of
STK expression. We show that MADS-domain binding sequences in the STK promoter region are
important for the correct spatial and temporal expression of the ovule identity gene. Our data
indicate that both BPCs of class | and Il redundantly control the expression of STK, by modulating
the deposition and/or the maintenance of H3K27me3 marks. Our results provide insights into the
molecular mechanisms that drive transcription regulation in plants and investigate the involvement
of a protein complex in which BPCs, MADS-domain factors and LHP1 can cooperate to orchestrate

the expression of homeotic genes during plant development.



Results
STK is deregulated during flower development in the bpc1-2 bpc2 bpc3 bpc4 bpc6 mutant

To gain more insights into the role of class | and class Il BPCs in the regulation of STK expression
during flower development we generated the bpcl-2 bpc2 bpc3 bpc4 bpc6 quintuple mutant
(henceforth called bpcV). In contrast with the previously published quintuple mutant, this mutant
includes the bpc1-2 allele which leads to a complete knock-out of the gene (Monfared et al., 2011;
Simonini and Kater, 2014). The contribution of class | and Il BPCs to the correct regulation of STK
was analysed by in-situ hybridisation assays (Figure 1). In wild-type plants, STK expression was
confined to ovules and the placenta and was never observed in flowers before stage 8 neither in
inflorescences nor in floral meristems (Figure 1a, b). The knock-out of all the BPCs of class | (Figure
1c, d) or class Il (Figure 1e, f) did not affect STK expression in the flower. In contrast, in the bpcV
mutant the expression of STK was not only observed in ovules and placenta, but also in floral
meristems, young flowers and developing petals (Figure 1h). STK expression was also detectable in
flower organ primordia (Figure 1g). The in-situ hybridisation controls, using a H4 gene- specific probe
(confirming the integrity of the tissue) and a STK sense probe (Figure S1; Fobert et al., 1994; Favaro
et al., 2003), were performed to confirm the in-situ data. These results clearly demonstrated the
redundant role that class | and Il BPCs have in the regulation of STK expression during flower

development.

Phenotypical characterization of the bpcV mutant and 355:STK lines

To further investigate the role of BPCs in plant development, we performed a phenotypical analysis
of the bpcV mutant. The quintuple mutant plants were shorter when compared to wild-type plants
and were characterized by both vegetative and reproductive defects (Figure 2a, b and Figure S2b
and c). The knockout of the five BPC genes caused a drastic phenotype in the siliques. In wild-type,
upon successful fertilization, from 3 to 12 days after pollination (dap), the siliques elongate to reach
their maximum length. In contrast, in the bpcV mutant no silique elongation was registered (Figure
2b). As also pointed out in Monfared et al. (2011), these results suggest that BPCs are involved in

different aspects of plant development.

To analyse the phenotypic effects of the deregulation of STK and to compare them with the

phenotypes observed in the bpcV mutant, we transformed wild-type plants with a chimeric gene



construct in which the CDS of STK was fused to the Cauliflower mosaic virus (CaMV) 35S promoter
(Favaro et al., 2003). STK expression was analysed by quantitative Real-Time PCR in three lines,
where we could detect statistically significant upregulation of STK expression (Figure S2a). The line
that showed the highest upregulation (henceforth called 355:STK) was propagated and in the next
generations used for further analysis. Intriguingly, also this plant was shorter compared to the wild-
type (Figure 2a) and showed defects that phenocopy the bpcV mutant, including the silique

phenotype (Figure 2b) which is consistent with an upregulation of STK in the BPCV mutant.

The MADS-domain factor STK is a master player in ovules and seeds development (Favaro et al.,

2003; Pinyopich et al., 2003; Mizzotti et al., 2014; Ezquer et al., 2016).

To determine whether the constitutive expression of STK affected seed development, seed area was
analysed in 355:STK plants and bpcV mutants. As a control, wild-type, stk and arf2-8 seeds were
used. Our results confirmed that stk had smaller seeds, as previously reported by Pinyopich et al.
(2003) whereas arf2-8 seeds were larger (Schruff et al., 2006). Interestingly, both bpcV and 355:STK
plants showed a wider seed area when compared to the wild-type and the stk mutant, even though
bpcV mutant seeds were larger than those of 355:STK (Figure 2c). Our results support the hypothesis

that BPCs regulate STK expression in the gynoecium and in seeds.

BPCs of class Il interact with SVP

Previously, we have shown that class | BPCs act together with SVP in the control of STK expression
(Simonini et al., 2012). The in-situ analysis (Figure 1) suggests that BPCs of class Il have an important
role in regulating STK expression. To understand whether BPCs of class Il (BPC4 and BPC6) interact

with SVP, different protein interaction assays were performed.

We confirmed by yeast two-hybrid assays and bimolecular fluorescence complementation assays
(BiFC) in tobacco leaves (Nicotiana benthamiana) that BPC4 and BPC6 can form homo- and
heterodimers (Wanke et al., 2011; Figure S3a, c). Furthermore. we showed, using yeast two-hybrid
assays, that both BPC4 and BPC6 can interact with SVP (Figure 3a). To confirm the interactions
between SVP and the BPC4 and BPC6 factors, a co-Immunoprecipitation (Co-IP) assay was
performed, using SVP-GFP in combination with BPC4-RFP and BPC6-RFP fusion proteins, transiently
co-expressed under the control of the Cauliflower mosaic virus (CaMV) promoter in Nicotiana

benthamiana leaves. These Co-IP experiments all revealed co-precipitation of the BPC and SVP



proteins, respectively (Figures 3b and Figure S3b), suggesting that BPC4 and BPC6 are able to

interact with SVP in vivo.

Further validation of these results in planta was obtained by BiFC assays in tobacco (Nicotiana
benthamiana) leaves. The combination SVP-YFPN BPC4-YFP¢ showed a clear nuclear interaction
between BPC4 and SVP (Figure 3c). All the other combinations that were tested (BPC4-YFPN SVP-
YFPC, SVP-YFPN BPC6-YFPC, BPC6-YFPN SVP-YFP®) resulted in an interaction in the cytoplasm (Figure
3¢, all the control experiments are reported in Figure S3-S5). Although this result was unexpected,
Immink et al. (2002) previously showed that some MADS-domain proteins need to dimerise with
another MADS-domain factor for their nuclear localisation. SVP interacts with the MADS-domain
protein AP1 during floral development and therefore it might facilitate the nuclear location of SVP-
BPC dimers (Pelaz et al., 2002; de Folter et al., 2005). To test this hypothesis, we co-expressed SVP-
BPC4 and SVP-BPC6 dimers with an AP1-RFP fusion protein in tobacco leaves. As shown in Figure
3d, the presence of AP1 facilitates the nuclear localisation of the BPC4-SVP and BPC6-SVP dimers.
To determine whether BPCs of class Il could directly interact with AP1, a BIFC interaction assay was
performed which showed no interaction between BPCs of class Il and AP1, as reported in Figure S3c.
Taken together these results clearly show that AP1 is sufficient for the translocation of class Il BPCs-

SVP heterodimers to the nucleus.

Finally, we also analysed the subcellular localization of BPC4/6-RFP, SVP-GFP and AP1-RFP in
tobacco leaves (Nicotiana benthamiana). As shown in Figure S4b, BPC4, BPC6 and AP1 all localized
in the nuclei whereas SVP localization was registered in the cytoplasm as well, suggesting that in the
BiFC assays described above, SVP is in most combinations tested the critical factor for cytoplasmatic

localization.

Molecular mechanism of SVP-class | BPCs binding to the regulatory region of STK

To clarify the mechanism by which BPCs and SVP interact with the STK regulatory region, we
performed a series of Chromatin Immunoprecipitation (ChIP) experiments in different mutant

backgrounds.

As shown in Figure 4a, SVP binds CArG-boxes that are surrounded by C-boxes in the regulatory
region of STK. As previously shown, SVP, AP1 and AGL24 redundantly determine the identity of the

floral meristem through direct repression of floral homeotic genes (Gregis et al., 2006; Gregis et al.,



2008; Gregis et al., 2009). In fact, in the svp agl24 ap1-12 triple mutant, STK is ectopically expressed
in floral meristems and young flowers (Simonini et al., 2012). To determine whether SVP, AP1 and
AGL24 are required for BPCs binding to the promoter of STK, three independent ChIP assays using
specific antibodies against class | BPCs were performed. The experiments were conducted using svp
agl24 ap1-12 triple mutant inflorescences. Furthermore, inflorescences from wild-type and bpc1-2
bpc2 bpc3 triple mutant plants were used as a positive and negative control, respectively. In our
ChIP experiments, no enrichment was detected in the svp ag/l24 ap1-12 triple mutant in the region
containing C-box 12 and the region containing C-box 4 and 5 (region B) (Figure 4b). These results
demonstrate that SVP, AP1 and AGL24 are necessary for the binding of class | BPCs to the STK

promoter.

Subsequently, the role of class | and class Il BPCs in the binding of SVP to the promoter of STK was
investigated by crossing the bpcV mutant, described above, with pSVP:SVP-GFP svp plants. In
subsequent generations, plants homozygous for the svp and bpc1-2 bpc2 bpc3 bpc4 bpcé mutations
containing the pSVP:SVP-GFP construct were selected. ChIP experiments using commercial
antibodies against GFP were performed. Inflorescences from pSVP:SVP-GFP svp plants were used as
a positive control, whereas wild-type was used as a negative control. An enrichment was detected
when binding to the consensus regions for SVP was tested in the bpcV mutant background (Figure
4c). These results suggest that BPCs of class | and class Il are not necessary for SVP binding to STK

promoter.

Taken together, the results obtained by these ChIP assays are consistent with a model where SVP
binds the STK promoter independently of BPCs, whereas BPCs of class | require MADS-domain

factors for the correct binding to the STK regulatory region.

CArG-boxes drive the correct temporal and spatial expression of STK and are important for SVP

and BPCs of class | binding to the promoter of STK

To further characterise the role of SVP in STK regulation, we decided to perform a functional
characterisation of the CArG-boxes contained in STK regulatory region; these regions were identified
based on the MADS-domain factor consensus binding sequences located in the STK locus where SVP
binding was detected by ChIP-seq (Gregis et al., 2013). Considering our previous experiments using
a STK promoter with mutated C-boxes or CArG-boxes (Simonini et al., 2012; Mendes et al., 2016),

we suspected that the 12 CArG-boxes in the regulatory region of STK could be redundant. Therefore,



a mutated version of the STK promoter was used in which 11 out of the 12 CArG-boxes were altered,
considering the following criteria: (i) preserving the DNA conformation, introducing only 4 to 5
transitions to each consensus; (ii) avoiding the mutation of C-boxes; (iii) preventing the formation
of new CArG-boxes (see Table S1). The mutagenized STK promoter was fused to the uidA reporter
gene that encodes for beta-glucuronidase (GUS) and the resulting pSTK_CArGm:GUS construct was
used to transform Arabidopsis wild-type plants and pSVP:SVP-GFP svp plants. As a positive control,
the wild-type STK promoter (pSTK_CArGwt:GUS), which drives specific expression in the placenta
and all stages of ovule development, was used (Figure 5a). Out of the 39 plants transformed with
the pSTK_CArGwt:GUS construct, 36 showed a correct spatial and temporal expression of the GUS
reporter, reflecting the endogenous expression of STK (Figure 5b-d), whereas the other three plants
did not show any GUS activity. In contrast, out of 41 plants transformed with the pSTK_CArGm:GUS
construct, two plants did not show any GUS activity, whereas 14 (36%) showed strong deregulation
of GUS expression while the remaining 64% showed a correct expression of the reporter.
Interestingly, GUS expression was extended also in the inflorescence and floral meristems (Figure
Se, f) and in all the floral organs (Figure 5f). These results support the idea that the CArG-boxes in
the STK promoter are important for the correct expression of this MADS-box gene, although the
possibility that other transcription factor binding sites (cis-elements) might be involved in the

regulation of STK cannot be excluded.

To assess whether MADS-domain binding sites on the STK promoter are necessary for SVP binding,
we performed ChIP experiments using antibodies against GFP and inflorescences of pSVP:SVP-GFP
svp plants with pSTK_CArGm:GUS that showed deregulation of the reporter. The wild-type
endogenous STK promoter was used as a positive control, whereas inflorescences of
pSTK_CArGm:GUS plants without SVP:GFP served as a negative control. Specific primers were
designed to discriminate between the endogenous (wild-type) and the mutagenized promoter (see
Experimental procedures and Table S2). These experiments showed that no enrichment was
detected when binding to the mutated region was tested (Figure 5h), which suggests that CArG-

boxes in the promoter of STK are important for the binding of SVP.

To clarify the partial penetrance of the GUS deregulation phenotype, we investigated the binding of
SVP to the mutated STK promoter in the pSTK_CArGm:GUS lines that did not show deregulation of
the reporter. Interestingly, in these plants binding of SVP-GFP was still observed (Figure 5i),
providing clear evidence that the presence or absence of SVP binding determined the correct spatial

expression profile of STK.



To further investigate the role of SVP and BPCs in the regulation of STK expression, binding of class
| BPCs to the pSTK promoter with the mutated CArG-boxes was tested using the pSTK_CArGm:GUS
lines that showed deregulation of the reporter and using antibodies against BPCs. As a positive
control, the endogenous region of the STK promoter was used, whereas as negative control
antibodies against HA were used. No enrichment was detected when BPCs binding to the mutated
region was tested, suggesting that mutagenesis of CArG-boxes abolished BPCs of class | binding
(Figure 5I). Collectively, these results indicate that CArG-boxes are important for the correct
spatiotemporal regulation of STK expression. Moreover, these experiments confirm that SVP

binding is necessary for the recruitment of BPCs of class | to the STK promoter.

The expression of STK is influenced by epigenetic modifications

Recently, a novel role for BPCs in the regulation of target gene expression by the recruitment of
PRCs, has been reported (Hecker et al., 2015; Mu et al., 2017; Xiao et al., 2017; Shanks et al., 2018;
Roscoe et al., 2019; Wu et al., 2019). The presence of H3K27me3 is mainly correlated with gene
silencing. However, in Arabidopsis H3K27me3 marks are also found to be enriched in genes with
tissue-specific expression patterns, suggesting that this epigenetic mark is modulated in response
to developmental cues (Zhang et al., 2007a). Interestingly, the locus of STK shows strong coverage

of H3K27me3 deposition at least in seedlings (Turck et al., 2007; Lafos et al., 2011; Li et al., 2015).

To understand whether the STK locus was also decorated with H3K27me3 marks in reproductive
tissues, we performed ChIP experiments using wild-type inflorescences. We included in these
experiments also the analysis of bpcV inflorescences to investigate a possible role for BPCs in the
deposition of H3K27me3 marks on the STK locus. Two regions were tested: region 1, located in the
first STK intron, and region 2 immediately after the stop codon of the gene, as illustrated in Figure
6a. ChIP experiments were performed using specific antibodies against H3K27me3 and analysed
by quantitative Real-Time PCR. The AT2G22560 and AGAMOUS loci were used as a negative and
positive control for H3K27me3 marks, respectively (Li et al., 2015). Our results showed that the STK
locus was also decorated with H3K27me3 in inflorescence tissue. Interestingly, in bpcV mutant
inflorescences, a reduction of H3K27me3 deposition was detected in both the two

selected STK regions (Figure 6b). These results were consistent with the observed ectopic



expression of STK in the bpcV background (Figure 1g, h) and suggest an active role of BPCs in the

establishment of repressive epigenetic marks.

LHP1 is involved in STK regulation during flower development

It was shown that SVP and BPC6 are both able to interact with the PRC1 factor LHP1 (Liu et al., 2009;
Hecker et al., 2015). Furthermore, BPC6 possesses an Alanine Zipper-Like Coiled-Coil domain at the
N-terminal region, which was shown to be essential for homo- or hetero-dimerization with other
members of the BPC class Il family as well as for the interaction with LHP1. The Alanine Zipper-Like
Coiled-Coil domain is not present in class | and class Il BPCs (Berger and Dubreucq, 2012; Hecker et

al., 2015).

LHP1 recognises loci marked by H3K27me3 in vivo, acting as part of a mechanism that represses the
expression of PRC2 targets (Turck et al., 2007). Furthermore, it has been recently reported that LHP1
could directly interact with several members of the PRC2 protein family (Derkacheva et al., 2013;

Wang et al., 2016) to facilitate their recruitment to target genes.

Mutation of the LHP1 locus resulted in pleiotropic effects due to the deregulation of several genes
during plant development (Larsson et al., 1998). To address the role of LHP1 in the regulation of STK
during flower development, its expression was analysed in the /hpl mutant background by in-situ
hybridisation  (Figure 7). In line with our hypothesis, the knock-outof LHP1
deregulated STK expression in the flower, showing expression in floral and inflorescence meristems,
as well as in young flowers (Figure 7c) whereas the expression of STK in mature flowers was not
altered (Figure 7d). STK expression was also analysed in lhp1 inflorescences by quantitative Real-
Time PCR. The MADS-box gene STK is upregulated in the /hpl mutant background, as shown in
Figure 7e.

ChlP-on-chip data presented by Turck et al. (2007) suggest that LHP1 is associated to the STK
genomic region in seedlings. To validate the high throughput data and analyse the association to
the STK locus in reproductive tissues we performed a ChIP assay, collecting inflorescences from
pLHP1:LHP1-GFP |hp1 plants (Kotake et al.,, 2003). As previously done for H3K27me3 ChIP
experiments, we tested region 1 and region 2 since they have been previously reported to be

associated to LHP1 in seedlings (Turck et al., 2007). We confirmed LHP1 association to the STK locus



in Region 2, close to the 3’"UTR of the homeotic gene (Figure 7f). Collectively, these results support

a role of LHP1 in the modulation of STK expression in the flower.

Genome-wide analysis of BPCs and MADS-domain factor binding site locations

DNA affinity purification sequencing (DAP-seq) is a transcription factor (TF)-binding site discovery
assay which combines next-generation sequencing of a genomic DNA library with affinity-purified
TFs (Bartlett et al., 2017). In publicly available repository of A. thaliana transcription factor binding
profiles (http://neomorph.salk.edu/dap_web/pages/index.php; O’Malley et al., 2016) patterns of
genome-wide co-enrichment of MADS-domain and BPCs transcription binding sites were
investigated. Average profiles for the two families were reconstructed by using a simple consensus
method (see Experimental procedures). Overlap of genomic regions associated with DAP-seq peaks

of MADS-domain and BPCs TFs families was used as a proxy to investigate possible interactions.

A highly significant over-representation of overlapping peaks (p-value hypergeometric < 3.5e-4) was
observed which can be considered as an indication of a possible direct interaction between MADS-
domain and BPC proteins. Of note, our analysis of the complete dataset of O'Malley et al. (2016),
which provides DAP-seq data for more than 500 TFs, belonging to 41 distinct transcription factor
families, suggests that overall only 4 additional families of transcription factors show significant
levels of overlap with DAP-seq peaks of members of the BPC family (REM, C2C2gata, SRS and
Trihelix, Data S1). As outlined in Figure S6, overlap with DAP-seq peaks associated with transcription
factors of the MADS-domain family accounts for 19.6% of the total number of significantly
overlapped peaks. All in all, we believe that these data are consistent with a model where BPCs can
interact with a restricted set of TFs families, which is not limited to- but is very likely to include
members of the MADS-domain family. In silico prediction of enriched sequence motifs is largely
concordant with this model (Figure 8). In fact, when de-novo reconstruction of enriched motifs is
performed we observe: i) a strong enrichment in CArG-box like motifs in genomic regions that are
bound by MADS-domain factors; ii) a strong enrichment of C-boxes like motifs in genomic regions
associated with BPC DAP-seq peaks; iii) a strong enrichment of both type of motifs (CArG-boxes and

C-boxes) when regions containing coincident DAP-seq peaks are considered.

Consistent with this model, analyses of a carefully selected collection of publicly available genome-
wide binding profiles in vivo, as determined by ChIP-sequencing, showed highly significant levels of

overlap between BPCs (BPC1 and BPC6; Xiao et al., 2017; Shanks et al., 2018) and MADS-domain



factors (SVP, SOC1, FLC and FLM; Mateos et al., 2015; Immink et al., 2012; Posé et al., 2013) in
vegetative tissues. Values of overlap were varying between 18% and 36% for BPC6, whereas

percentages were between 3% and 10% for BPC1 (Data S2 and Supplementary Figure S7).

To further investigate possible biological pathways regulated by MADS-BPCs complexes, genomic
regions associated with overlapped MADS-domain and BPCs DAP-seq peaks were annotated by the
means of the “AnnotatePeaks” program from the Homer suite (Heinz et al., 2010). A total of 519
candidate target genes was obtained, which were subjected to functional enrichment analyses using

the DAVID program (Huang et al., 2009; Data S3).

Coincident MADS-BPCs and DAP-seq peaks were subsequently cross-referenced with H3K27me3
ChlP-seq peaks (Lafos et al., 2011), to gain a better insight on potential MADS-BPCs target genes
that are co-regulated in vivo. A list of 93 candidate genes was obtained (Data S3). Interestingly,
functional enrichment analysis of this set of genes resulted in a significant enrichment of
transcription factor encoding genes (GO term “DNA-binding transcription factor activity”) for both
lists: genes associated with MADS-BPCs peaks and/or with MADS-BPCs and H3K27me3. These
results support the idea that MADS-BPC-PRC complexes play a pivotal role in the regulation of

master players in development as shown in Data S3.

Discussion

Our knowledge on the molecular mechanisms controlling gene expression in plants is still
fragmented and needs further study. Here we used the ovule identity gene STK, which is specifically
expressed in Arabidopsis placenta, ovules and seeds, as a model system to investigate the regulation
of homeotic genes expression. Previously, we showed that the MADS-domain factors SVP, AGL24
and AP1 and the class | BPC transcription factors repress STK expression during early stages of flower
development (Kooiker et al., 2005; Simonini et al., 2012; Gregis et al., 2013). Information concerning
the role of the MADS-domain factors in STK regulation were derived from the analysis of the ag/24
svp apl-12 triple mutant, whereas the role of BPC factors in STK regulation was mainly investigated
by mutagenesis of multiple BPCs binding sites (C-boxes) in the STK regulatory region. Mutation of
those sites caused indeed strong deregulation of STK during flower development, suggesting that
C-boxes and therefore BPC factors are important for STK regulation (Simonini et al., 2012). Even

though these data are very interesting, mutating cis-elements still provides indirect evidence for the



role of BPCs in STK regulation. This study provides now deeper insights in the interplay between

Class I and Il BPC proteins and MADS-domain factors in the ovule specific regulation of STK.

The roles of BPCs and MADS-domain factors containing complexes in the regulation of STK

We investigated the role of BPC factors in the regulation of STK by generating the bpc1-2 bpc2 bpc3
bpc4 bpc6 quintuple mutant (bpcV). In this mutant STK expression was deregulated and its
transcripts were detected by in-situ hybridisation in the floral meristem and floral organs,
confirming the importance and redundant role of BPCs, belonging to both class | and class Il, in STK
regulation. Intriguingly, ChIP experiments showed that in the bpcV mutant background SVP could
still bind the STK promoter, suggesting that SVP can bind DNA independently of BPC factors.
Previously, we reported that the mutagenesis of BPC binding sites (C-boxes) in the STK promoter
affected SVP binding to the DNA. This discrepancy could not be due to the fact that nearby C-box
mutations influence CArG-box affinity since control experiments ruled this option out (Simonini et
al., 2012). However, we cannot exclude the possibility that mutagenesis of C-box elements in the
promoter of STK introduced structural changes that altered the binding affinity of regulatory
elements causing loss of binding of SVP or of unknown co-factors important for SVP binding to the
STK promoter.

The in silico analyses, using the open-access database Jaspar (Khan et al., 2018), of the regulatory
region of STK revealed binding motifs for different transcription factors of Arabidopsis. Interestingly,
motifs recognized by HD-ZIP homeobox domain factors, C2H2 zinc finger Dof domain factors, Basic
helix-loop-helix factors (bHLH), Beta-Hairpin-Ribbon AP2 MBD _like and GATA-type zinc fingers were
detected. All these TFs families could indeed be part of the regulatory machinery for the correct
spatiotemporal expression of STK. This scenario might also explain why the deregulation phenotype
of the lines with the mutated STK promoter (pSTK_CArGm:GUS ) was not fully penetrant (36% of the
plants showed GUS expression outside the normal STK expression domain). The binding of the STK
repressive complex might not only be dependent on the association of SVP with the promoter but
other cofactors are expected to be involved in recruiting the complex to the DNA. In the absence of
SVP binding, the interaction of the complex with the mutated STK promoter could be less stable and

influenced by for instance fluctuations in environmental conditions.



It remains important to underline that all our experiments demonstrate that BPC and MADS-domain
factors are together essential for the correct expression of STK and that, binding of SVP alone is not
per se sufficient to repress STK expression in the floral meristems.

We previously revealed that BPCs of class | can interact with each other (Simonini et al., 2012);
moreover, BPCs of class Il form homo and heterodimers with members of class | (Wanke et al., 2011;
Simonini et al., 2012 and Figure S3). BPC protein-protein interactions studies suggest that BPC
factors of class | and Il can act synergistically and redundantly to regulate the expression of their
targets as we demonstrated for STK. An example has been provided by Mu et al. (2017), who showed
that mutations in BPCs of class | and Il increased ABI4 expression in roots.

To further investigate the molecular and functional relationships between the MADS-domain factor
SVP and BPCs of class Il, we tested their ability to form heterodimers in planta. We revealed that
SVP interacts with BPC4 and BPC6, but the dimers are mainly retained in the cytoplasm. An
interesting observation was that the MADS-domain protein AP1, an interactor of SVP, facilitated the
co-localisation of SVP-BPC4 (and BPC6) to the nucleus. These data further clarify the role of AP1 in
the regulation of STK (Simonini et al., 2012).

The Role of BPCs during seed development

Pinyopich et al. (2003) reported that STK has also a role during seed development since the stk
mutant presented smaller seeds compared to the wild-type.

In this work we found that BPCs can restrict the expression of STK in certain spatiotemporal window
since in the bpcV mutant the expression of STK was extended to other tissues in floral organs. The
analysis of the 355:STK line here presented, further explored the effects of the deregulation of STK
throughout reproductive development. The defects in seeds size registered in the bpcV and 355:STK
suggest that BPCs might control STK expression later during development, in seeds. The observation
that in the bpcV mutant seeds are bigger than in 355:STK lines, suggests an addictive role of BPCs
during seed development. It will be interesting to further investigate the role of BPCs in such an

important aspect of plant development which has enormous implications in agronomical species.

BPCs of class Il and SVP recruit LHP1 for the regulation of STK



Farkas et al. (1994) have first characterised the GAGA Associated Factor of Drosophila melanogaster
(dGAFs). Even though GAFs and BPCs are phylogenetically unrelated, they present several
similarities. BPCs can bind to (GA)n sequences (Berger and Dubreucq, 2012) to control the
expression of their targets (Meister et al., 2004; Berger et al., 2011; Simonini et al., 2012; Simonini
and Kater, 2014; Mu et al., 2017; Theune et al., 2019; Roscoe et al., 2019; Wu et al., 2019). They also
present a highly conserved zinc finger like DNA-binding domain, similar to Trl of Drosophila (Wanke
et al., 2011). Interestingly, cooperative binding of BPC1 proteins to GA-rich motifs in the STK
promoter region leads to condensation and looping of DNA (Kooiker et al., 2005), similar to what
has been described for dGAF from Drosophila. Recent works in Arabidopsis revealed an intriguing
interaction among BPCs and Polycomb group proteins, similar to those described in animals for
dGAF, which can cooperate with Polycomb Group factors (PcG) to repress gene expression (Horard
et al., 2000). PcG complexes have paramount roles in cell fate determination and differentiation
both in plants and in animals. These proteins have been identified in Drosophila more than 40 years
ago as key repressors of homeotic genes (Hox) throughout embryonic development (Lewis, 1978).
Besides, the sequences and functions of PcG genes are highly conserved between animals and
plants. Several publications recently showed that BPCs can interact with proteins belonging to PRC1
and PRC2, suggesting that it could be a mechanism to repress the expression of their target genes
(Wanke et al., 2011; Mu et al., 2017; Xiao et al., 2017). Our results provide further insights into the
connection between BPCs and PRC members for the regulation of target genes. We suggest that
BPCs of class Il and SVP recruit LHP1 and act redundantly with the class | members to establish and
maintain H3K27me3 repressive mark on the regulatory region of STK in reproductive tissue. In fact,
we registered a reduction of H3K27me3 in the bpcV mutant. In the /hp1 background, we detected
increased levels of STK, moreover its expression is localized also in the inflorescences and in the
floral meristems as well as in the first floral buds. In contrast to our results in the bpcV, no signal
was detected in other floral structures at maturity, thus suggesting that BPCs of class | and Il might
repress STK expression during flower development also via other mechanisms that do not involve

LHP1 activity.

Recently, several BPC targets have been discovered. Most of them are also associated with PRC
mediated silencing: the KNOX gene BREVIPEDICELLUS (BP) is repressed by BPCs throughout flower
development (Simonini et al., 2012). The expression of BP is directly regulated by the recruitment
of the EMBRYONIC FLOWER (EMF) complex by ASYMMETRIC LEAVES 1 and 2 (AS1 and AS2), which

triggers H3K27me3 deposition (Lodha et al., 2013). BP was also identified in our computational



analysis of regions enriched in binding sites for MADS-domain and BPC family members and resulted
decorated with H3K27me3 marks (Data S3). Also, FUS3 has recently been characterised as a BPC
target (Roscoe et al., 2019; Wu et al., 2019) and already reported to be a target of PRCs (Makarevich
etal., 2006; Zhang et al., 2007a; Bouyer et al., 2011; Yang et al., 2013; Xiao et al., 2017). Interestingly,
our computational analysis showed that its regulatory region could also be bound by MADS-domain
factors, suggesting a possible conserved mechanism for target regulation.

The MADS-domain factor SVP interacts with LHP1 and is required to recruit the PRC1 factor to the
promoter of SEPALLATA3 (SEP3), acting as a pioneer factor (Liu et al., 2009). In accordance to this
hypothesis, H3K27me3 deposition on the SEP3 locus is reduced in /hp1 background.

Our ChIP assays confirm binding of LHP1 to the 3’ end of STK, indicating a direct regulation of the
homeotic gene by this factor. Interestingly, we previously reported that SVP binds the 3'UTR of
many of its targets, among which STK (Gregis et al., 2013). Therefore, it is likely that SVP recruits
LHP1 on the STK locus and subsequently repress the expression of the ovule identity gene via PRC2
recruitment, as previously shown for SEP3 (Liu et al., 2009).

PRC2 components are required for H3K27me3 deposition to the target locus (Wang et al., 2016).
Three different PRC2 complexes regulate plant development by targeting a subset of genes. LHP1
has been reported to associate with several PRC2 members (Derkacheva et al., 2013; Wang et al.,
2016), to mediate their recruitment to the target locus. Previously was shown that the EMF complex
played a role in the repression of AGAMOUS (AG) and SEP3 in the flower (Yoshida et al., 2001;
Kinoshita et al., 2001; Chanvivattana et al., 2004; Calonje et al., 2008). Notably, Derkacheva et al.
(2013) reported that LHP1 is directly associated with the EMF complex. We previously characterised
SEP3 and AG, as targets of BPCs and SVP (Gregis et al., 2009; Simonini et al., 2012); as matter of fact,
the upregulation of AG registered in the /hp1 single mutant is increased in the lhp1 bpc4 bpcé triple

mutant, confirming a LHP1-class Il BPCs interplay in seedlings (Hecker et al., 2015).

Considering all these observations it is tempting to speculate that BPCs and SVP might regulate STK
expression by the recruitment of LHP1. Then LHP1 as PRC1 member could interact with the EMF
complex to mediate the correct deposition of the H3K27me3. Furthermore, LHP1 could assure the
maintenance and the spreading of the repressor marks on the STK locus throughout flower

development (Figure 9).

A general regulatory mechanism in plants



Understanding the molecular mechanisms through which BPCs and SVP containing complexes act,
is important, since it is likely that the mechanism by which these factors regulate STK can be
extended to many other genes during plant development. This is based on the following
observations: (i) many genes contain both C-boxes and CArG-boxes in their putative promoter
regions; (ii) BPCs are ubiquitously expressed in plants while MADS-domain factors are specifically
expressed in all the fundamental developmental stages; and (iii) combination of bpc alleles showed
pleiotropic phenotypes (Monfared et al., 2011). Furthermore, Berger et al. (2011) identified three
cis-elements required for LEAFY COTYLEDONZ2 (LEC2) repression: C-boxes, CArG-boxes and PRE-like
elements, corroborating the idea that the understanding of the synergistic interaction between
MADS-domain factors and BPCs is an important key to decode gene regulation in plants. Several key
developmental factors that are worth to be tested as putative direct targets of both MADS-domain
and BPC factors are reported in Data S3. In fact, they were identified in our computational analysis
of regions enriched in binding sites for both MADS and BPC family members. Notably, the analyses
of ChIP-seq data available for selected MADS-domain and BPCs in vegetative tissues reveal an highly
significant levels of overlap of their binding profiles in vivo, which suggest a cooperative role of

BPCs-MADS factors also during vegetative stages that will be interesting to investigate.

The regulatory mechanism through which BPCs act is of course not restricted to Arabidopsis. Several
GAGA binding proteins have been discovered in crops and several targets have already been
characterised (Sangwan and O’Brian, 2002; Santi et al., 2003; Meister et al., 2004; Gong et al., 2018).
Therefore, a better understanding of the mechanisms by which these factors act in Arabidopsis may

provide knowledge to be used for future crop improvement.

Experimental procedures

Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Columbia was used in this study; the plants were directly sown on soil
and kept under short-day conditions for 2 weeks (22°C, 8 h light and 16 h dark) and then moved to
long-day conditions (22°C, 16 h light and 8 h dark). The agl24 svp ap1-12 triple mutant and
the pSVP:SVP-GFP svp line were previously described by Gregis et al. (2008; 2009); genotyping of
the bpcl-2 bpc2 bpc3 bpc4 bpc6 mutants was done according to Simonini and Kater (2014)
and Monfared et al. (2011). Seeds from the lhp1 (previously named tfl2-1 (Larsson et al., 1998)),



arf2-8 and stk mutant in Columbia background were obtained from the Nottingham Arabidopsis

Stock Centre.

Generation of quintuple mutants and marker lines

The bpc 1-2 bpc2 bpc3 bpcd bpcé quintuple mutant was obtained by crossing the bpc 1-2 bpc2
bpc3 triple mutant (Simonini and Kater, 2014) and bpc4 bpc6 double mutant (Monfared et al.,
2011); the pSVP:SVP-GFP svp bpcl-2 bpc2 bpc3 bpc4 bpc6 was obtained crossing the line previously
described by Gregis et al. (2009) and the bpcV.

Generation of 355:STK line

Arabidopsis plants were transformed with the chimeric gene construct in which the CDS of STK was
fused to the Cauliflower mosaic virus (CaMV) 35S promoter (Favaro et al., 2003) using the
Agrobacterium tumefaciens—mediated floral dip method (Clough and Bent, 1998). Transformant
plants were sown on MS medium and selected by hygromycin (20 mg/L) resistance; presence of the

construct was assessed by genotyping and analysis of STK expression.

STK promoter constructs and plant transformation

The mutated version of the STK promoter (pSTK_CArGm) was synthesised by Twin Helix. The
synthetic DNA fragment, like the wild-type version of the STK promoter, were cloned in pUC57-
Simple (GenScript). The two fragments were digested with Accl and Kpnl and cloned in pDONR207
entry clone (Invitrogen), and successively into pGWB3 binary vector containing the GUS reporter
gene. Arabidopsis plants were transformed with these constructs using the Agrobacterium
tumefaciens—mediated floral dip method (Clough and Bent, 1998). Transformant plants were sown
on MS plates and selected by hygromycin (20 mg/L) resistance; presence of the construct was

assessed by PCR.

GUS staining

GUS assays were performed as described previously by Liljegren et al. (2000). The samples were
mounted in lactic acid and subsequently observed using a Zeiss Axiophot D1 microscope equipped
with differential interference contrast optics. Images were captured on an Axiocam MRc5 camera

(Zeiss) using the Axiovision program (version 4.1).



In-situ hybridisation assay

Arabidopsis flowers were collected, fixed and embedded in paraffin as described by Huijser et al.
(1992). Plant tissue sections were probed with STK antisense RNA, described in Brambilla et
al. (2007); STK-sense and H4 histone gene were used as controls (Fobert et al., 1994). Hybridisation

and immunological detection were executed as described previously by Coen et al. (1990).

ChIP assay

ChlIP assays were performed as described by Gregis et al. (2009) using for SVP-GFP the commercial
antibody GFP:Living Colors full-length (Clontech), and for BPCs of class | a polyclonal antibody as
described by Simonini et al. (2012); HA antibody Anti-HA (Roche) were used as negative control in
one of the experiments. Quantitative Real-Time PCR assays were performed to determine the
enrichment of the fragments. The detection was performed in triplicate using the iQ SYBR
Green Supermix (Bio-Rad) and the Bio-Rad iCycler iQ Optical System (software version 3.0a), with
the primers listed in Table S2. ChlP-quantitative Real-Time PCR experiments and relative
enrichments were calculated as reported by (Matias-Hernandez et al. (2010). We employed the
following formulas to calculate the fold enrichment: dCT.tg = CT.i-CT.tg and dCT.nc =CT.i-CT.nc. Ct.tg
is target gene mean value, Ct.i is input DNA mean value, and Ct.nc is ACTIN 7 (negative control)
mean value: dCT.tg = CT.i-CT.tg and dCT.nc =CT.i-CT.nc. The propagated error values of these CTs
are calculated using dSD.tg = sqrt((SD.i)*2+ (SD.tg"2)/sqrt(n) and dSD.nc = sqrt((SD.i)*2+
(SD.nc”2)/sqrt(n), n = number of replicate per sample. Fold-change over negative control was
calculated finding the “delta delta CT” of the target region as follows: ddCT = dCT.tg- dCT.nc and
ddSD = sqrt((dSD.tg)*2+ (dSD.nc)”2. The transformation to linear “fold-change” values is obtained
as follows: FC = 22(ddCT) and FC.error = In(2)*ddSD*FC. All the experiments were performed in

three biological replicates.

ChIP-based analysis of H3K27me3 histone modification

For ChlIP-based analysis of histone modifications, the following antibodies were used for
immunoprecipitation: Anti-H3K27me3 Rabbit Polyclonal Antibody (Merck 07-449) and Rabbit anti-
histone H3 (Sigma-Aldrich H0O164). 0,8 mg of grinded and fixed material from unfertilized flowers
from wild-type and bpcV mutant was collected. ChIP experiments were performed in a modified
version of a previously reported protocol (Mizzotti et al., 2014). The quantitative Real-Time PCR

assay was conducted in triplicate on four different biological replicates, with three technical



replicates for each sample, and was performed in a Bio-Rad iCycler iQ optical system (software
version 3.0a). Quantitative Real-Time PCR assays were performed on input and immunoprecipitated
samples and % of input was calculated. The signal obtained after precipitation with anti-H3K27me3
antibody (as indicated in Figure 6b) was normalized to actin levels. AGAMOUS region was used as a
reference as it carries the H3K27me3 mark (Li et al., 2015). Relative enrichment of AT2G22560 was
included as negative control for the H3K27me3 mark (Li et al., 2015). Sequences of oligonucleotides

used for ChIP analyses are listed in Table S2.

Yeast two-hybrid assay

The two-hybrid assays were performed at 28°C in the yeast strain AH109 (Clontech). The coding
sequences of BPC4, BPC6 and SVP were cloned into pDONR207 (Life Technologies) and successively
transferred to the Gateway vector GAL4 system (pGADT7 and pGBKT7; Clontech). Yeast two-hybrid
assays were performed on selective yeast synthetic dropout medium lacking Leu, Trp, Ade, and His

supplemented with different concentrations of 3-aminotriazole (1, 2.5, and 5 mM of 3-AT).

BiFC assay

The BPC4, BPC6 and SVP coding sequences were first cloned into pDONR207 (Life Technologies) and
subsequently transferred to the pYFPN43 and pYFPC43 vectors by Gateway recombination; while
the AP1 coding sequence was cloned into pDONR207 (Invitrogen) and then transferred to
pPB7RWG2, purchased from the Flanders Interuniversity Institute for Biotechnology (Gent,
Belgium); the previously described formation of VERDANDI-VALKYRIE heterodimers was used as
positive control, whereas VERDANDI-VERDANDI combination was used as negative control (Figure
S4A; Mendes et al. (2016); all the controls are reported in Figures S3, S4 and S5. BiFC assays were
performed injecting Agrobacterium expressing viral suppressor pl9/experimental constructs as
described by Belda-Palazén et al. (2012). The abaxial surfaces of infiltrated tobacco

(Nicotiana benthamiana) leaves were imaged 3 days after inoculation.

Co-Immunoprecipitation (Co-IP) Protocol

The coding sequences of BPC4, BPC6 and SVP were cloned into pDONR221 and then transferred to
pPB7RWG2 and pB7FWG2, both purchased from the Flanders Interuniversity Institute for
Biotechnology (Gent, Belgium). Nicotiana benthamiana leaves were infiltrated

with Agrobacterium tumefaciens, as previously described. 4 days after infiltration, leaf disks (16 mm



diameter) were collected and homogenised in 1 ml of immunoprecipitation (IP) buffer (30 mM
HEPES-KOH pH 8.0, 200 mM NaCl, 60 mM KOAc, 10 mM MgOAc, 0,5% [v/v] Nonidet P-40 and
proteinase inhibitor cocktail [cOmplete™, COEDTAF-RO, Roche]). Samples were incubated in ice for
15 min to allow membrane solubilisation and subjected to a centrifugation step (10 min at 16,000 g).
Supernatants were incubated (2 h, at 4°C) with 20 pl RFP-Trap®_MA (ChromoTek) or GFP-
Trap®_MA (ChromoTek). Beads were then washed 3 times for 10 min with 1 ml of IP buffer and
eluted with Laemmli sample buffer. Protein samples were fractionated on SDS—PAGE (10% [w/V]
acrylamide (Schagger and von Jagow, 1987) and then transferred to polyvinylidene difluoride
(PVDF) membranes. Filters were immuno-decorated with specific antibodies; the Coomassie
Brilliant Blue (CBB) staining of the gel was performed as loading control. The anti-GFP antibody was
purchased from Thermo Fisher Scientific while the anti-RFP antibody was obtained

from ChromoTek.

Gene expression analysis

Quantitative Real-Time PCR experiments were performed using cDNA obtained from inflorescences.
Total RNA was extracted using lithium chloride. The Ambion TURBO DNA-free DNase kit was used
to remove genomic DNA contaminations, according to the manufacturer’s instructions
(http://www.ambion.com/). The ImProm-IITM reverse transcription system (Promega) was used to
retrotranscribe the treated RNA. Transcripts were detected using a Sybr Green Assay (iQ SYBR
Green Supermix; Bio-Rad) using UBIQUITIN as a reference gene. Assays were done in in triplicate
using a Bio-Rad iCycler iQ Optical System (software version 3.0a). The enrichments were calculated
normalising the amount of mRNA against housekeeping gene fragments. The expression of different

genes was analysed using specific oligonucleotides primers (Table S2).

Microscopy and imaging

Images of plants, cauline and rosette leaves were acquired using a Canon EOS 6D camera whereas
images of siliques were taken using a Leica® MZ 6 stereomicroscope. For in-situ experiments
sections were analysed using a Zeiss Axiophot D1 microscope supplied with differential interface

contrast (DIC) optics and Axiocam MRc5 camera (Zeiss) using the AXIOVISION program (version 4.4).

Scanning



Seed area size were analysed by using SMART-GRAIN software. ANOVA and post-hoc Tukey HSD

(honestly significant difference) test were used for wild-type versus other genotypes comparison.

Computational analyses

DAP-seq peaks data were obtained in the form of narrowpeaks files from from
http://neomorph.salk.edu/dap_web/pages/index.php. Narrow-peaks files were concatenated and
overlapped genomic regions were merged by the means of the bedtools merge utility. Finally,
candidate binding regions showing a positive hit for the majority (that is n/2+1, if profiles for n family
members were available) of the members of a family were retained to form the "consensus" family
profile. ChIP-seq peaks for BPC1 (GSE84483), BPC6, SVP (GSE54881), SOC1 (GSE45846), FLC
(GSE54881) and FLM (GSE48082) were retrieved directly from their respective entries in the GEO
database. Data of selected MADS-box ChlIP-seq were chosen based on the tissue in which the
experiments were performed: seedling or vegetative tissues as for ChIP-seqs available for both BPC1
and BPC6. Intersection of peaks coordinates were performed using the bedtools intersect program
(Quinlan and Hall, 2010) using default parameters; peaks with an overlap of 1 bp were considered
coincident. The "-u" option was used in order to collapse peaks showing multiple overlaps. Statistical
significance of overlaps was assessed by using the hyper-geometric distribution. Annotation of
selected DAP-seq peaks was performed by the means of the annotatePeaks program from the
Homer suite (Heinz et al., 2010) using the reference TAIR10 annotation. Identification of enriched
sequence motifs and identification of closely related motifs from publicly available dataset of were
performed by the means of the findMotifsGenome utility in Homer. Functional enrichment analyses

were performed by using the web interface of the DAVID suite (Huang et al., 2009).

Accession numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession
numbers: STK (AT4G09960), BPC1 (AT2G01930), BPC2 (AT1G14685), BPC3 (AT1G68120), BPC4 (AT
2G21240), BPC6 (AT5G42520), AGL24 (ATAG24540), SVP (AT2G22540), AP1 (AT1G69120), LHP1 (A
T5G17690), NETWORK

2D (AT2G22560), AGAMOUS (AT4G18960), VERDANDI (AT5G18000), VALKYRIE (AT2G24690), ACTI
N7 (AT5G09810) and UBIQUITIN (AT4G36800).
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Figures legends.

Figure 1. Mutation of BPCs of class | and class Il affects STK expression in the flower.

In-situ hybridisation on wild-type [(a) and (b)], bpc1-2 bpc2 bpc3 [(c) and (d)], bpc4 bpc6 [(e) and (f)]
and bpcV [(g) and (h)] inflorescences using a STK-specific antisense probe. IM: inflorescence

meristem; P: petal; numbers represent flower stages. Scale bars=50 um.

Figure 2. Overexpression of STK affects vegetative and reproductive development.

(a) From left to right: wild-type, bpcV and 35S5:STK plants; plants were photographed six weeks after
sowing; scale bars=1 cm. (b) Fruit morphology and length in wild type, bpcV and 35S:STK (from top
to bottom); scale bars=1.5 mm. (c) Average seeds area size of wild-type, arf2-8 (Schruff et al., 2006),
stk (Pinyopich et al., 2001), 35S:STK and bpcV; error bars represent the standard error mean of

replicates; ANOVA and post-hoc Tukey HSD (honestly significant difference) test were used, **P <



0.01 for wild-type versus other genotypes comparison. In the lower row, seeds of the analysed

genotypes are shown.

Figure 3. Class Il BPCs interact with SVP in vivo.

(a) Yeast two-hybrid interaction assay for SVP and BPCs of class Il: positive interactions on selective
media —W-L-H +5mM 3-AT.

(b) Co-immunoprecipitation assays. Nicotiana benthamiana leaves were infiltrated with constructs
carrying SVP-GFP together with BPC4-RFP and BPC6-RFP, as described in experimental procedures.
Immunoprecipitation step was performed using RFP-trap on total protein leaf extract. Samples were
probed with GFP and RFP antibodies. S/N: supernatant; IP: immunoprecipitation.

(c) Bi-molecular fluorescence complementation (BiFC) assay. Nicotiana benthamiana epidermis
cells were transiently transformed with the indicated YN and YC fusions. In the first and the second
column yellow fluorescence and the merging in the bright field were shown, respectively.

(d) Bi-molecular fluorescence complementation (BiFC) assay. N.benthamiana epidermis cells were
transiently transformed with the indicated YN and YC fusions and AP1-RFP construct. In the first,
the second and the third column yellow fluorescence, red fluorescence and the merging between

the two channels in the bright field were shown, respectively. Scale bars=40 um.

Figure 4. ChIP experiments on different mutant backgrounds.

ChIP experiments on different mutant backgrounds. (a) Schematic diagram of the STK locus
indicating the regions analysed by chromatin immunoprecipitation (ChIP; black bars). Black boxes,
exons; white boxes, promoters and introns; asterisks, C-boxes; grey boxes, CArG-boxes; scale
bar=500 bp. (b) Quantitative Real-Time PCR analysis of ChIP assay using chromatin extracted from
svp apl-12 agl24, wild-type (as a positive control), and bpc1-2 bpc2 bpc3 (as a negative control)
testing the C-12, B and NC box regions. Antibodies against BPCs of class | were used. (c) Quantitative
Real-time PCR analysis of ChIP assay using chromatin extracted from pSVP:SVP-GFP svp bpcV,
pSVP:SVP-GFP svp (as a positive control) and wild-type (as a negative control), testing C-12, B and



NC box regions. For the IP, commercial antibodies against GFP were used. Error bars represent the
propagated error value using three replicates. ChIP results of one representative experiment are
shown. Positive binding site fragments were considered only if they were enriched compared with

the controls in at least three independent experiments.

Figure 5. Mutation of CArG-boxes interferes with SVP and class | BPCs binding to STK promoter.

(a)Schematic representation of the STK promoter versions generated: dark grey squares represent
CArG-boxes wild-type and mutated (crossed). (b)-(g) GUS staining on inflorescences from
pSTK:GUSwt (b-d) and pSTK_CArGm:GUS (e-g): whole inflorescence [(b) and (e)]; mature flower [(c)
and (f)]; inflorescence meristem (IM), floral meristems (FM) and young flowers [(d) and (g)]; scale
bars in (c), (d), (f) and (g)=100 um. (h) Quantitative Real-Time PCR analysis of ChIP assay using
chromatin extracted from pSVP:SVP-GFP pSTK_CArGm svp showing deregulation of the reporter and
pSTK_CArGm as a negative control, testing wild-type region, mutated region and NC box. For the IP,
antibodies against GFP have been used. (i) Quantitative Real-Time PCR analysis of ChIP assay using
chromatin extracted from pSVP:SVP-GFP pSTK_CArGm svp showing correct expression of the
reporter and pSTK_CArGm as a negative control, testing wild-type region, mutated region and NC
box. For the IP, antibodies against GFP have been used. (I) Quantitative Real-Time PCR analysis of
ChIP assay using chromatin extracted from pSVP:SVP-GFP pSTK_CArGm testing wild-type region,
mutated region and NC box. For the IP, antibodies against Class | BPCs have been used; for negative
control commercial antibodies against HA was used. Error bars represent the propagated error value
using three replicates. ChIP results of one representative experiment are shown. Positive binding
site fragments were considered only if they were significantly enriched compared to the controls in

at least three independent experiments.

Figure 6. Epigenetic regulation of STK.

(a) Schematic representation of the STK genomic region tested in ChIP assay. Black boxes
indicate exonic regions. Black bars indicate the regions analysed by chromatin
immunoprecipitation (ChIP); regionl is located in the H3k27me3 — enriched region published by (Li
et al. 2015) spanning -2627 upstream STK-transcriptional start site to +2050 pb downstream STK-

transcriptional start site, whereas region 2 is localized 3 pb downstream the stop codon of the



gene. Black arrow indicates the STK-transcription start site. Scale bar= 500 bp. (b) ChIP-quantitative
Real-Time PCR determining the levels of H3K27me3 across the STK locus in inflorescence tissue.
Quantitative Real-Time PCR quantification of STK sequences in precipitated chromatin was used to
infer the methylation of histone H3 at lysine 27 (H3K27me3) and histone H3 density. Ct values were
used to calculate the IP/IN signal. ChIP enrichments are presented as the percentage (%) of
bound/input signal normalized to actin levels in the relative regions. We tested the efficiency of IP
on histone modifications by quantifying the presence of the H3K27me3 mark in AG region which
carries the mark H3k27me3, reported in Li et al. (2015). H3K27me3 mark in AT2G22560 was used
as negative control for H3K27me3 mark (Li et al. 2015). The data were normalized to actin, with
error bars indicating standard deviations based on three independent technical replicates. Four,

independent ChIP experiments were performed and similar results were obtained.

Figure 7. LHP1 directly regulates STK during flower development.

(a)-(d) In-situ hybridisation on wild-type [(a) and (b)] and /hp1 inflorescences [(c) and (d)] using
a STK-specific antisense probe (Brambilla et al., 2007). IM: inflorescence meristem; FM: floral
meristem; numbers represent flower stages; scale bars=50 um.

(e) Expression analysis of STK by quantitative Real-Time PCR in /hp1 and wild-type inflorescences.
The expression of STK was normalized to that of ubiquitin and the expression level in wild-type was
set to 1. Asterisk indicates P < 0.05 in a Student’s t-test.

(f) Quantitative Real-Time PCR analysis of ChIP assay using chromatin extracted from pLHP1:LHP1-
GFP (Kotake et al, 2003) and wild-type (as a negative control), testing the Region 1 and Region 2
(Figure 6a). For the IP, commercial antibodies against SVP were used. Error bars represent the
propagated error value using three replicates. ChIP results of one representative experiment are
shown. Positive binding site fragments were considered only if they were significantly enriched

compared with the controls in at least three independent experiments.

Figure 8. Analysis of BPC and MADS-box transcription factor families binding sites.

Venn diagram displaying the number of DAP-seq peaks and the common number of peaks
associated to the BPC and MADS transcription factor families according to our analysis of the data
by O'Malley et al (see Experimental procedures). Enriched motifs, as recovered by Homer (p-value

< 1e-30), are displayed underneath.



Figure 9. Model of the protein complex formed to represses gene expression during flower

development.

BPCs and SVP bind C-boxes (in dark purple) and CArG-boxes (in light purple) respectively, and recruit

LHP1 to a subset of gene loci.

Figures.

Figure 1. Mutation of BPCs of class | and class Il affects STK expression in the flower.
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development.



Supplementary Figures.

Figure S1.

In-situ hybridisation on wild-type [(a) and (b); (e) and (f)] and bpcV [(c) and (d); (g) and (h)] inflorescences
using a histone H4 probe (Fobert et al., 1994) [(a)-(d)] and STK sense probe [(e)-(h)] (Brambilla et al., 2007).

Scale bars=50 um.

Figure S2.

(a) Expression analysis of STK by quantitative Real-Time PCR in three different 355:STK T1 lines and wild-
type inflorescences. The expression of STK was normalized to that of ubiquitin and the expression level in
wild-type was set to 1. Asterisk indicates P < 0.05 in a Student’s t-test. (b) Rosette leaves morphology and
length: rosette leaves in wild-type, bpcV and 35S:STK (from left to right); (c) Cauline morphology and

length: cauline leaves in wild-type, bpcV and 355:STK (from left to right); scale bars= 0.5 cm.

Figure S3.

(a) Yeast two-hybrid assay between BPCs of class II: positive interactions on selective media -
W-L-H +5mM 3-AT. (b) Co-immunoprecipitation assays. Nicotiana benthamiana leaves were
infiltrated with constructs carrying SVP-GFP together with BPC4-RFP and BPC6-RFP, as
described in experimental procedures. Immunoprecipitation step was performed using GFP-
trap on total protein leaf extract. Samples were probed with GFP and RFP antibody. S/N:
supernatant; [P: immunoprecipitation. (c) Bi-molecular fluorescence complementation (BiFC)
assay. Nicotiana benthamiana epidermis cells were transiently transformed with the indicated
YN and YC fusions; in the first and the second rows yellow fluorescence and merging in the
bright field were shown, respectively. SVP-YFPN BPC2-YFPC and BPC2-YFPN SVP -YFPC¢ were
tested as negative control to prove the specificity of all the other BPCs-SVP heterodimers. Scale

bars=50 um.

Figure S4.

(a) Bi-molecular fluorescence complementation (BiFC) assay. N.benthamiana epidermis cells were transiently
transformed with the indicated YN and YC fusions; VDD-VAL and VDD-VDD were tested as positive and

negative control, respectively (Mendes et al., 2016). In the first and the second column yellow fluorescence



and merging in the bright field were shown, respectively. Scale bars=40 um. (b) N.benthamiana epidermis
cells were transiently transformed with the indicated constructs to assess cellular localization of BPC4-RFP,
BPC6-RFP, AP1-RFP and SVP-GFP. In the first and the second row yellow/red fluorescence and merging in the

bright field were shown, respectively. Scale bars=40 um.

Figure S5.

(a) Bi-molecular fluorescence complementation (BiFC) assay, negative controls. N.benthamiana epidermis
cells were transiently transformed with the indicated YN and YC fusions. In the first and the second column
yellow fluorescence and merging in the bright field were shown, respectively. Scale bars=40 um. (b) Bi-
molecular fluorescence complementation (BiFC) assay, negative controls. N.benthamiana epidermis cells
were transiently transformed with the indicated YN and YC fusions and AP1-RFP construct. In the first, the
second and the third column yellow fluorescence, red fluorescence and the merging between the two

channels in the bright field were shown, respectively. Scale bars=40 um.

Figure S6.
Proportion of significantly overlapped DAP-Seq Peaks by TF family. Proportion, with respect to
the total number of significantly overlapped peaks, of significantly overlapped DAP-seq peaks

associated to each TF-family.

Figure S7. Venn diagrams of common ChIP seq peaks between BPC1, BPC6 and a selection of
MADS-domain TFs. Venn diagrams displaying the total number of ChIP-seq peaks and the
number of common of peaks between BPC1, BPC6 and a selection of MADS-domain
transcription factors, including SVP, FLC, FLM and SOC1. Pairwise comparison are displayed.

Left (A) intersection with BPC6. Right (B) intersection with BPC1.

Table S1. MADS-domain consensus regions identified in STK promoter and the designed mutated versions.

Table S2. Sequences of oligonucleotides used in this manuscript.

Data S1. p-values for the intersection of DAP-seq peaks of TFs families as defined by (Malley et al., 2016) with

DAP-seq peaks of the BPCs family of transcription factors. Column1: transcription factor family. Column 2: p-



value for the overlap with DAP-seq peaks of BPC family transcription factors. Column 3: Bonferroni adjusted

p-value.

Data S2. p-values for the intersection of ChIP-seq peaks of a selection of MADS-domain TFs with ChIP-seq
peaks of BPC1 and BPC6. Column 1: gene symbol of the TF. Column 2: Number of peaks overlapped with
BPC6 peaks. Column 3: number of peaks overlapped with BPC1 peaks. Column 4: Total number of peaks.
Column 5: proportion of peaks overlapped with BPC6. Column 6: p-value for the statistical significance of the
overlap with BPC6. Column 7: proportion of peaks overlapped with BPC1. Column 8: p-value for the statistical

significance of the overlap with BPC1.

Data S3. Lists of identified genome-wide binding locations for all the MADS-box and BPCs factors, coincident

DAP-seq peaks and functional enrichment analyses of associated target genes.



Figure S1. In situ hybridization controls.
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Supporting Tables

CArG-box 1 Wild-type version | CCATCTTTGT
Mutated version CTGCGCTTGT
CArG-box 2 Wild-type version | CTATATATGC
Mutated version CTATGCGCAC
CArG-box 3 Wild-type version | ACAATTATGA
Mutated version ACAGCCACAA
CArG-box 4 Wild-type version | CCTTATTTTT
Mutated version CTCCGCTTTT
CArG-box 5 Wild-type version | CCATGAAAGA
Mutated version CTGCAGAAGA
CArG-box 6 Wild-type version | CCTTTCTTGT
Mutated version CCTTTTCCGT
CArG-box 7 Wild-type version | GCTAAAGTGG
Mutated version GCTAGGACAG
CArG-box 8 Wild-type version | CCAAATCTGT
Mutated version CCAAGCTCAT
CArG-box 9 Wild-type version | GTAATAATGT
Mutated version GTAACGGCAT
CArG-box 10 Wild-type version | CCATATTTCC
Mutated version CCATATGGTT
CArG-box 11 Wild-type version | CCAATTTTTT
Mutated version TTGGTTTTIT

Table S1. MADS-domain consensus regions identified in STK promoter and the designed mutated

versions.

Genotyping

BPC1 fw TAGCGATCTTCTCATCGAAGC

BPC1 rv AGTCGTACAACAAGCGGATTG

bpc 1-2 fw TAGCGATCTTCTCATCGAAGC

bpc 1-2 rv AGTCGTACAACAAGCGGATTG

BPC2 fw AGCCCGGGCATGGATGACGATGGGTTTCG
BPC2 rv AGTCGTACAACAAGCGGATTG

bpc2 fw AGCCCGGGCATGGATGACGATGGGTTTCG
bpc2 rv TAGCGATCTTCTCATCGAAGC

BPC3 fw GGGGACCACTTTGTACAAGAAAGCTGGGTTTATCTGATGGTGACGAACTTATTGG
BPC3 rv GAGTACAAAGAGAGAGAAGTCC

BPC4 fw CCCCAGCATCAGATTAAGGA

BPC4 rv CGTGCCTAGCCCAATAGTCT




bpc4 fw

CCCCAGCATCAGATTAAGGA

bpcd rv TAGCATCTGAATTTCATAACCAATCTCGATACAC
BPC6 fw ATCTCAAATGGATGATGGTGG

BPC6 rv TTCCCCATTTGTAGCACTGTC

bpc6 fw ATCTCAAATGGATGATGGTGG

bpc6 rv GCGTGGACCGCTTGCTGCAACT

SVP fw GACCCACTAGTTATCAGCTCAG

SVPrv AAGTTATGCCTCTCTAGGAC

svp-41 fw GACCCACTAGTTATCAGCTCAG

svp-41rv AAGTTATGCCTCTCTAGGTT

AP1 fw GGAGAGGGAAAAAATTCTTAGGGCTCCAC
AP1rv ATCATGACATCATGTAACCATCACTAACAGC
apl-12 fw TGGTTCTGCTGATCCCACTGCTCATA

apl-12rv CCATACAGGAGCAAAACAGCATG

AGL24 fw GATCCACCTTCTACTCATCTCC

AGL24 rv CCACACACATGAAATAGATGATC

agl24-2 fw GATCCACCTTCTACTCATCTCC

agl24-2 rv GAGCGTCGGTCCCCACACTTCTATAC
Expression analysis by qRT-PCR

UBI fw CTGTTCACGGAACCCAATTC

UBI rv GGAAAAAGGTCTGACCGACA

STK fw ACGCGCAGAAAAGGGAGATTGAGC

STK rv TGTCGGGATCAGAGTAAGAACCTCC

gRT-PCR ChIP assay

ACTIN7 fw CGTTTCGCTTTCCTTAGTGTTAGCT
ACTIN7 rv AGCGAACGGATCTAGAGACTCACCTTG

gSTK region B fw

CTTTATAAAGGAGAAAGAAAGAGA

gSTK region B rv

CAAAGATGGGAACTTGATGAG

gSTK C-12 fw TATCAATTTGATTTGTTTTCTCTCT
gSTK C-12 rv CAAAGATGGGAACTTGATGAG
pSTK-CArGwt fw TCTCTGCTAGATTCTCTTTC
pSTK-CArGwt rv GGGAAACACAAGAAACATTA
pSTK-CArGm fw TCTCTGCTAGATTCTCTTTC
pSTK-CArGm rv GGGAAACACAAGAAATGCCG

gSTK region 1 fw TCTCTGCTAGATTCTCTTTC

gSTK region 1 rv GGGAAACACAAGAAACATTA

gSTK region 2 fw CGTCTGCGAAAAACCGAGCT

gSTK region 2 rv GGACCAATACCTTCATTGTACTTTGAA
AGAMOUS fw ATGCTGAAGTCGCACTCATCGTCT
AGAMOUS rv GAGCACGAGAAGAAGAAGAAACCTG
AT2G22560 fw TAATGTCCCTAATGTTCCCAAA
AT2G22560 fw CTCAGGCTTACTCAAACCCGA

NC box fw CCTTATTTTGTTTCTTTTTACC

NC box rv CTAAGATTGCGAGCAGTAG

Cloning yeast hybrid, BiFC and ColP constructs

BPC4 AttB1 fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGAATGGTGGTCAGTA
BPC4 AttB2 rv GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACTTGATAGTGATGTAGCGG
BPC6 AttB1 fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATGATGGTGGGCA
BPC6 AttB2 rv GGGGACCACTTTGTACAAGAAAGCTGGGTCTCATTTAATCGTAATGTAGCGG
SVP AttB1 fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGAGAGAAAAGATTC

SVP AttB2 rv

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAACCACCATACGGTAAGC




AP1 AttB1 fw

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGAGGGGTAGGGTTCA

AP1 NO STOP AttB2 rv

GGGGACCACTTTGTACAAGAAAGCTGGGTTCATGCGGCGAAGCAGCCAAGG

BPC4 NO STOP AttB2 rv GGGGACCACTTTGTACAAGAAAGCTGGGTCCTTGATAGTGATGTAGCGG
BPC6 NO STOP AttB2 rv GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTAATCGTAATGTAGCGG
SVP NO STOP AttB2 rv GGGGACCACTTTGTACAAGAAAGCTGGGTCACCACCATACGGTAAGCCG

Table S2. Sequences of oligonucleotides used in this manuscript.




MADS-Box and bHLH Transcription Factors Coordinate Transmitting Tract

Development in Arabidopsis thaliana.
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In this paper, the role of a MADS-Box and bHLH transcription factor complex during
transmitting tract development was investigated. Molecular and genetic evidences
presented here revealed that the interactions between the AGAMOUS family members STK,
SHP1, and SHP2, the bHLH gene CES and the closely related genes BEE1 and BEES3
controls transmitting tract development in Arabidopsis. Transcriptomic analysis of the bee1
bee3 stk ces-4 quadruple mutant uncovering new downstream players, involved in
transmitting tract differentiation.

| contributed to this work by performing yeast-two hybrid protein-protein interaction analysis
between CST, STK and BEE1, which showed that CST and STK are able to interact.
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MADS-Box and bHLH Transcription
Factors Coordinate Transmitting
Tract Development in Arabidopsis
thaliana

Maurizio Di Marzo?, Irma Roig-Villanovat*, Eva Zanchetti, Francesca Caselli,
Veronica Gregis, Paola Bardettit, Matteo Chiara, Andrea Guazzotti, Elisabetta Caporali,
Marta Adelina Mendes, Lucia Colombo and Martin M. Kater*

Dipartimento di Bioscienze, Universita degli Studi di Milano, Milan, Italy

The MADS-domain transcription factor SEEDSTICK (STK) controls several aspects of
plant reproduction. STK is co-expressed with CESTA (CES), a basic Helix-Loop-Helix
(bHLH) transcription factor-encoding gene. CES was reported to control redundantly
with the brassinosteroid positive signaling factors BRASSINOSTEROID ENHANCED
EXPRESSION1 (BEE1) and BEES3 the development of the transmitting tract. Combining
the stk ces-4 mutants led to a reduction in ovule fertilization due to a defect in
carpel fusion which, caused the formation of holes at the center of the septum where
the transmitting tract differentiates. Combining the stk mutant with the beel bee3
ces-4 triple mutant showed an increased number of unfertilized ovules and septum
defects. The transcriptome profile of this quadruple mutant revealed a small subset of
differentially expressed genes which are mainly involved in cell death, extracellular matrix
and cell wall development. Our data evidence a regulatory gene network controlling
transmitting tract development regulated directly or indirectly by a STK-CES containing
complex and reveal new insights in the regulation of transmitting tract development by
bHLH and MADS-domain transcription factors.

Keywords: bHLH, cell death, cell wall, extracellular matrix, MADS-box, transmitting tract

INTRODUCTION

The plant life cycle in Angiosperms is characterized by the alternation of diploid sporophyte
and haploid gametophyte generations. The sporophyte produces spores, which then develop
into gametophytes. The gametophytes produce either the male or the female gametes. Sexual
reproduction requires the delivery of sperm nuclei, via the pollen tube, to the embryo sac, where
fertilization occurs, and the new diploid sporophyte is formed.

The growing of the pollen tube through the female reproductive organ tissues in Angiosperms is
a crucial step in plant sexual reproduction. In Arabidopsis thaliana, the pistil or gynoecium results
from the fusion of two carpels. The apical part of the pistil is formed by the stigma and the stigma
papillae, which are needed to attach the pollen. The stigma is connected by the style to the ovary, in
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which lodge the ovules. The septum divides the Arabidopsis ovary
into two locules. At the center of the septum, as in the style,
the transmitting tract tissue develops. Pollen tubes must travel
through several distinct tissues before reaching ovules, including
the stigma and the transmitting tract both in the style and in the
septum (Lord and Russell, 2002; Roeder and Yanofsky, 2006).

The transmitting tract differentiates from the carpel margin
meristem (CMM), a meristematic tissue that develops as two
internal crests that, fuse when they reach each other in the middle
of the young pistil at developmental stage 9. The transmitting
tract is fully developed at stage 12 of pistil development
(Bowman et al., 1999; Roeder and Yanofsky, 2006; Reyes-
Olalde et al., 2013). The cells composing the transmitting tract
secrete an extracellular matrix (ECM), a complex mixture of
polysaccharides, glycoproteins, and glycolipids that accompany
the growing pollen tubes (Lennon et al., 1998). Indeed, the
pollen tubes grow faster, longer and more precisely in vivo than
in vitro, suggesting the importance of the ECM for pollen tube
growth in response to female signal factors (Johnson and Preuss,
2002; Johnson and Lord, 2006; Kim et al., 2006). Moreover,
programmed cell death (PCD) in the transmitting tract is critical
for pollen tube growth as well. The PCD of the transmitting
tract starts before anthesis and can be accelerated by pollination
(Crawford et al., 2007).

A complex genetic network controls the development of
the transmitting tract. The zinc-finger transcription factor NO
TRANSMITTING TRACT (NTT) has pivotal roles in this
process. In the ntt mutant, the PCD of the cells composing the
transmitting tract during fertilization, which is also influenced
by the ECM composing cell wall, is severely compromised
(Crawford et al., 2007). The changes in PCD and ECM in the
ntt mutant cause a partial failure in pollen tube growth, with
a high percentage of unfertilized ovules from the middle to the
bottom part of the siliques (Crawford et al., 2007). NTT acts
upstream of three genes that work redundantly in the control
of the style and transmitting tract development, that are CESTA
(CES), also named HALF FILLED (HAF), a bHLH-encoding
transcription factor, and two phylogenetically related genes
BRASSINOSTEROID ENHANCED EXPRESSIONI (BEEI) and
BEE3 (Crawford and Yanofsky, 2011; Poppenberger et al., 2011).

BEEs expression and activity are induced in response to
brassinosteroids (Friedrichsen et al., 2002). BRASSINOSTEROID
INSENSITIVE 2 (BIN2) directly represses CES activity by
phosphorylating it and thus promoting its degradation,
restricting its subcellular localization and inhibiting the DNA
binding activity of this transcription factor (Vert et al., 2005;
Kim and Wang, 2010; Poppenberger et al., 2011). In response
to brassinosteroids, phosphorylation of CES is inhibited and
the unphosphorylated isoform accumulates promoting its
SUMOylation (Khan et al, 2014). It is hypothesized that the
brassinosteroid-induced SUMOylation of CES may facilitate the
activation of some target genes involved in plant resistance to
freezing stress (Eremina et al., 2016).

The triple mutant ces (haf) beel bee3 shows similar
defects in transmitting tract development as Crawford
and collaborators previously observed in the nft mutant
(Crawford and Yanofsky, 2011). Furthermore, ectopic expression

of CES (HAF) increases the diameter of the transmitting tract
allowing more pollen tubes to pass through it simultaneously
(Crawford and Yanofsky, 2011).

Recently, NTT was found to interact with the MADS-domain
transcription factor SEEDSTICK (STK) to control transmitting
tract development (Herrera-Ubaldo et al., 2019). STK was
previously identified for its role in ovule development and acts
redundantly with other two MADS-box transcription factors
SHATTERPROOF]I (SHP1) and SHP2 (Pinyopich et al., 2003).

NTT and STK have similar expression patterns in the medial
domain of the pistil (Herrera-Ubaldo et al., 2019). At anthesis,
the ntt stk double mutant presents a number of cells composing
the septum similar to wild type (Herrera-Ubaldo et al., 2019).
However, in the ntt stk mutant siliques, there is a partial failure
in septum fusion, and it appears to have holes. The fact that the
cell number composing the septum has not changed suggests that
the abnormal fusion is not related to early stages of development
but rather to later defects during epidermis formation (Herrera-
Ubaldo et al., 2019). The partial failure of pollen tube growth in
the ntt stk mutant is also caused by the absence of degeneration
and collapse of the cells composing the septum and consequently
the transmitting tract (Herrera-Ubaldo et al., 2019).

Mendes et al. (2016) performed a bioinformatic analysis to
identify genes with expression patterns similar to STK, using
Arabidopsis Affymetrix microarray data from 2000 independent
experiments. From this experiment CES was identified as one of
the best candidates to participate in the same processes as STK.

Here we report a genetic and molecular analysis which
revealed interactions between the AGAMOUS family members
STK, SHP1, and SHP2, the bHLH gene CES and the closely
related genes BEEI and BEE3 in the control of transmitting
tract development in Arabidopsis. We further performed a
transcriptome analysis of the beel bee3 stk ces-4 quadruple
mutant uncovering new downstream players, involved in
transmitting tract differentiation.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All plants used in this study were in the Columbia (Col-
0) ecotype. For all analyses, Arabidopsis thaliana seeds were
incubated for 2 days at 4°C after sowing. Plants were grown at
22°C under long day conditions (LD). The ces-4 mutant was
obtained from NASC (SAIL_674_A01 lines). This line phenocopy
the ces-3 (haf), ces-1 and ces-2 mutant alleles that have been
previously characterized (Crawford and Yanofsky, 2011; Eremina
et al., 2016). The stk, shpl, and shp2 mutants were provided by
M. Yanofsky (Pinyopich et al., 2003), the beel bee2 bee3 triple
mutant was provided by J. Chory (Friedrichsen et al., 2002). The
other mutant combinations analyzed were obtained by crossing.
The pCES::GUS line was provided by Prof. B. Poppenberger
(Poppenberger et al., 2011).

Mutant Genotyping
Genotyping of the mutants was done by PCR analysis. All the
primers used in this study are listed in Supplementary Table S11.
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In situ Hybridization Analysis

Arabidopsis flowers and siliques were fixed and embedded in
paraffin as previously described in Dreni et al. (2011). Tissue
sections (8 pwm) were hybridized with a CES specific antisense
RNA probe and observed with a Zeiss Axiophot D1 microscope.
Images were captured on an Axiocam MRc5 camera (Zeiss) using
the Axiovision program (version 4.1).

Gus-Staining Analysis
GUS  staining of  pCES:GUS
described in Balanza et al. (2016).

was  performed as

Silique Analysis

The percentage of unfertilized ovules per fruit was determined
by opening at least 20 mature siliques for each genotype,
counting the number of unfertilized ovules and the total number
of developed seeds per silique under a stereomicroscope. The
statistical significance of the differences in unfertilized ovules was
analyzed using an Anova test followed by the Tukey HSD test
(**p < 0.01). All the experiments were repeated four times. For
each experiment 5 siliques were collected from 4 independent
plant lines of the same genotype.

Scanning Electron Microscope (SEM)

Pictures

Biological samples were collected and fixed overnight at 4°C
in FAA solution (3.7% formaldehyde, 5% acetic acid and 50%
ethanol). Fixed tissues were washed with water and post-
fixed with aqueous 2% osmium tetroxide for 2 h at room
temperature. Tissues were rinsed several times in deionized
water and dehydrated in a graded series of ethanol for 15 min
per rinse. This step was followed by critical point drying with
liquid CO; and sputter-coating with gold in a Nanotech sputter
coater. Specimens were analyzed using a LEO 1430 Scanning
Electron Microscope.

Pollen Tube Guidance Analysis

Experiments of pollen tube guidance were performed as
previously described by Mendes et al. (2016) and images
were captured on an Axiocam MRc5 camera (Zeiss) using the
Axiovision program (version 4.1).

Bimolecular Fluorescence

Complementation Assay (BiFC)

Coding Sequences (CDS) of CES and STK were amplified by
PCR with the primers indicated in Supplementary Table S11
and first cloned into pDONOR207 (Life Technologies) and
subsequently into the pYFPN43 and pYFPC43 vectors.! BiFC
experiments were conducted as previously described in Balanza
et al. (2016). Essentially, the abaxial surfaces of tobacco leaves
were observed 2-5 days after agroinfiltration and the interactions
were monitored using a Leica TCS confocal microscope.

Uhttp://www.ibmcp.upv.es/FerrandoLabVectors.php

Yeast Two-Hybrid Assays

The two-hybrid assays were performed at 22°C in the yeast
strain AH109 (Clontech), using the cotransformation technique
(Egea-Cortines et al.,, 1999). The coding sequences of CESTA,
STK, and BEEI1 were cloned in the Gateway vector GAL4
system (pGADT7 and pGBKT7; Clontech) passing through
pDONOR207 (Life Technologies). Yeast two-hybrid interaction
assays were performed on selective yeast synthetic dropout
medium lacking Leu, Trp, Adenine, and His supplemented with
different concentrations of 3-aminotriazole (1, 2.5, 5, 10, and
15 mM of 3-AT).

RNA Extraction and qRT-PCR Analysis

For the qRT-PCR experiment of ces-4 (knockout validation)
total RNA was extracted from whole inflorescences using the
LiCl method as previously described (Verwoerd et al., 1989).
First-strand cDNA was synthesized using an IMProm-II ™
Reverse Transcription System (Promega). Enrichments fold were
detected using a SYBER Green assay (Bio-Rad).> The qRT-PCR
assay was performed in triplicate using a Bio-Rad iCycler iQ
optical system (software version 3.0a). The qRT-PCR assay was
repeated three times. For each experiment the RNA was extracted
from three independent plant lines.

RNA Sequencing

Total RNA was extracted from three biological replicates (1
gr, obtained from a pool of 5 plants for each replicate) from
both wild-type and beel bee3 stk ces-4 mutant inflorescences
till stage 12, using the Macherey Nagel “Nucleospin RNA
Plant” according to the manufacturers instructions. RNA
concentrations and integrity were determined using Qubit
Fluorometer and the Qubit™ RNA XR Assay Kit (Thermo
Fisher Scientific). Sequencing libraries were prepared using
the NEBNext Ultra II Directional RNA library Prep Kit for
Mumina (NEB) according to the manufacture’s instruction and
sequenced on the HiSeq Illumina platform. Reads were mapped
on the reference Arabidopsis thaliana genome (TAIR, version
10) using the bowtie2 program (Langmead and Steven, 2012;
Supplementary Table S4). Estimation of gene expression levels
was performed using RSEM (Li and Dewey, 2011). Identification
of differentially expressed genes was performed by the quasi-
likelihood F-test as implemented by edgeR (Robinson et al,
2009). A False Discovery Rate (FDR) cut-off value of 0.05
was applied for the identification of significantly differentially
expressed genes. Graphical representation of the data was
performed by means of the gplots R library. To validate the data
obtained from the RNAseq experiment, we extracted total RNA
from wild type and beel bee3 stk ces-4 mutant inflorescences
till stage 12, using the Macherey Nagel “Nucleospin RNA Plant”
according to the manufacturer’s instructions. The cDNA and
qRT-PCR were performed as described in the previous paragraph
“RNA extraction and qRT-PCR analysis.” The qRT-PCR assay to
validate RNAseq experiment was repeated three times. For each
experiment the RNA was extracted from three independent plant
lines that were used for RT-PCR analysis.

Zhttp://www.bio-rad.com
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TFBS Analysis

Enrichment analysis of Transcription Factor Binding Sites
(TFBS) was performed by means of the Pscan tool, using the
“non-redundant” set of Jaspar TFBS matrices (Fornes et al,
2019) and considering a region spanning from the TSS to 500
bp upstream (default settings). Archetype consensus sites for
the W-box, MADS-box and G-box elements were established
as the Jaspar TFBS matrix showing the highest enrichment in
our dataset according to Pscan. To identify genes with high
confidence W-box, MADS-box and G-box elements in their
promoters, the complete set of 33239 Arabidopsis transcripts
according to the TAIRIO0 annotation were scanned using the
highly significantly enriched TFBS matrices as defined above.
Distribution of scores were established for each element, and
an Expectation-Maximization algorithm as implemented in the
R EM-cluster package was used to fit a 2 Gaussian mixture
model. Based on the EM model promoters were partitioned in
“high” and “low” scoring. Only promoters that were confidently
assigned to high scoring clusters (confidence > 95%) were
considered to have a bona fide TFBS element. Similarly,
to our previous analyses promoters were defined as regions
spanning 500 bp upstream of the TSS. P-values for the
enrichment of genes with W-box, MADS-box and G-box
elements in their promoters were performed by means of
the hypergeometric distribution test as implemented in the
R stats package.

Accession Numbers of the Genes

The GenBank/EMBL accession numbers for the genes shown in
this study are the following: BEE1, At1g18400; BEE2, At4g36540;
BEE3, Atlg73830; CES, Atlg25330; SHPI1, At3g58780; SHP2,
At2g42830; STK, At4g09960. The accession number of the
genes identified in the transcriptomic analysis are indicated in
Supplementary Tables S5, S6.

RESULTS

SEEDSTICK and CESTA Are

Co-expressed

In order to identify new targets, partners and/or regulators
of STK, a bioinformatic analysis was previously performed
in the laboratory to discover genes co-expressed with STK
(Mendes et al., 2016). This kind of analysis assumes that
correlation between the patterns of gene expression in a
large range of different experimental conditions could indicate
a functional relationship (Aoki et al, 2007). As already
described, the procedure to identify genes that have expression
profiles that correlate with STK was proven successful since
among the top listed genes SHPI! and SHP2 were found,
which act redundantly with STK in the control of ovule
identity (Pinyopich et al., 2003). Furthermore, top rated were
VERDANDI (VDD) and VALKYRIE (VAL), targets of the
STK-SEPALLATA3 (SEP3) complex, which both act in the
control of the death of the synergid cell that is receptive
of the pollen tube (Mendes et al, 2016). CES (Atl1g25330)

rated in position 14 of the correlators, having an expression
correlation with STK of p(LIN) 0.759 and p(LOG) 0.505
(Mendes et al., 2016).

Previously, it has been reported that CES is expressed from
stage 8 to 15 of flower development, first in CMM and later in
the stigma, septum and funiculi (Crawford and Yanofsky, 2011;
Poppenberger et al., 2011). Since STK is expressed during female
reproductive organ development (mainly septum, transmitting
tract, replum, funiculus and ovule/seed) (Pinyopich et al,
2003; Mizzotti et al, 2014; Herrera-Ubaldo et al, 2019; Di
Marzo et al.,, 2020), we investigated in more detail the spatio-
temporal expression pattern of CES during pistil, ovule and seed
development. We performed both RNA i situ hybridization and
the analysis of the pCES::GUS reporter gene construct (Figure 1).
The RNA in situ analysis experiments showed that CES was
expressed in ovules during early stages of development until
mature ovule formation and its transcripts were also present
in the transmitting tract before fertilization (Figures 1A-C). In
mature ovules, a high expression was detected in the funiculus
(Figure 1C). After fertilization and during embryo development
CES mRNA was present at high levels in the early globular
stage, and at heart and torpedo stages mRNA levels were lower
(Figures 1D-F). Analysis of the pCES::GUS plants confirmed
the in situ data (Figures 1G-I) and these experiments showed
that STK and CES partially overlap in their expression patterns
during ovule and transmitting tract development (Pinyopich
et al., 2003; Crawford and Yanofsky, 2011; Poppenberger et al.,
2011; Herrera-Ubaldo et al., 2019).

Arabidopsis Plants With stk, shp, ces,
and bee Mutant Combinations Are

Partially Sterile

To further analyze the role of CES, we characterized a CES loss-
of-function allele that we obtained from the SAIL collection
(Alonso and Stepanova, 2003). This allele, that we called ces-
4, has a T-DNA insertion in the second exon, differently
from ces-1, ces-2, and ces-3 (haf), previously published T-DNA
knockout insertion alleles (Crawford and Yanofsky, 2011;
Poppenberger et al, 2011; Eremina et al., 2016). The qRT-
PCR analysis performed to check CES expression in the ces-4
mutant indicated that this is also a null allele (Supplementary
Figure S1). Analysis of ces-4 homozygous plants did not reveal
any general phenotype at the level of the entire plant, which
was consistent with previous reports for the ces (haf) mutant
alleles (Crawford and Yanofsky, 2011; Poppenberger et al., 2011;
Eremina et al., 2016). We crossed the ces-4 mutant with stk
to obtain the stk ces-4 double mutant. The double mutant
was indistinguishable from wild type plants apart from a large
number of unfertilized ovules at the lower part of the siliques.
In wild type plants on average 1.0% of the ovules in a silique
remained unfertilized. In the stk mutant we observed on average
6.2% unfertilized ovules, and in the ces-4 single mutant 11.6%
(**p < 0.01 in respect to wild type; Figure 2 and Supplementary
Table S1). In the stk ces-4 double mutant this phenotype was
further increased to 28.1% of unfertilized ovules (Figure 2 and
Supplementary Table S1). Like in the ces-4 single mutant, also
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CES specific antisense RNA probe

PCES::GUS

FIGURE 1 | Analysis of CES expression. In situ hybridization (A-F) and GUS activity of the pCES::GUS marker line (G-I) showed CES expression in ovules
(A-C,G-l), transmitting tract (B), and in the embryos of the developing seeds (D-F). Em, embryo; fu, funiculus; ov, ovule; tt, transmitting tract. Scale bars: 50 pm.

in the stk ces-4 double mutant the unfertilized ovules were
located always at the lower part of the siliques (Figure 2 and
Supplementary Table S1).

Since SHP1 and SHP2 are closely related to STK and have
shown to control together with STK ovule identity redundantly
(Pinyopich et al., 2003), we investigated whether they also play
a role together with CES in the control of ovule fertilization.
Therefore, the shpl shp2 double mutant was crossed with the
ces-4 mutant to obtain the shpl shp2 ces-4 triple mutant. The
shpl shp2 double mutant showed on average 7.0% unfertilized
ovules (Figure 2 and Supplementary Table S1). The shpl shp2
ces-4 triple mutant showed a clear increase to 16.2%, also in this
case the unfertilized ovules were localized at the lower part of
the siliques (**p < 0.01 in respect to wild type and shpl shp2;
Figure 2 and Supplementary Table S1). Unfortunately we could
not analyze the stk shpl shp2 triple mutant, because the triple
mutant does not develop normal ovules (Pinyopich et al., 2003).
These results suggest that the MADS-domain transcription factor

STK, SHP1 and SHP2 have a role together with CES in the control
of ovule fertilization.

The contribution of the BEE genes to this process was also
investigated (Figure 3 and Supplementary Table S2). CES is
phylogenetically related to BEEI and BEE3, which have been
described as redundant with BEE2 (Friedrichsen et al., 2002).
Moreover, it has been shown that CES together with BEE1 and
BEE3 redundantly control the development of the transmitting
tract in the pistil (Crawford and Yanofsky, 2011; Poppenberger
et al,, 2011). The single mutants beel and bee3 and the multiple
mutant combinations beel bee3 and beel bee2 bee3 did not show
any obvious phenotype (Figure 3 and Supplementary Table S2).
To investigate redundancy between BEE genes and STK, we
obtained the beel bee2 bee3 stk quadruple mutant, that presented
9.2% of unfertilized ovules, with **p < 0.01 when compared
to wild type and the triple mutant beel bee2 bee3, which again
were preferentially positioned at the lower part of the siliques
(Figure 3 and Supplementary Table S2). This percentage is
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FIGURE 2 | Unfertilized ovules analysis in multiple mutant combination of stk, ces-4, and shp1 shp2. (A) Stereomicroscope images of opened siliques of the stk and
ces-4 single mutants, the stk ces-4 and the shp1 shp2 double mutants, the shp7 shp2 ces-4 triple mutant and the wild type Col-0; Scale bars: 1 mm. (B) Box plots
of all the mutants analyzed in comparison to wild type Col-0. Statistical analysis was performed using Anova followed by Tukey HSD test (*p < 0.01). The experiment
was repeated four times. For each experiment 5 siliques were collected from 4 independent plant lines of the same genotype to obtain a total of 20 analyzed siliques.
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lower than the beel bee2 bee3 ces-4 quadruple mutant, which
presented in average 28.7% of unfertilized ovules (Figure 3
and Supplementary Table S2). Despite the weaker phenotype,
our results demonstrated that STK and BEEs also have a role
together in ovule fertilization. To investigate if combining the ces-
4 mutant could further enhance the unfertilized ovule phenotype,
we generated the beel bee3 stk ces-4 quadruple and the beel
bee2 bee3 stk ces-4 quintuple mutants. The results of this analysis
showed that beel bee3 stk ces-4 had on average 46.6% unfertilized
ovules, and a similar result was obtained in the beel bee2 bee3 stk
ces-4 (44.0%) (Figure 3 and Supplementary Table S2), showing
that the addition of the bee2 allele did not further enhance the
phenotype. The unfertilized ovules in these cases are localized
from the middle to the bottom part of the siliques. Altogether,
these results indicated that the MADS-domain transcription
factors function not only together with CES, but also with the
BEEs in the control of the fertilization of all the ovules within the
Arabidopsis fruit.

STK and CES Regulate Transmitting

Tract Development

To better understand the defect that caused the presence of a
high percentage of unfertilized ovules at the lower part of the
siliques in the different mutant combinations, we performed
reciprocal crosses between wild type and stk ces-4 or shpl shp2
ces-4 mutant plants, to analyze if the female, male or both parts

were defective. The outcome of the reciprocal crosses shown in
Supplementary Figure S2, suggested that the unfertilized-ovules
phenotype was only present when the mutant genotypes were
used as mothers. This result indicates that the defects resides only
in the female reproductive organ.

To further investigate the defect present in the female
reproductive organs, which caused the high number of
unfertilized ovules at the lower part of the siliques in the multiple
mutant combinations, we analyzed the septum morphology by
Scanning Electron Microscope (SEM), at stage 17-B of fruit
development, when the siliques reach their maximum size
(Roeder and Yanofsky, 2006).

The stk and ces-4 single mutants presented a septum similar
to wild type, while the double mutant stk ces-4 disclosed a
defect in septum morphology (Figure 4A). The double mutant
was characterized by a partial failure of septum fusion in
the central portion of the septum in conjunction with the
medium portion of the ovary (Figure 4A). The quadruple
mutant combinations beel bee2 bee3 stk and beel bee2 bee3
ces-4 did not display defects in septum morphology when
compared to wild type (Figure 4A). However, the damage of
the septum appears stronger in the quadruple mutant beel
bee3 stk ces-4 and in the quintuple mutant beel bee2 bee3
stk ces-4 where a hole in the central portion of the septum
was seen in conjunction with the medium region of the ovary
(Figure 4A).
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FIGURE 3 | Unfertilized ovules analysis in multiple mutant combination of bee1, bee2, bee3, stk, and ces-4. (A) Stereomicroscope images of opened siliques of the
beel and bee3 single mutants, the bee? bee3 double mutant, the bee? bee2 bee3 triple mutant, the beel bee2 bee3 stk, the beel bee2 bee3 ces-4, and beel
bee3 stk ces-4 quadruple mutants, the bee bee2 bee3 stk ces-4 quintuple mutants and the wild type Col-0; Scale bars: 1 mm. (B) Box plots of all the mutants
analyzed in comparison to wild type Col-0. Statistical analysis was performed using Anova followed by Tukey HSD test (**o < 0.01). The experiment was repeated
four times. For each experiment 5 siliques were collected from 4 independent plant lines of the same genotype to obtain a total of 20 analyzed siliques.
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The septum morphological analysis at stage 17-B suggests a
transmitting tract defect caused by a failure of the carpel fusion
which happens from stage 9 to 12 (Roeder and Yanofsky, 2006).
At these stages, fusion occurs within the two crests of the CMM
leading to septum and transmitting tract formation (Bowman
et al., 1999; Roeder and Yanofsky, 2006; Reyes-Olalde et al.,
2013).

To confirm that the defects found in the septum and
transmitting tract formation, described for stk ces-4, beel bee3 stk
ces-4, and beel bee2 bee3 stk ces-4 caused a defective growth of
the pollen tubes through the ovary transmitting tract, pistils were
hand pollinated with wild type pollen and an aniline blue staining
was performed after 36 h (Figure 4B). In the wild-type-hand-
pollinated control pistils all the pollen tubes reached the bottom
part of the ovary. However, pollen tube growth was compromised
in the three mutant combinations. In the stk ces-4 double mutant
the pollen tubes did not grow further than the middle region of
ovary length (Figure 4B). A stronger phenotype was observed in
beel bee3 stk ces-4 quadruple and in the beel bee2 bee3 stk ces-4
quintuple mutants, where the pollen tubes stopped growing at the
upper part of the ovary (Figure 4B).

The differences in septum morphology and in pollen tube
growth in the double mutant stk ces-4, in the quadruple mutant
beel bee3 stk ces-4 and in the quintuple mutant beel bee2 bee3 stk
ces-4 clearly indicate that the fusion of the carpels, that permits
the correct development of the septum and consequently of
the transmitting tract, was partially disturbed in these mutants
and the cause that the ovules at the lower part of the siliques
remained unfertilized.

SEEDSTICK and CESTA Interact in Yeast

and Planta

The experiments described above showed a genetic interaction
between STK and CES. To investigate if there is also a physical
interaction between these proteins, Bimolecular Fluorescence
Complementation (BiFC) was performed. As a positive control,
cells were co-transformed with CES (YC-CES) and (YN-CES),
as CES was shown to homodimerize in yeast (Poppenberger
et al., 2011; Figure 5A). Reconstitution of YFP fluorescence in
the nuclei of co-transformed cells confirmed that CES is able
to interact with STK in vivo (Figure 5A), supporting our idea
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stk ces-4

eel bee2 bee3 stk
f i1

beel bee3 bee1 bee2 bee3
stk ces-4 stk ces-4

stk ces-4

FIGURE 4 | Septum analysis and pollen tube growth. (A) Scanning Electron Microscope pictures of the septum of opened siliques of stk, ces-4, stk ces-4, beel
bee2 bee3 stk, beel bee2 bee3 ces-4, beel bee3 stk ces-4 and beel bee2 bee3 stk ces-4 and wild type Col-0; Scale bars: 100 um. (B) Aniline blue staining of stk
ces-4, beel bee3 stk ces-4 and beel bee2 bee3 stk ces-4 and wild type Col-0; Scale bar: 50 um.
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CES-N + CES-C CES-N + EMPTY-C

STK-N + CES-C STK-N + EMPTY-C

B STK-AD

BEE1-AD Empty-AD
Empty-BD

CES-BD

FIGURE 5 | STK, CES and BEE1 interaction assays in yeast and in planta.
(A) BiFC assays showing the interaction of STK with CES. STK-N or CES-N:
STK or CES fusion with the N-terminal part of the split YFP; STK-C or CES-C:
STK or CES fusion with the C-terminal part of the split YFP. CES-N CES-C
interaction was used as positive control. STK-N EMPTY-C and CES-N
EMPTY-C were used as negative control. (B) Yeast two-hybrid assays testing
interactions between STK-AD, BEE1-AD, and CES-BD; interactions were
considered positive when growth on -W-L-H +15 mM of 3-AT selective media
was observed. The experiments were performed at 22°C. The CES-BEE1
interaction was chosen as a positive control (Poppenberger et al., 2011), the
growth of transformants carrying empty AD or BD vectors were used as
negative controls of the experiments.

that CES and STK form a complex that controls transmitting
tract formation. The interaction between STK and CES was also
confirmed by Y2H experiments (Figure 5B). As positive control
in these experiments we used the previously published interaction
between BEE1 and CES (Poppenberger et al., 2011; Figure 5B).
Furthermore, we observed that STK and BEE1 were not able to
interact. The complete list of vector combinations, interactions
and growth media used in this Y2H assay are described in
Supplementary Table S3.

Transcriptome Analysis of the bee1 bee3
stk ces-4 Quadruple Mutant Reveals
Target Genes Involved in Transmitting

Tract Development
To obtain a snapshot of the regulatory network controlled
by STK, CES, and BEE proteins, in the development of

the septum/transmitting tract, transcriptional profiles of the
quadruple mutant beel bee3 stk ces-4, which displayed the
most severe phenotype, were studied by RNA sequencing.
RNA was extracted from the quadruple mutant and wild
type inflorescences until stage 12 of pistil development, before
fertilization since the transmitting tract is fully developed at
this stage (Bowman et al, 1999; Roeder and Yanofsky, 2006;
Reyes-Olalde et al., 2013).

For the identification of significantly differentially expressed
genes, a FDR cut-off value of 0.05 was applied and a total
of 202 differentially expressed genes were identified. A total
of 31 genes were upregulated in the mutant (Supplementary
Table S5) while 171 genes were downregulated (Supplementary
Table S6). Furthermore, functional enrichment analyses revealed
that gene ontology categories such as glycosinolate, glycoside and
carbohydrate biosynthetic and metabolic processes were enriched
for the upregulated genes (Supplementary Table S7), while the
downregulated genes were involved in the cell death, cell wall,
plant-type cell wall biosynthesis components and response to
hormone stimulus (Supplementary Table S8).

Remarkably, among the downregulated genes, three genes
were previously described as direct targets of STK (Herrera-
Ubaldo et al., 2019): AT3G26140, AT1G28710, and AT1G06080.
The AT3G26140 gene which encodes a glycosyl hydrolase
(GH5_11) is expressed in CMM during pistil development
(Aspeborg et al., 2012; Herrera-Ubaldo et al., 2019). The GH5
enzymes are all mannan endo-beta-1,4-mannosidases which
are known to be involved in cell wall remodeling processes
(Aspeborg et al., 2012; Lombard et al.,, 2014; Herrera-Ubaldo
et al,, 2019). AT1G28710 encodes for a nucleotide diphospho-
sugar transferase protein which is involving in the biosynthesis of
polysaccharides, that are fundamental components of the ECM
(Lennon et al., 1998; Tung et al., 2005; Herrera-Ubaldo and de
Folter, 2018). ATIG06080 [DELTA 9 DESATURASEI (ADSI)],
encodes for a fatty acid desaturase which is involved in lipid
biosynthesis, expressed in flowers (Fukuchi-Mizutani et al., 1998;
Yao et al., 2003; Heilmann et al., 2004; Table 1, see also Figure 6
for heatmap description). Downregulation of these three genes
was also confirmed by qRT-PCR (Supplementary Figure S3).

PCD is a key process in the transmitting tract for ovule
fertilization (Crawford et al., 2007). Interestingly, several genes
involved in the regulation of cell death were downregulated in
the quadruple mutant (Table 1 and Figure 6). One of the most
important is GRIM REAPER (GRI, AT1G53130) that encodes for
a small protein with an extracellular localization that is able to
positively regulate cell death (Wrzaczek et al., 2009, 2015; Table 1
and Figure 6). Moreover, we observe that ACCELERATED CELL
DEATH 6 (ACD6, AT4G14400) another positive regulator of
cell death is also downregulated (Rate et al., 2007; Table 1
and Figure 6).

Additionally, we notice the downregulation of three
genes encoding for the Arabinogalactan proteins (AGPs)
ARABINOGALACTAN PROTEIN 5 (AGP5, AT1G35230), AGP7
(AT5G65390), and AGP14 (AT5G56540). AGPs are structurally
complex plasma membrane and cell wall proteoglycans that
are implicated in diverse developmental processes, including
plant sexual reproduction (Lennon et al., 1998; Coimbra et al.,
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TABLE 1 | RNAseq data of candidate genes regulated by STK-CES protein
complex and involved in transmitting tract development.

TAIRID Gene name log FC FDR Gene function
AT4G14400 ACD6 —4.0117  2.33E-05 Cell death
AT1G06080 ADS1 —1.0838 2.17E-05  Cell wall and ECM
biosynthesis
AT1G35230 AGP5 —2.1455  0.0145 Cell death and
ECM biosynthesis
AT5G65390 AGP7 —-1.3013  0.0024 Cell death and
ECM biosynthesis
AT5G56540 AGP14 —0.7840  0.0473 Cell death and
ECM biosynthesis
AT1G72290 ATWSCP —6.5142  1.42E-07 Cell death and
pollen tube growth
AT5G09730 BXL3 —2.0805 1.71E-06 Cell wall
AT1G75890 GDSL family of 0.8845  0.0038 Cell wall and lipid
serine metabolic process
esterases/lipases
AT4G28780 GDSL family of 0.6227  0.0393 Cell wall and lipid
serine metabolic process
esterases/lipases
AT4G16230 GDSL family of 1.0662  0.0127 Cell wall and lipid
serine metabolic process
esterases/lipases
AT3G26140  Glycosyl hydrolase  —2.7099 3.13E-06  Cell wall and ECM
family 5 biosynthesis
AT1G53130 GRI —7.9981  4.16E-09 Cell death
AT4G14560 IAAT —-0.7727 0.0387 AUX signaling
AT3G23030 IAA2 —0.6711 0.0393 AUX signaling
AT4G14550 IAA14 —0.9381 0.0265 AUX signaling
AT1G04250 IAAT7 —1.2215 0.0037 AUX signaling
AT2G38530 LTP2 —0.8702  0.0257 Lipid transport, cell
death, cuticle
biosynthesis
AT1G28710 Nucleotide —1.2338  0.00008 Cell wall and ECM
diphospho-sugar biosynthesis
transferase protein
AT5G49180 PME58 —0.6750  0.0459 Cell wall
AT4G36110 SAUR9 —1.2233 0.0447 Auxin response
AT2G21220 SAUR12 —0.7960  0.0239 Auxin response

Column 1, Gene ID according to the TAIR10 annotation of the A. thaliana genome;
Column 2, Gene name; Column 3, Log Fold Change of expression between beel
bee3 stk ces-4 and wild type plants; Column 4, FDR: Benjamini Hochberg adjusted
P-value for differential expression. A Significance cut-off of 0.05 is applied; Column
5, Brief description of the gene according to TAIR10 (if available). Total RNA was
extracted from three biological replicates (1 gr, obtained from a pool of 5 plants for
each replicate) from both wild-type and bee1 bee3 stk ces-4 mutant inflorescences.

2007, 2009). Importantly, these protein are able to regulate cell
death in Arabidopsis cell culture (Gao and Showalter, 1999;
Guan and Nothnagel, 2004). Intriguingly, we also detect a
significant downregulation of ATWSCP (AT1G72290), which
encodes for a Kunitz-type protease inhibitor, member of a
small family of proteins, that are water-soluble chlorophyll
proteins, and LIPID TRANSFER PROTEIN 2 (LTP2, AT2G38530)
(Table 1 and Figure 6). ATWSCP is expressed in the septum
and transmitting tract during its development, and after
fertilization the protein is located in the medial domain of
the silique where is able to regulate cell death and pollen tube

growth (Bektas et al., 2012; Boex-Fontvieille et al., 2015). The
LTP2 gene encodes for a lipid transfer protein necessary for
the movement of hydrophobic wax components through the
hydrophilic cell wall matrix to reach the cuticle (Kunst and
Samuels, 2003). LTP2 mediates cell wall loosening in vitro
(Nieuwland et al., 2005).

Numerous genes involved in cell wall biosynthesis processes
are mis-regulated in the quadruple mutant, these include
BETA-XYLOSIDASE 3 (BXL3, AT5G09730), which encodes for
an enzyme involved in arabinan and xylan catabolic process
(Minic et al, 2006), and PECTIN METHYLESTERASE 58
(PME58, AT5G49180), encoding for a pectin methylesterases
that contributes to cell wall modification (Turbant et al., 2016;
Table 1 and Figure 6); both genes were downregulated. Among
the upregulated genes, there are three genes of the GDSL
family of serine esterases/lipases, AT1G75890, AT4G28780, and
AT4G16230 (Table 1 and Figure 6). These genes are involved
in numerous aspect of plant development, but in particular the
acetylxylan esterase activity of these enzymes could contribute
in the degradation of cell walls in association with xylanases,
cellulases, and mannanases (Akoh et al., 2004).

Moreover, some genes involved in the auxin signaling
pathway were downregulated. These include genes encoding for
Aux/IAAs proteins, INDOLE-3-ACETIC ACID INDUCIBLE 1
(IAAI) (AT4G14560), IAA2 (AT3G23030), IAA14 (AT4G14550),
and IAA17 (AT1G04250) (Table 1 and Figure 6). The Aux/IAA
proteins are the early auxin response proteins and participate
in auxin signaling through interacting, as repressors, with
AUXIN RESPONSE FACTOR (ARF) proteins (Lavy and Estelle,
2016). In addition, the SMALL AUXIN UPREGULATED RNA
9 (SAURY) and SAURI2 were also downregulated. The SAURs
are small transcripts induced by auxin, that are localized in
elongated tissues (McClure and Guilfoyle, 1987; Knauss et al.,
2003). SAURY and SAURI2 are part of the SAURIO-clade
(van Mourik et al., 2017).

Finally, we decided to explore the enriched binding sites from
our RNAseq data of the quadruple mutant in order to find
possible direct target genes of the complex formed by STK, CES,
BEE1, and BEE3. The binding sites used by the MADS-domain
and bHLH transcription factors have been characterized: MADS
factors bind to CArG boxes (Egea-Cortines et al., 1999; de Folter
and Angenent, 2006) while bHLHs recognize E-boxes, being
G-boxes the most common form (Quail, 2000; Toledo-Ortiz et al.,
2003), in order to regulate the activity of their target genes. On
the other hand, W-box is the binding site used by the WRKY
transcription factors (Ciolkowski et al., 2008).

Transcription factor binding sites enrichment analyses,
performed by means of the Pscan tool (Zambelli et al., 2009)
suggest a strong enrichment of G-box and G-box like elements
in the upregulated genes (Supplementary Table S9), while
a significant enrichment of W-box and MADS-box elements
is observed in the downregulated genes (Supplementary
Table S10). Notably, according to our analyses G-box elements
are identified in 35% (p = 4E-05) of the upregulated genes,
while W-box elements and MADS box elements are identified
in 17 and 19 downregulated genes (p-values 9.3E-04 and 0.035),
respectively. Unsurprisingly, considering the limited number
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FIGURE 6 | Heatmap of differentially expressed genes described in Table 1. Expression levels are shown for each of the 6 independent biological replicates
analyzed in this study. Genes are represented in the columns and the biological replicates in the rows. To facilitate comparison, the expression values were
standardized with respect to the average expression of each gene. Dark green indicates low expression, light brown indicates high expression. In the columns, red is
used to mark biological replicates for the quadruple mutant, blue is used to indicate biological replicates for wild type plants.
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of genes that are differentially expressed in our experimental
settings, we observe that only one gene has both a G-box and a
CArG-box element in its promoter (AT3G49270, upregulated),
only one gene has both a W-box and a MADS-box element
(AT1G05450, downregulated), and none of the differentially
expressed genes have a W-box and a G-box.

DISCUSSION

Genetic Redundancy Between
MADS-Domain and bHLH Transcription
Factors in Transmitting Tract

Development

In Arabidopsis, the gynoecium is formed by the fusion of two
carpels, which fuse vertically at their margins and give rise to
the CMM. From this meristem the transmitting tract develops,
an essential tissue to facilitate the growing pollen tubes to reach
the ovules and fertilize them.

Recently, a role for STK in relation with NTT was shown
during the development of transmitting tract (Herrera-Ubaldo
et al,, 2019). Here we reveal that STK may also act in the
downstream pathway of NTT in a protein complex with CES. Our
genetic analysis evidence the role and redundancies between the
MADS-box genes STK, SHP1, and SHP2, the bHLH transcription
factor gene CES and the closely related bHLH transcription
factors BEEI and BEE3 in the development of the transmitting

tract in Arabidopsis thaliana. The CES gene was selected based
on high correlation of its expression pattern with STK (Mendes
et al., 2016) but also because this gene was shown to play a
role in transmitting tract development (Crawford and Yanofsky,
2011; Poppenberger et al., 2011). CES, BEEI, and BEE3 were
shown to be expressed with distinct but overlapping patterns
within the reproductive tract (Crawford and Yanofsky, 2011;
Poppenberger et al, 2011). In the ces (haf) beel bee3 triple
mutant ECM biosynthesis and PCD fail to occur within this tissue
(Crawford and Yanofsky, 2011).

The stk mutant did not present any type of reproductive
defect (no statistical differences when the number of unfertilized
ovules was compared with wild type), while the single mutant
ces-4 is characterized by a small but significative percentage of
unfertilized ovules (Figure 2). However, the stk ces-4 double
mutant had 28.1% of unfertilized ovules, which were almost
exclusively found at the basal part of the silique (Figure 2). This
phenotype suggests, similar to the ces beel bee3 triple mutant
(Crawford and Yanofsky, 2011; Poppenberger et al., 2011), a
defect in transmitting tract development.

Interestingly, we also observed a genetic interaction between
STK and BEEI and BEE3 in transmitting tract development
since the beel bee2 bee3 stk quadruple mutant showed 9.21%
unfertilized ovules at the lower part of the silique, while stk
had only 6.2% and the triple mutant beel bee2 bee3 displayed
1.8% of unfertilized ovules (Figure 3). In the light of the fact
that this phenotype was weaker than that observed for stk ces-
4 (Figure 2), we suggest that CES plays a more predominant
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role in transmitting tract formation together with STK. To
understand a possible role of SHPI and SHP2 in the formation
of the transmitting tract, the triple mutant shpl shp2 ces-4 was
obtained. This triple mutant showed 16.2% of unfertilized ovules
which is also a milder phenotype when compared to stk ces-4
(Figure 2). This suggests that STK is important for transmitting
tract development, although is not able to cover for 100% SHPs
function since the shpl shp2 ces-4 triple mutant presents a
considerable percentage of unfertilized ovules.

Recently, it has been reported that in Arabidopsis thaliana the
correct accomplishment of ovule fertilization directly influences
the final length of the fruit. In the n#f mutant, in which the
seeds only develop in the upper part of the fruit (Crawford et al.,
2007), the authors described by using a fruit live imaging platform
(FLIP) that in the upper part of the ntt siliques (where fertilization
happens) the cells composing the valves elongate properly like
in the wild type control while in the bottom part (where no
fertilization occurs) the cells do not elongate properly (Ripoll
et al,, 2019). The quadruple mutant beel bee3 stk ces-4, which,
similarly, to the ntt mutant displayed the highest percentage of
unfertilized ovules from the middle to the bottom part of the fruit
(Crawford et al., 2007), was characterized by a clear decrease in
fruit length as can be seen in Figure 3, confirming the importance
of ovule fertilization for fruit size.

The different degree of unfertilized ovule phenotypes obtained
in the different mutant combinations points to redundancy
between MADS-box, bHLH, and the BEEs transcription factor
encoding genes in a dosage-dependent manner. The unfertilized
ovules phenotype was only observed when different mutant
alleles were combined and was more pronounced in the
quadruple and quintuple mutants, suggesting an additive effect.
Such a dosage dependent effect was already described for other
MADS-box genes, like FLOWERING LOCUS C (FLC) that acts,
in a dosage-dependent manner, as a potent repressor of the floral
transition (Bastow et al., 2004; Michaels and Amasino, 2007;
Sheldon et al., 2007).

Y2H and BIFC experiments showed that STK is able
to interact with CES, but not with BEE1 (Figure 5 and
Supplementary Table S§3). This result suggests that CES might
bridge the interaction between MADS and BEE proteins to
form a hypothetical multimeric complex that controls correct
transmitting tract formation. Cooperative action of MADS-
domain and bHLH transcription factors has been previously
described in mice. Molkentin et al. (1995) showed that MEF2
factors, a family of MADS-domain proteins expressed in muscle
cells and other cell types, acted as coregulators of myogenic
bHLH proteins to activate muscle genes (Molkentin et al,
1995). Moreover, the authors show that these two types of
transcription factors physically interact, and that either factor can
interact with the other when one is bound to DNA (Molkentin
et al.,, 1995). Interestingly, the authors present this as a general
mechanism for the regulation of transcription in specific cell
types (Molkentin et al., 1995). This might also be a mechanism
for the combinatorial control of MADS-box (with STK as a main
player) and bHLH (CES as principal component) transcription
factors for the formation of the transmitting tract tissue in
Arabidopsis. Studies to understand the nature of a multimeric

complex formed by MADS-box and bHLH proteins would really
be a very interesting field for future studies.

STK and CES Play a Role in Carpels

Fusion
When we discovered, by backcrossing, that the male part was
not compromised in the stk ces-4 and shpl shp2 ces-4 multiple
mutants (Supplementary Figure S2), we decided to perform
a detailed analysis of the septum morphology of the mutants
displaying the most stronger phenotype related to the percentage
of unfertilized ovules. The single mutants stk and ces-4 possess
a similar septum respect to the wild type (Figure 4). However,
when STK was mutated together with CES the fruits showed a
septum fusion defect in the lower middle part in concomitance
with the medial region of the ovary. The defective septum was
found in the double mutant stk ces-4, in the quadruple mutant
beel bee3 stk ces-4 and in the quintuple mutant beel bee2
bee3 stk ces-4. Notably, no defective carpel fusion was revealed
for the quadruple mutants beel bee2 bee3 stk and beel bee2
bee3 ces-4 (Figure 4) which have a significant percentage of
unfertilized ovules (Figure 3), confirming the hypothesis that
only when STK and CES are mutated simultaneously the fusion
of the carpels was in part compromised. Gynoecium defects were
previously described only in the ntt stk double mutant, where
there is a failure of the fusion with a septum that has a hole
(Herrera-Ubaldo et al., 2019). The organ fusion defects were not
disclosed for the single mutants stk and ntt and for the triple
mutant ces beel bee3 (Crawford and Yanofsky, 2011; Herrera-
Ubaldo et al., 2019). In the ces beel bee3 and probably in our
quadruple mutant beel bee2 bee3 ces-4 the unfertilized ovule
phenotype is due to defects, as previously described by Crawford
and Yanofsky (2011), in ECM components synthases and PCD
failure in transmitting tract. In conclusion, only when the dimer
STK-CES is not formed, the carpels fusion is compromised.
These phenotypes could be explained by mis-regulation of
the genes involved in cuticle formation. The cuticle is a lipidic
alteration of the cell wall (Yeats and Rose, 2013). The alteration
in cuticle biosynthesis, deposition and wax component transports
could cause organ fusion defects in plants, but in particular
in flowers and carpels (Nawrath, 2006; Sieber et al., 2007;
Panikashvili et al., 2010). Intriguingly transcriptional profiles
of the quadruple mutant suggest a strong downregulation of
LTP2 (Table 1 and Figure 6), a gene involved in lipid transport
and/or wax transport to form the cuticle (Kunst and Samuels,
2003). Notably, the LTP5 gene, expressed in the transmitting
tract, which belongs to the same gene family as LTP2, and which
did not show significantly altered expression in the quadruple
mutant according to our analysis, has previously been shown
to be involved in pollen tube guidance (Kunst and Samuels,
2003; Chae et al.,, 2009). We believe that also LTP2 might be
involved in the correct fertilization of the ovules influencing not
just the pollen tube growth but also the correct fusion of the
two carpels that permits to form the septum and transmitting
tract. Moreover, in the beel bee3 stk ces-4 quadruple mutant
we detected the overexpression of three genes encoding for
GDSL esterase/lipase involved in lipid catabolism (Table 1 and
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Figure 6). The overexpression of a GDSL named, CUTICLE
DESTRUCTING FACTOR 1 (CDEFI), causes abnormal organ
fusion in leaves, stems and flowers (Takahashi et al., 2010).
This gene codes for a protein which is considered a cutinase
(Takahashi et al., 2010). It is possible that like for the CDEFI
overexpression, the excess of cutinase in the quadruple mutant
respect to wild type caused abnormal organ fusion.

STK and CES Influence Programmed
Cell Death in Transmitting Tract

Cell death and tissue degeneration are required for pollen tube
growth in the transmitting tract of Arabidopsis (Crawford et al.,
2007). The phenotype described for combined ces and bee
mutants showed that they fail to form the ECM and to accomplish
PCD within the transmitting tract (Crawford and Yanofsky,
2011). Interestingly, STK has already been shown to control
PCD in transmitting tract with NTT (Herrera-Ubaldo et al,
2019) but also in the receptive synergid cell through regulation
of its direct target genes, VDD and VAL, two Reproductive
Meristem (REM) transcription factors (Matias-Hernandez et al.,
2010; Mendes et al., 2016).

As we show in the Table 1, in the quadruple mutant beel bee3
stk ces-4 several genes involved in cell death are downregulated.
The ATWSCP gene encodes for a Kunitz-type protease inhibitor
localized preferentially in the transmitting tract and septum,
which is involved in ECM and PCD but also in the exit of pollen
tubes from the septum to reach the ovules during the fertilization
phase (Bektas et al., 2012; Boex-Fontvieille et al., 2015). Also,
ACD6 is downregulated (Table 1 and Figure 6), this gene
encodes for a protein that promotes cell death in Arabidopsis
(Rate et al., 2007). Furthermore, three Arabinogalactan genes
(AGPs) resulted downregulated in the quadruple mutant (Table 1
and Figure 6). The AGPs have been associated with ECM
composition of the transmitting tract in different plant species
(Hoggart and Clarke, 1984; Webb and Williams, 1988; Gane et al,,
1995) and they have been shown to play a role in the regulation
of PCD during pollen tube growth (Coimbra et al., 2009).

Does Auxin-Brassinosteroid Crosstalk
Influence Transmitting Tract

Development?

It was recently suggested that the auxin pathway plays an
important role in the specification and formation of the tissues
along the pistil axis (Larsson et al., 2013; Robert et al., 2015).
However, the role of auxin signaling in transmitting tract
development is still not fully understood. ARF6 and ARFS8
regulate CES expression in the medial domain of the pistil
during transmitting tract development (Crawford and Yanofsky,
2011). The double mutant arf6 arf8 displayed reduced alcian
blue staining, that detects acidic polysaccharides, the major
components of the ECM (Crawford and Yanofsky, 2011).
According to our RNAseq data, four Aux/IAAs and two SAURs
genes were downregulated in the quadruple mutant in respect
to wild type (Table 1 and Figure 6). Aux/IAA proteins and
SAURs might be activated in presence of brassinosteroids since
evidences of a crosstalk between auxin and brassinosteroid

STK |[CES BEE1 BEE3

ECM deposition
PCD
Cell Wall composition

Organ Fusion
BR signaling

TRANSMITTING TRACT DEVELOPMENT

FIGURE 7 | Proposed model of transmitting tract development controlled by
STK, CES, BEE1, and BEES. The blue box symbolizes the interaction
(STK-CES) that we found in this research project; The black box represents
the interaction (CES-BEE1-BEES) that has been previously described
(Crawford and Yanofsky, 2011; Poppenberger et al., 2011). ECM, extracellular
matrix; PCD, programmed cell death; BR, brassinosteroid.

have already been described (Nakamura et al., 2006). Moreover,
SAURY expression is induced by a combination of auxin and
brassinosteroids (van Mourik et al., 2017). Probably a STK-CES-
BEE1-BEE3 complex is able to connect the auxin-brassinosteroid
crosstalk in transmitting tract tissue, however, the precise role
is of this crosstalk in the regulation of transmitting tract
development remains unclear.

Finally, from the analysis of the enriched binding sites
an interestingly candidate was found to be a possible direct
target of the complex composed by the MADS and bHLH
transcription factors described in this work. The AT3G49270 gene
(upregulated, see Supplementary Table S5) has both CArG and
G boxes binding sites. It encodes for an extensin-like protein
that has been suggested to have a possible role in postpollination
responses such as cell wall protein modification or degradation
associated with pistil receptivity (Boavida et al., 2011).

In summary, the data presented here suggest that a MADS-
box-bHLH protein complex mastered by the physical interaction
of STK-CES, plays a role in the regulation of genes involved
in the PCD, ECM and cell wall biosynthesis pathways and by
that controlling correct carpel fusion and transmitting tract
development to guarantee efficient ovule fertilization (Figure 7).
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In this paper, an alternative splicing in Oryza sativa, which leads to the production of two
variants of the AG ortholog OsMADS3, was described. These two splicing variants differ in
one serine residue (S109), which is retained in the OsMADS35'%9 variant, conserved and
specific only to the grass family.

The functionality of these two variants was tested in Arabidopsis thaliana, where it was
demonstrated that the eudicot-like OsMADSS3 isoform, lacking the serine residue, had ability
to specify stamens and carpels in ag mutant flowers, suggesting an important functional role
for the serine residue at position 109 in AG proteins of grasses.

| contributed to this work by performing the yeast-two-hybrid screening, in which we tested
the interaction of AtAG, OsMADS35'% and OsMADS3 with Arabidopsis AtSEP1, AtSEP2
and AtSEP3 homeotic proteins.
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Functionally Divergent Splicing
Variants of the Rice AGAMOUS
Ortholog OsMADS3 Are Evolutionary
Conserved in Grasses

Ludovico Dreni'*t, Andrea Ravasio’, Nahuel Gonzalez-Schain't, Sara Jacchia't,
Glacy Jaqueline da Silva?t, Stefano Ricagno’, Rosaria Russo?, Francesca Caselli’,
Veronica Gregis’ and Martin M. Kater'*

" Department of Biosciences, Universita degli Studi di Milano, Milan, Italy, ? Plant Genomics and Breeding Center, Federal
University of Pelotas, Pelotas, Brazil, ° Department of Pathophysiology and Transplantation, Universita degli Studi di Milano,
Milan, Italy

Within the MADS-box gene family, the AGAMOUS-subfamily genes are particularly
important for plant reproduction, because they control stamen and carpel identity.
A number of studies in the last three decades have demonstrated that the AGAMOUS
(AG) function has been conserved during land plant evolution. However, gene
duplication events have led to subfunctionalization and neofunctionalization of AG-like
genes in many species. Here we show that alternative splicing in Oryza sativa produces
two variants of the AG ortholog OsMADS3 which differ in just one serine residue, S109.
Interestingly, this alternative splicing variant is conserved and specific to the grass family.
Since in eudicots the S109 residue is absent in AG proteins, stamen and carpel identity
determination activity of the two rice isoforms was tested in Arabidopsis thaliana. These
experiments revealed that only the eudicot-like OsMADSS isoform, lacking the serine
residue, had ability to specify stamens and carpels in ag mutant flowers, suggesting an
important functional role for the serine residue at position 109 in AG proteins of grasses.

Keywords: AGAMOUS, alternative splicing, OsMADSS3, floral organ identity, protein structure, rice, transcription
factor, homeotic

INTRODUCTION

The evolution of flowers as reproductive structures is the most remarkable feature of angiosperms
(flowering plants), which currently are by far the most dominating group of plants on Earth,
counting over 350,000 species'. In its basic model, the flower is a bisexual structure composed of
perianth organs surrounding the reproductive organs, the male stamens and the female gynoecium,
which are located in the center of the flower. All organs are arranged either in a spiral phyllotaxy
or in whorls, depending on the angiosperm lineage. The gynoecium can be composed of one or
more pistils made by one carpel each, or by one pistil formed by multiple fused carpels. The
pistil consists of a stigma, style and ovary which contains the ovules. The pistil upon pollination
eventually becomes a fruit, and the ovules develop into seeds (Bowman, 1997).

'http://www.theplantlist.org/
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The two most evolved and successful angiosperm taxa are
referred to as eudicots and monocots, comprising ca. 75% and
20% of the living plant species, respectively. It is estimated that
divergence between eudicot and monocot species occurred about
150 million years ago (MYA) (Magallon et al, 2015). Plants
belonging to the two lineages evolved inflorescences and flowers
that show an enormous variation in complexity and shapes,
evidencing the forces of natural selection. Examples of structural
diversity can be noticed by comparing the morphologies of two
model species representing each lineage, the core eudicotyledon
Arabidopsis thaliana (L.) Heynh. and the monocotyledon Oryza
sativa L. However, if we compare the basic floral structure
of these two species, a conserved organization emerges, in
which four different types of floral organs are arranged into
four concentric whorls. The two most outer whorls bear so-
called perianth organs: (1) four sepals in Arabidopsis and the
lemma and palea in rice (Lombardo and Yoshida, 2015), and
(2) the petals or lodicules in Arabidopsis and rice, respectively.
The male and female reproductive organs are located in the
most inner two whorls. Both Arabidopsis and rice flowers
develop six stamens in the third whorl, and in the innermost
fourth whorl of Arabidopsis a bicarpellate pistil develops,
whereas in rice the pistil is tricarpellate (Smyth et al.,, 1990;
Yoshida and Nagato, 2011).

AGAMOUS (AtAG), a member of the MADS-box TF
family (Dreni and Kater, 2014), is essential for stamen and
carpel development in Arabidopsis (Bowman et al, 1989,
1991; Yanofsky et al, 1990). The ag loss-of-function mutant
completely lacks reproductive organs; petals replace stamens in
the third whorl and a new ag flower replaces the carpel in the
fourth whorl, resulting in a complete loss of floral meristem
determinacy (FMD) (Yanofsky et al., 1990). AGAMOUS acquires
its reproductive organ identity function through the formation
of a complex with SEPALLATA (AtSEP) MADS-domain proteins
(Pelaz et al, 2000). Complexes formed by AtAG and AtSEP
proteins direct carpel development, whereas in the third whorl
AtSEP transcription factors mediate the interaction between
AtAG, APETALA3 (AtAP3) and PISTILLATA (AtPI) to form
the MADS-domain stamen identity complex (Theissen, 2001;
Theissen and Saedler, 2001).

The AGAMOUS subfamily is typically represented by two
or more genes in each angiosperm species, having various
degrees of functional redundancy and sub-functionalization,
and is further divided into many paraphyletic lineages.
The main division which is important to mention here
is the one between the AG and AGLII lineages (Kramer
et al, 2004; Zahn et al, 2006), which diverged before the
most recent common ancestor of extant angiosperms. All
members of the AGAMOUS subfamily cluster into one of
these two groups. Generally speaking, the genes providing
carpel and stamen identity and FMD function belong to
the AG lineage, whereas the AGLI11-like genes provide ovule
identity (Kramer et al., 2004; Zahn et al., 2006; Dreni and
Kater, 2014). However, despite their ancestral origin, functional
redundancy between the two clades is common (Pinyopich
et al, 2003; Brambilla et al, 2007; Dreni et al, 2011;
Heijmans et al., 2012).

Interestingly, in monocot grasses (Poaceae), the AG and
AGLI1 lineages are further duplicated to form four conserved
clades which are named after their representative genes of rice.
Among them, the OsMADS3 and OsMADS58 clades belong
to the AG lineage whereas the OsMADSI3 and OsMADS21
clades belong to the AGLII lineage (Kramer et al., 2004;
Yamaguchi et al., 2006; Zahn et al., 2006; Dreni and Kater, 2014).
Therefore, the rice genes OsMADS3 and OsMADS58 are both
direct orthologous of Arabidopsis AtAG with a similar expression
domain, and they redundantly control the reproductive organ
identity function in rice. Like the Arabidopsis ag mutant, the
osmads3 osmads58 double mutant shows a complete loss of
reproductive organ identity; stamens are replaced by lodicules
and an small ectopic palea emerges in place of the carpel.
Moreover, FMD is also lost and the flower continues to produce
ectopic lodicules from its center (Dreni et al, 2011). The
phenotypes of the single mutants suggest that OsMADS3 has an
important role in stamen development, whereas the two genes
seem to be almost completely redundant for pistil development
(Dreni et al., 2011; Hu et al., 2011).

Like the eudicot AG proteins, rice OsMADS3 and OsMADS58
form complexes with rice SEP-like factors (Favaro et al., 2002;
Cooper et al., 2003; Hu et al,, 2015; Wu et al., 2018).

Ectopic AtAG expression in Arabidopsis results in a homeotic
conversion of sepals into carpel-like organs and of petals into
stamens (Mizukami and Ma, 1992). Several functional studies,
using AG orthologous genes from other eudicot, monocot or even
gymnosperm species, showed that when ectopically expressed
in Arabidopsis, they mimic the ectopic expression of AtAG,
or in some cases they even rescue the ag loss of function
mutants (Rutledge et al., 1998; Kitahara and Matsumoto, 2000;
Zhang et al., 2004; Martin et al, 2006; Airoldi et al., 2010;
Heijmans et al,, 2012). Stunningly, the AGAMOUS subfamily
gene from the gymnosperm Cycas edentata de Laub. was able
to rescue the Arabidopsis ag mutant, despite the two species
likely diverged about 300 MYA (Zhang et al., 2004). Another
study shows very clearly the importance of the conservation
of the domains required for protein complex formation. The
ectopic expression of the snapdragon AG lineage genes PLENA
(AmPLE) and FARINELLI (AmFAR) either in Arabidopsis or
snapdragon revealed that the two genes have different abilities in
organ specification: AmPLE can convert petals into stamens and
induces carpelloid features on the sepals, similar to AtAG ectopic
expression, while AmFAR only affects petal identity (Davies
et al.,, 1999; Causier et al., 2005; Airoldi et al., 2010). Airoldi
and colleagues showed that this different ability of AmPLE
and AmFAR is due to a different affinity to interact with SEP
proteins (Airoldi et al, 2010). Indeed AmFAR is only able
to interact with Arabidopsis AtSEP3, which is not expressed
in sepals, but not with the other Arabidopsis AtSEPs. Hence,
when AmFAR is expressed in Arabidopsis sepals it can’t find
any SEP interaction partner and remains therefore inactive.
The restricted interaction ability of AmFAR is the result of
a single glutamine insertion, Q173, near the end of the K
domain. Q173 is the result of a three-base duplication of the
splice acceptor site (CAG) at the 5 end of AmFAR exon seven
(Airoldi et al., 2010).
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Extensive duplications of homeotic genes have likely
contributed to the evolution of floral structures and their
diversification in angiosperms. Besides gene duplication, variants
of proteins can also arise via alternative splicing of transcripts
from the same gene. For MADS-box genes of plants, a few cases
of alternative splicing have been reported. Considering only the
AGAMOUS subfamily, exon skipping gives rise to the double-
flowered mutant of Prunus lannesiana (Carriére) E.-H. Wilson
(Rosaceae)(Liu et al., 2013). Alternative splicing of AG genes has
also been reported in a few other angiosperms (Kitahara and
Matsumoto, 2000; Tsaftaris et al., 2005; Lightfoot et al., 2008;
Zhang et al., 2015), but the functional significance of these events
is unknown. To date, a complete functional characterization of
splicing variants has only been carried out for the AG lineage
gene PapsAG from opium poppy (Papaver somniferum L.)
(Hands et al,, 2011). PapsAG undergoes alternative splicing
generating two different transcripts, PapsAG-1 and PapsAG-2,
which are co-expressed in stamens and carpels and only differ
in the last part of the C-terminal region. Even though they
redundantly share the conserved functions of AG, PapsAG-2 has
distinctive roles in gynoecium development, particularly in the
septum, ovule and stigma (Hands et al., 2011).

Here, we describe the identification of two alternative splicing
isoforms of the rice OsMADS3 gene, which differ for only
three nucleotides in length, resulting from a three-base pair
duplication of a splice acceptor site. The longer transcript
encodes for an additional serine residue (S109) within the first
predicted a-helix of the K-box, a domain whose length and amino
acidic composition are highly conserved among angiosperms
(Kaufmann et al., 2005). Search on public databases hints that
the two splicing variants are broadly expressed in reproductive
tissues, and probably ubiquitously within the whole OsMADS3
clade of the grass family. Functional analysis revealed differences
in their ability to rescue the ag mutant phenotype in Arabidopsis,
which might be due to different affinities of the splice variants for
the AtSEP1 protein.

MATERIALS AND METHODS

Plant Materials

Mature wild-type (WT) inflorescences of Arabidopsis thaliana
and Oryza sativa ssp. japonica cv. Nipponbare were used for
total RNA isolation and gene cloning. The ag-3 mutant in
the Arabidopsis Ler background (Bowman et al, 1991) was
already available in our lab. Inflorescences from A. thaliana
transgenic lines were used for total RNA isolation and Real
Time PCR analysis.

Bioinformatic Analysis of AGAMOUS

Subfamily Member Splice Variants

To find suitable RNA-Seq samples from grasses and other Poales,
we first interrogated the SRA database of Genebank?, with the
names of species of interest, and we eventually selected the
most suitable samples (i.e., reproductive stages, when available).

Zhttps://www.ncbi.nlm.nih.gov/genbank/

Then, for each gene/species, we used the nucleotide BLAST tool
(settings: optimize for somewhat similar sequences), to screen
those data with a query cDNA sequence of 37-47 nucleotides,
comprising the exon4-exon5 splicing region of OsMADS3 and
of its grass homologs, and downloaded all the homologous
reads. Control query and read homologous sequences where
then aligned with MAFFT, and edited manually with Genedoc.
After removing the dubious or low quality reads (i.e., those
too short or with more than one or two different bases) the
alternative splicing events were counted, in order to calculate
their relative abundance. The accession codes and available
references of the RNA-Seq samples are listed in Table 1. All
the selected reads are available in Supplementary Dataset 2
as Fasta format alignments. The monocot AG-lineage genes
included in this work have been defined by sequence and
phylogenetic analysis (Dreni et al, 2013; Dreni and Kater,
2014; data not shown) and their accession codes are available
in Supplementary Table 3. The complete ORFs and protein
products of OsMADS3751% and OsMADS3 are also provided in
Supplementary Dataset 1.

Open reading frames were controlled by Gene Runner.
Images were processed with Gimp and Paint.NET. Structures
were analyzed and Figure 1E were generated using
COOT and CCP4mg software (Emsley and Cowtan, 2004;
McNicholas et al., 2011).

RNA Isolation

Total RNA was isolated using the LiCl precipitation method
as previously described (Gregis et al., 2008). Total RNAs were
converted into first-strand ¢cDNA by using the ImProm-
I Reverse Transcription System (Promega, Madison,
WI, United States).

Gene Cloning and Arabidopsis

Transformation

The CDS of OsMADS3$1%, OsMADS3 and OsMADS58
were amplified in a thermocycler (MasterCycler EPGradient
S, Eppendorf, Hamburg, Germany) using Phusion High-
Fidelity DNA Polymerase (ThermoFisher Scientific, Waltham,
MA, United States) using primers OsP337/OsP79 (for both
OsMADS3 isoforms) and OsP119/0OsP120, respectively. The
PCR products were isolated by gel electrophoresis, purified
using NucleoSpin Gel Purification Kit (Macherey-Nagel,
Duren, Germany) and cloned into pENTR/D-TOPO vector
(Invitrogen). The recombination products were used to
transform electrocompetent E. coli cells (DH10B strain) and
colonies positive for the desired plasmids were isolated on
LB-agar plates containing gentamycin (30 mg/L). Colony PCR
was performed to confirm the presence of the constructs;
in particular, colony PCR was performed to discriminate
between colonies carrying OsMADS3+51% and colonies carrying
OsMADS3, using the reverse primers OsP428 and OsP429 with
the forward primer OsP17. The different constructs have been
sent for sequencing to the StarSEQ facility (Mainz, Germany).
Suitable clones of AtAG in pDONR207 entry vector were already
available in the laboratory.
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TABLE 1 | Summary of the number of reads mapping on the exon 4-exon 5 junction of the OsMADS3-like genes from various grasses and from other families of

the order Poales.

NCBI SRA Species Query sequence Total high Long splicing TAG deletion
Experiment quality reads + S$109 No S109
SRX1332256; Oryza sativa ssp. japonica TAGCTTACAGAACGCAAACAG/TAG/GA 2021 1238 61.3% 783 38.7%
SRX507920; CCATAGTGGGGGATTC
DRX000335;
DRX000334;
DRX000333
SRX100746
(Davidson
etal., 2012)
SRX472914 Leersia perrieri CAGTAGCTTACAGAACGCAAACAA/GA 1205 562 46.6% 643 53.4%
CCATAGTGGGGGATTC
SRX2342718; Brachypodium distachyon AGCCTGCAGAACTCAAACAG/TAG/GT 391 324 82.9% 67 17.1%
SRX2342716; CCTTAGTGAAGG
SRX1583837;
SRX1583838;
SRX1583839
SRX100693;
SRX100694;
SRX100691
(Davidson
etal., 2012)
SRX375649; Hordeum vulgare CTTGCAAAACTCAAACAG/TAG/GTCACTGG 39 23 59% 16 41%
SRX378862 TGAGAGATT
(Chen et al.,
2014)
SRX099185; Sorghum bicolor GCTTGCAAAACGCAAACAG/TAG/GACCATA 223 40 17.9% 183 83.1%
SRX099141; GTGGGAGAT
SRX099021
(Davidson
etal., 2012)
SRX058598; Zea mays ZMM2: 496 372 75% 124 25%
SRX058600; CAGCTTGCAAAACGCAAACAC/TAG/GAAC
SRX058607; ATAGTGGGAGATTC
SRX058605;
SRX058604;
SRX058601;
SRX058599;
SRX058597
ZMM23: 118 23 19.5% 95 80.5%
TAGCTTGCAAAACGCAAACAG/TAG/GACCA
TAGTGGGAGATTC
SRX2375352; Phyllostachys edulis TAGCTTGCAGAACTCAAACAG/TAG/GAACT 83 22 26.5% 61 73.5%
SRX2375353; TAGTGGGGGATTC
SRX2375354
(Wang et al.,
2017)
SRX567871
SRX1639030 Streptochaeta angustifolia TTACCACCTTGCAGAACAACAACAG/GACCA 1 1 9.1% 10 90.9%
TAATGGGGGATTCTGTA
SRX1639019 Ecdeiocolea monostachya TCACCAACTTGCAGAACTCCAATAG/CAG/GA 100 24 24% 76 76%
(Ecdeiocoleaceae) CTATACAGGCAGGGGA
- Joinvillea ascendens NO DATA AVAILABLE
(Joinvilleaceae)
SRX1639020 Flagellaria indica TACCAACTTGCAGAACTCAAATAG/GACTCTAC 23 0 0% 23 100%
(Flagellariaceae) TGGGGGATTCA
ERX2099848; Elegia tectorum and ACCAACCTACAGAACTCCAACAGTAGGATTT 15 2 13% 13 87%
SRX1639024 E. fenestrata (Restionaceae) TTTTGGGGGAGTCT
CTACAGAACTCCATCAGGATTTTGTTGGGGG
AATGCCTTAGC
(Continued)
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TABLE 1 | Continued

NCBI SRA Species Query sequence Total high Long splicing TAG deletion

Experiment quality reads + S$109 No S109

ERX1349704 Luzula elegans (Juncaceae) AGCACATTAAATAACAGTAATAG/GAATTTGTT 1921 0 0% 1921 100%
GGGCGAG

SRX1465570; Ananas comosus CAACCTCCAGAATTCAAACAG/GAATTTACT 232 0 0% 232 100%

SRX1465595 (Bromeliaceae) GGGTGAGTCTCT

The percentage of reads indicating the presence or absence of the second TAG at the splicing acceptor site of intron 4 is reported. In each query sequence, the exon
4-exon 5 junction is indicated by a slash. All reads are available in Fasta format (Supplementary Dataset 1).

Clones were transferred, using the Gateway LR Clonase
II  Enzyme (ThermoFisher Scientific, Waltham, MA,
United States), into the pB2GW7 Gateway destination
vector (VIB-Gent University) for expression under the
control of the CaMV 35S promoter. The recombination
products were used to transform electrocompetent E. coli
cells (DH10B strain) and positive colonies were isolated
on LB agar plates containing spectinomycin (100 mg/L).
Colony PCR was performed to confirm the presence of the
constructs. Plasmids were re-extracted using NucleoSpin
Plasmid Isolation kit (Macherey-Nagel, Duren, Germany)
and used to transform electrocompetent A. tumefaciens
cells (EHAI105 strain). Positive colonies were selected on
LB-agar plates containing rifampicin and spectinomycin
(100 mg/L). Colony PCR was performed to confirm the presence
of the constructs.

Agrobacterium strains carrying pB2GW7-AtAG, pB2GW7-
OsMADS3+519, pB2GW7-OsMADS3 and pB2GW7-OsMADS58
were used to transform ag-3/ + heterozygous plants in the
A. thaliana Ler. background (To) with the floral dip method
(Clough and Bent, 1998). The T of these plants was harvested
and transformed plants were isolated through multiple rounds of
BASTA selection. DNA extraction and PCR were performed on
selected plants to confirm the presence of the transgene.

Primer sequences are available in Supplementary Table 1.

Real-Time PCR

Inflorescences of A. thaliana were pooled by construct and
background (WT, ag-3) and total RNA was extracted as
described above.

The expression levels of 35S:AtAG, 35S:0sMADS3H51%,
358:0sMADS3 and 35S:0OsMADS58 were evaluated by Real
Time PCR using StoS Quantitative Master Mix (GeneSpin,
Milano, Italy) and primers RT1898/RT1899, RT973/RT974 (for
both OsMADS3 isoforms) and RT975/RT976, respectively. For
each construct, at least two independent lines were used
(Supplementary Figure 4).

The expression levels of SPOROCYTELESS (At4g27330),
REM22 (At3g17010) and SHATTERPROOF]I (At3g58780) were
evaluated using primers RT1674/RT1675, RT1672/RT1673 and
AtP650/AtP651, respectively.

For each experiment, three biological replicates were used and
for each of these three technical replicates were done. Arabidopsis
reference genes ubiquitin (Ar4¢36800) and ACT2-8 were used as
an internal reference during the experiments. Primer sequences
are listed in Supplementary Table 1.

Yeast-2-Hybrid Assay

The analysis focused on the M, I, K and C domains of all
proteins, therefore the putative N-terminus preceding the MADS
domain in AtAG and OsMADS3 was not included in the clones.
The CDS of the candidate MADS-box genes were amplified
using the primers SEP1f/SEP1r (AtSEPI), AtP4929/AtP4930
(AtSEP3), and Atp7069/Atp7070 (AtAG) and cloned into the
Gateway entry vectors pDONR201 and pDONR207 by BP
reaction. Both OsMADS3 splicing variants were amplified by
the primers LD264/LD265 and cloned into pCR8/GW/TOPO
TA Cloning Kit (Invitrogen); AtSEP2 CDS was amplified by
the primers AtP3141/AtP3142 and cloned into pENTR/D-TOPO
vector (Invitrogen). All the primer sequences are available in
Supplementary Table 1. After sequencing, the clones were
transferred by LR reaction in the Gateway destination vectors
pGADT7 and pGBKT7 plasmids for C-terminal fusion to the
GAL4 activation domain (AD) and binding domain (BD),
respectively. The recombination product was used to transform
electrocompetent E. coli cells (DH10B strain) and positive
colonies were isolated on LB agar plates containing ampicillin
(100 mg/L) for pGADT?7 or kanamycin (50 mg/L) for pGBKT?.

Combinations of pGADT7 and pGBKT7 constructs (see
Table 2) have been simultaneously used to transform chemo-
competent S. cerevisiae cells (AH109 strain). Positive colonies for
both plasmids were isolated on YSD-agar plates lacking leucine
and tryptophan (YSD-L-W). Interaction assays were performed
on YSD-agar plates lacking leucine, tryptophan and histidine and
containing increasing concentrations of 3-amino-1,2,4-triazole
(YSD-L-W-H + 3AT 1mM/2,5mM/5mM/10mM) or on YSD-
agar plates lacking leucine, tryptophan and adenine (YSD-L-W-
A). Growth for interaction assay was performed at 28°C for one
week. As a positive control for interaction, pGADT7-AtAG and
pGBKT?7-AtSEP3 constructs were used.

RESULTS

OsMADS3 Encodes Two Protein

Isoforms Differing Only for One Serine
Residue in the K-Box

OsMADS3 (LOC_Os01g10504) is located on the short arm of
rice chromosome 1, and is in the current MSU annotation
represented by three gene models (Figure 1A), whose predicted

protein products differ only for the few C terminal amino acidic
residues after the conserved AG motif IT (Kramer et al., 2004).
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FIGURE 1 | (A) Current gene models, mMRNA-Seq and cDNA data of rice OsMADS3 (LOC_0s01g10504) from the Rice Annotation Project Database
(http://rapdb.dna.affrc.go.jp). (B) Detail of the OsMADSS locus around the fourth intron, including codons and translated protein isoforms of the two splicing variants.
The blue arrow indicates the splicing donor site at the 5" end of intron 4; the red arrows indicate the two alternative acceptor sites at the 3’ end of intron 4.

(C) OsMADSS protein sequence. The methionine residue preceding the MADS-domain (M1, blue), the serine at position 109 (red) and the main conserved motifs are
highlighted. (D) Alignment of the region forming the first a-helix and the kink region, based on the crystal structure of AtSEP3 (Puranik et al., 2014), of AtSEP3
(bottom), AtAG, and the two isoforms of OsMADSS (top). The partially conserved heptad repeats (abcdefg) of the first a-helix are indicated. The extra residue in
OsMADS3%519 (in red color) breaks the last partial heptad repeat between the positions ‘a’ and ‘b’, where ‘b’ is occupied by a conserved residue (in yellow) with
positively charged side chain, which forms a salt bridge with a downstream conserved residue with negatively charged side chain (in yellow). This salt bridge
contributes to the stabilization of the kink between the two a-helices (Puranik et al., 2014). (E) From the left to the right: cartoon presentation of the tetrameric
structure of AtSEPS3 K box; stick representation of the C-terminal region of helix 1 and the neighboring loop (kink) in the K box in AtSEP3, the position of R109, E110
and D115 side chains is shown. Structural models based on the AtSEPS structure of the C-terminal region of helix 1 and the neighboring loop for AtAG, OsMADS3
and OsMADS3+5199 putative conformations of residues 109, 110, 114, and 115 side chains are shown in sticks.

The variants no. 2 and no. 3 have the same predicted protein
product (Figure 1C), however no. 2 has at least one additional
intron in the 3'UTR sequence, in addition to the eight conserved
introns which are typical for AG lineage genes (Johansen
et al,, 2002; Figure 1A). The analysis of peaks of mRNA-
seq reads and ¢cDNA clones from public databases suggests
that LOC_Os01¢10504.2 is the only correct and transcribed
gene model (Figure 1A). We confirmed this by cloning the
OsMADS3 cDNA, but we noticed that some clones just lacked 3
nucleotides (TAG) when compared to the annotated transcript.
These variants differed not for the C terminal region, but at
the intron 4 - exon 5 splice junction which caused the loss
of a serine (S) residue in the predicted OsMADS3 peptide
(Figure 1B). Since the length of the N terminal region of AG
lineage proteins has only been experimentally determined for
Arabidopsis AtAG (Riechmann et al., 1999), we refer to this
serine amino acidic position as S109, counting from the more
conserved methionine residue just preceding the MADS domain
(M1, Figure 1C). Based on known plant homologs, the lack of
S109 is indeed the ancestral form of AG proteins. Therefore, we
named the two protein variants OsMADS3+5109 (having S109)
and OsMADS3 (lacking S109).

A deeper analysis revealed that in the OsMADS3 locus
residue S109 is encoded by an AGT codon which, in the
pre-mRNA, is interrupted by the fourth intron (Figure 1B).
The 3’ acceptor site of the fourth intron is duplicated
into a TAGTAG repetition (Figure 1B). We found that
the splicing machinery often recognizes the first AG-base
pairs as acceptor site (OsMADS37S1%%), confirming online
annotations, but in a significant fraction of the transcripts
the second AG-sequence is used instead, thus removing a
TAG from the mature transcript and resulting in the absence
of the serine residue in the encoded peptide (OsMADS3;
Figure 1B). The existence of such two transcript variants was
also confirmed by analyzing several mRNA-seq datasets from rice
reproductive tissues which are available on the NCBI Sequence
Read Archive (SRA). These data clearly show that wherever
OsMADS3 is expressed, roughly 39% of the transcripts carry
this 3-nt deletion (Table 1). This amount varied substantially
between different samples (range approx. 29-47%), but we
could not find any obvious correlation with tissue type nor
developmental stage, as the two transcripts were both present
in young and mature whole panicles, stamens, ovaries and
stigmas (not shown).

TABLE 2 | Summary of yeast-2-hybrid assays.

pGAD/pGBK -L-W-H + 1mM 3aT +2.5mM 3aT + 5mM 3aT +10mM 3aT -L-W-A
1. Empty/OsMADSS3 + S +++ + — _ _ _
2. Empty/OsMADS3 ++ + — _ _ _
3. Empty/AtAG ++ + + - — -
4. AtSEP1/Empty ++ + — — _ _
5. AtSEP2/Empty ++ + _ B B B
6. AtSEP3/Empty +++ + — _ _ _
7. AtSEP1/0sMADS3 + S +++ + - - - _
8. AtSEP2/0sMADS3 + S ++ - - - - _
9. AtSEP3/0sMADS3 + S +++ +++ 4+ 4+ S+ 4
10. AtSEP1/0sMADS3 +++ +++ +++ +4++ ++ ++
11. AtSEP2/0sMADS3 +++ - - - - -
12. AtSEP3/0sMADS3 +++ +++ +++ +++ ++ +++
13. AtSEP1/AtAG +++ +++ +++ +++ +++ +
14. AtSEP2/AtAG +++ +++ + — _ _
15. AtSEP3/AtAG +++ +++ +++ +++ +++ +++

In each pair, the first protein is fused to GAL4 activation domain (AD) and the second protein is fused to GAL4 binding domain (BD). The symbols indicate strong growth
(++ and +++), mild growth (+) or no growth (—) of yeast colonies on the different media.

Frontiers in Plant Science | www.frontiersin.org

7 May 2020 | Volume 11 | Article 637


http://rapdb.dna.affrc.go.jp
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Dreni et al.

Characterisation of OsMADS3 Splicing Variants

To better understand the role of residue S109 on the structural
properties of OsMADS3, we analyzed the structure of the AtSEP3
K-domain, which is the only available crystal structure of a
plant MADS-dimerization domain to date available (Puranik
et al., 2014). In the AtSEP3 structure, which lacks S109, R109 is
located at the C-terminal end of helix 1 close to a loop region
which orientates perpendicularly to the two helices of the K-box
(Figures 1D,E). In the AtSEP3 structure, R109 establishes a salt
bridge with E114 stabilizing the orientation of helix 1 and the
adjacent loop: this region is strongly involved in the AtSEP3
dimerization interface (Puranik et al., 2014). Given the high level
of conservation in position 109 and 114, this salt bridge is likely
present also in OsMADS3 and AtAG (Figures 1D,E). Conversely,
the insertion of a S residue in position 109 should slide all residues
one position forward and, consequently, R110 and E115 are not
well positioned as in the absence of the S residue (Figure 1E).
This likely results in a re-organization of the end of helix 1
and of the neighboring loop region. The overall high level of
conservation of the adjacent residues (Figure 1D) suggests that
such conformational change is local: it may involve only the
loop region and likely allows the formation of the R110 - E115
salt bridge. Hence, the presence of S109 is expected to trigger
a loop reorganization and this results in a minor modification
of the dimerization interface compared to the one present in
MADS-domain proteins devoid of S109 as AtAG and AtSEP3.
These considerations suggest that the formation of mixed dimers
between floral homeotic MADS-domain proteins carrying S109
could well be unfavored.

The S109 Isoform Seems to Be
Ubiquitously Present in Grass

OsMADS3-Like Proteins

To trace the origin of the OsMADS3 alternative splicing, we
did alignments of AGAMOUS subfamily protein sequences from
several different angiosperms and gymnosperms. In angiosperms,
the AGAMOUS subfamily divides into the AG and AGL11
lineages, which in the grass family are further duplicated into the
OsMADS3 (AG), OsMADS58 (AG), OsMADSI13 (AGL11) and
OsMADS21 (AGL11) clades (Kramer et al., 2004; Zahn et al.,
2006; Dreni and Kater, 2014). The alignments suggested that
residue S109 is conserved in many OsMADS3 homologs from
grass species, but it is absent in the other AGAMOUS subfamily
proteins within the same grass species, including those from the
OsMADS58 subgroup, which is sister to the OsMADS3 clade
(Kramer et al., 2004; Yamaguchi et al., 2006; Zahn et al., 2006).
The S109 residue was found to be absent outside the grass family,
in all the flowering plants and gymnosperms that we analyzed
(Figure 2 and Supplementary Figure 2).

Within the grass OsMADS3 clade, a search in the Phytozome
and Gramene databases revealed that both splicing variants are
currently annotated for rice OsMADS3, and for the OsMADS3-
like genes of Brachypodium distachyon (L.) P.Beauv., barley
(Hordeum vulgare L.), and maize (Zea mays L.) ZMM2. Both
the variants of rice and Brachypodium are also reported on
NCBI (XM_015777004, XM_015777012, XM_010232289 and
XM_010232291). Furthermore, we noticed that this alternative
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FIGURE 2 | Alignment of the region forming the first a-helix of AGAMOUS
subfamily proteins from different grasses, pineapple and Arabidopsis: Os,
Oryza sativa; Pe, Phyllostachys edulis; Lp, Leersia perrieri; ZM, Zea Mays; Si,
Setaria ltalica; Sb, Sorghum bicolor; Ta, wheat (Triticum aestivum); Hv,
Hordeum vulgare; Bd, Brachypodium distachyon, At, Arabidopsis thaliana;
Ac, Ananas comosus. For each OsMADSS-like protein, both the isoforms with
or without the additional amino acid residue 109 are shown. The protein
sequences of AtSTK and AtAG from A. thaliana are included in the alignment
as representatives of the dicotyledons.

splicing event corresponds to the one recently described for the
OsMADS3 homolog of Aegilops tauschii Coss (Wei, 2016), which
is the D-genome donor of bread wheat (Triticum aestivum L.).
The author interpreted the alternative splicing as involving an
AGT instead of a TAG sequence, probably due to ambiguity in
aligning the last two nucleotides AG’ of the fourth exon in the
short variant. However, only one of the two variants is annotated
in other available grass genomes and in maize ZMM?23. When
we analyzed the genomic loci of various OsMADS3 orthologs, we
noticed that the TAGTAG duplication in the 3’ splice acceptor
site of intron four, is conserved throughout the whole grass
family, and only changes into CAGTAG in Brachypodium and
barley (a selection of species is shown in Figure 3). This
duplication is not observed in any of the three other clades of the
AGAMOUS subfamily in grasses, i.e., OSMADSI3, OsMADS21
and OsMADS58. Therefore, we reasoned that the alternative
splicing might occur ubiquitously in OsMADS3 genes of grasses,
without being fully represented in current databases. To verify
this hypothesis, we extended our analysis of published mRNA-
Seq reads to other species representative of the main grass
evolutionary clades: Streptochaeta angustifolia Soderstr. (from
the basal most subfamily Anomochlooideae), Phyllostachys edulis
(Carriére) J. Houz. (Bambusoideae), Leersia perrieri (A.Camus)
Launert (another species from Oryzoideae), Brachypodium and
barley (Pooideae), Sorghum bicolor (L.) and maize (Panicoideae).
Stunningly, the analysis revealed that the S109 alternative splicing
is indeed conserved across grasses. Male, female and seed specific
samples were available for Brachypodium, Sorghum and maize
which indicated that, like in rice, the two transcript variants do
not have any obvious tissue or stage specificity. The isoform
lacking S109 was predominant only in Streptochaeta, Leersia,
Sorghum and in maize ZMM?23, on the contrary to maize
ZMM?2 (Table 1).

Next, we traced the origin of this alternative splicing along the
evolution of monocots. Outside the Poaceae family, the TAGTAG
duplication allowing the alternative splicing doesn’t seem to exist.
This is the case for other commelinids like Musa acuminata
Colla, Elaeis guineensis Jacq. and Ananas comosus (L.) Merr., as
well as any of the other angiosperms and gymnosperms that we
analyzed (Figure 3). Within the order Poales, Ananas comosus
(pineapple) is an excellent sister group to study the evolution of
grass genomes, due to the availability of a high quality whole
genome sequence (Ming et al.,, 2015), and because it diverged
before the whole genome duplication (WGD) event which shaped
all grass genomes (Paterson et al., 2004). In the only pineapple
AG lineage gene, AcAG, there is no TAGTAG duplication in

the fourth intron 3’ splicing acceptor site (Figure 3) and,
accordingly, all its transcripts miss S109 (Table 1). Despite that
no genomic data are yet publicly available from Poales other
than grasses and pineapple, a limited amount of mRNA-Seq
experiments allowed us to test the presence of the alternative
splicing in most lineages. For example, nearly 2000 reads from
Luzula elegans (Juncaceae) support only the conserved splicing
typical of the AGAMOUS subfamily genes, like in pineapple
(Table 1). The same result was obtained from all the main
clades of Poales. Within Poales, the so called graminid clade
includes grasses and three tiny sister families of just 11 species
in total (Supplementary Figure 2). For two of these families,
we did not find enough data to draw a conclusion, however, in
Ecdeiocoleaceae we have found clear evidence of S109 alternative
splicing (Table 1). Sister to the graminid clade is the family
Restionacee (Supplementary Figure 2), where the S109 extra
residue clearly exists in the genus Elegia (Table 1). Surprisingly,
in the genera Centrolepis and Aphelia, a similar alternative
splicing event removes the conserved R109 residue, rather than
adding a S residue, generating protein isoforms lacking one
amino acid when compared to typical AGAMOUS subfamily
proteins (data not shown). Therefore, the alternative splicing
of AG intron 4 possibly arose just before the most common
ancestor of grasses and their sister families and Restionaceae
(Supplementary Figure 2).

In most grasses, the additional amino acidic residue 109 is
a serine, though some species show other polar neutral amino
acids. For instance, in maize ZMM?2 and in Leersia LpMADS3,
the serine is replaced by threonine and asparagine, respectively
(T109 and N109). This suggests that this residue is important not
only for its position, but also for it physical/chemical properties.

In almost all the species that we considered, the presence or
absence of the codon for S109 does not alter the translation of
the surrounding codons, which usually encode an asparagine
(upstream) and an arginine (downstream). In Leersia perrieri,
a species very close to the Oryza subgroup, not only S109 is
replaced by N109 in the long splicing variant, but in the short
variant missing N109, the downstream arginine (R) is replaced
by a lysine (K) (Figure 2), which is an amino acid with similar
properties. An exception is maize ZMM2 where, in the short
variant, splicing out the codon for T109 generates another codon
for T, rather than for the highly conserved basic residue. Notably,
based on RNA-Seq data, the short variant of ZMM2 has a much
lower abundance. The opposite holds for the paralog ZMM23
for which the short variant keeps the basic conserved residue,
and is much higher expressed (Table 1). This suggests that in
maize the presence of two OsMADS3-like genes is favoring their
subfunctionalization.

OsMADSS3 Isoforms Have Different
Abilities to Induce Homeotic Changes in
Arabidopsis Flowers

In order to compare the functionality of the two isoforms,
OsMADS3751% and OsMADS3 were expressed in Arabidopsis
as an heterologous test system, along with OsMADS58 and
Arabidopsis AtAG as controls. The coding sequences were
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cloned downstream of the CaMV 35S promoter and these
constructs were used to transform Arabidopsis plants which were
heterozygous for the ag-3 mutation (Bowman et al., 1991). In
many previous publications, the effects of ectopic heterologous
C-class gene expression have been evaluated in a WT background
(Martin et al., 2006; Airoldi et al., 2010). In this study we used
the progeny of a T generation segregating for the ag-3 allele,
because we were interested to observe the ability of rice proteins
to complement the lack of AtAG activity in Arabidopsis.

By different rounds of transformation and BASTA selection,
from 31 to 64 transgenic plants for each construct were selected.
Of the selected transgenic plants 39% showed dwarfism, curled
rosette leaves and were early flowering, except those expressing
OsMADS58 (Supplementary Table 2 and Supplementary
Figure 3). These are typical phenotypes for plants ectopically
expressing AG-like genes. Many of these plants also showed floral
phenotypes with homeotic changes of floral organs, except those
expressing OsMADS58 which developed normally, as explained
in a following paragraph.

For each construct, a selection of T; plants heterozygous
for the ag-3/ + mutation were chosen for further analysis in

the T, generation, so that we could observe the effect of the
constructs in the WT and ag-3 mutant backgrounds compared
to untransformed controls (Figures 4A,F, 5A). We have also
evaluated the expression level in two or more independent lines
for each transgene (Supplementary Figure 4).

Probably due to the use of the heterologous 35S promoter
lacking the correct spatial and temporal regulation of the
endogenous promoter, 35S:AtfAG was not able to completely
rescue the ag mutant phenotype.

In the WT and ag-3/ + backgrounds, we could observe
carpelloid sepals and a mild to strong conversion of second whorl
petals into stamens or staminoid-like structures (Figures 4B,
5C,E). SEM images of anther-like petals in 35S:AtAG plants
showed that the lower part of the organs look very similar to
anther filaments while the upper part of the organ resembles
the shape of an anther, but the surface cells look spherical and
resemble those of the petal surface (Figures 5B,C,E). Also, the
shape of the upper part of the chimeric organ in the second whorl
looks like a small petal (Figures 4B, 5E).

In the ag-3 mutant background, AtAG expression from the 35S
promoter resulted in petals that acquired a yellowish appearance
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FIGURE 4 | Flowers of plants expressing: (B,G) 35S:AtAG, (C, H) 35S:0sMADS58, (D, 1) 355:0sMADS3+51%9 and (E, J) 355:0sMADS3 in WT (B-E) and ag-3
(G-J) backgrounds, compared to WT (A) and ag-3 mutant (F). Ectopic stigmas on sepals (white asterisks), petal-to-stamen conversion (white arrows) and meristem
determinacy recovery with formation of carpel-like organs (black asterisk) are highlighted.

and stigmatic tissues appeared on the sepals (Figure 4G). In
addition, 30% of the plants recovered FMD almost completely.
In these plants, the meristem terminated with a carpelloid
organ arising from the fourth whorl, closed by stigmatic tissue
at the tip (Figures 4G, 5F). None of the 35S:AtAG lines in
the ag-3 background were able to produce seeds. Petals of
358:AtAG ag-3 plants showed a mild conversion to anthers
when observed by SEM (Figure 5H). The cell shape mostly
recalled that of a normal petal except some group of cells
which acquired a lobate shape typical of anther cells. Moreover
the overall shape of the terminal part of these organs look
like stamens. Another detail to notice is that, in the first
whorl, the nature of the cells surrounding the ectopic stigmas
in 35S:AtAG lines in the ag-3 mutant background varied
from irregular sepal cells to smoother and longer cells which
mostly recalled those of the style (Figures 5D,G). In some
plants, ectopic ovules were visible near the stigmatic tissue on
sepals (Figure 5G).

Plants transformed with the 35S:0sMADS58 construct never
showed any change in phenotype, neither in WT nor in the
ag-3 background, regardless of the transgene expression level
(Figures 4C,H). It is worth mentioning that the OsMADS58
protein lacks a conserved C-terminal AG II motif (Kramer
et al, 2004; Dreni et al, 2013), which might affect its
functionality in Arabidopsis.

In Arabidopsis plants expressing 355:0sMADS3751%% ina WT
background, the main phenotype was a strong reduction in sepal
and petal length; as a result, reproductive organs were uncovered
much earlier than usual, around stage 6-7 of flower development,
while in WT flowers the bud opens around stage 13 (Figure 4D;
stages indicated according to Smyth et al., 1990).

As mentioned before, the ag-3 mutant flower is composed
of a repetition of sepals - petals - petals - new flower,
without any reproductive organ. 355:0sMADS3+51% expression

in the ag-3 mutant background caused some petals to acquire
a yellowish appearance (Figure 4I). SEM images show that
the overall identity of these organs is that of a petal, even if
some cells acquired a lobate shape typical of an anther-like
cell (Figures 5C,I). Notably none of the plants were able to
recover the FMD.

Interestingly, the plants that expressed OsMADS3 from
the 35S promoter had a floral phenotype that resembled the
358:AtAG plants. In the WT background they showed a strong
petal-to-stamen conversion with cells having a lobate shape
typical of anther-like cells (Figures 4E, 5B,C,]). In the ag-3
background, stigmatic tissue was observed on outer sepals and
about 60% of the plants also show FMD recovery and formation
of carpel-like organs in the fourth whorl (Figures 4J, 5K,L). SEM
images revealed that also in the ag-3 background all petals were
converted to stamens in an even more pronounced way than in
plants expressing 35S5:AtAG (Figure 5K).

For each transgene, a representative line with the described
phenotypes was chosen in order to test the expression of organ
identity marker genes in the ag-3 background, as a confirmation
of the microscopical observations (Figure 6). Therefore, we
performed qRT-PCR experiments to check the expression of
three genes: SPOROCYTELESS (SPL) (Liu et al, 2009) and
REPRODUCTIVE MERISTEM 22 (REM22) (Romanel et al.,
2011), as markers for stamen identity, and SHATTERPROOF1I
(SHPI)(Liljegren et al., 2000), as marker for carpel identity.
These genes have been described as direct targets of AtAG
(Gémez-Mena et al., 2005; ()’Maoiléidigh et al., 2013) and they
all appear strongly down-regulated in the inflorescence of ag-
3 (Figure 6).

In agreement with the observed phenotypes, transgenic
plants containing 35S:AfAG in the ag-3 background, showed an
upregulation of all marker genes (Figure 6). This suggests that,
even if the mutant phenotype was not fully complemented, the
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FIGURE 5 | SEM analyses of ectopic organs. (A) WT sepal; (B) WT petal; (C) WT stamen; (D) WT carpel; (E) Staminoid-petal in 35S:AtAG (WT background); (F)
Meristem determinacy recovery in ag-3 35S:AtAG; (G) Ectopic stigmas and ovules on sepals in ag-3 35S:AtAG; (H) Mild petal-to-stamen conversion in ag-3
35S:AtAG, cells shape are more lobate than those in WT petals (B) resembling the shape of anther cells (C); the organ acquires the typical folds of the anther; ()
Mild petal-to-stamen conversion in ag-3 35S:0sMADS315199  cells shape are more lobate than those in WT petals (B) resembling the shape of anther cells shown
in (C); (J) Petal-to-stamen conversion in 35S:0OsMADS3; (K) Staminoid-petals and meristem determinacy recovery in ag-3 35S:0OsMADS3; an ectopic ovule is also
visible; (L) Ectopic stigmas on sepals in ag-3 35S:0sMADS3. Ectopic stigmas on sepals (black asterisks), petal-to-stamen conversion (white arrows) and ectopic

ovules (black arrows) are highlighted.

floral program to produce stamens an carpels was activated, as
shown by the microscopic analysis (Figure 5H).

The expression levels of marker genes in ag-3 plants
expressing 355:0sMADS58 remained unaltered compared to the
untransformed ag-3 mutant (Figure 6) which perfectly correlates
with the fact that no alteration in the flower morphology was
observed in these lines.

In the ag-3 plants expressing 355:0sMADS3+51%°, qRT-PCR
analysis showed upregulation of REM22 and SPL, markers
of stamen identity, despite that only a very mild homeotic
transformation to stamens was observed in these plants
(Figures 5C,I). The carpel identity marker SHPI remained
unaltered compared to ag-3, and this is in line with the
observed lack of carpel development, as confirmed by SEM
analysis (Figure 5I).

The ag-3 plants expressing 35S:0sMADS3, as explained
above, showed a phenotype that was very similar to those
expressing 35S:AtAG. This similarity is confirmed by the

qRT-PCR analyses: not only the markers for stamen identity
appeared upregulated, but also SHPI was upregulated in the
ag-3 background and this could account for the formation
of carpel tissues which is not observed in plants expressing
355:0sMADS3%51%° (Figure 6).

Comparative Interaction Studies of
OsMADS3+5199 and OsMADS3 With SEP

Proteins

The activity of AG proteins depends on the interaction with
members of the SEP family. Since the difference between
the two OsMADS3 isoforms is one amino acid in the
first a-helix of the K region, which is known to function
as the core dimerization interface between MADS-domain
factors, we hypothesized that different interaction abilities may
account for the difference in capacity to complement the ag-
3 mutant.
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Relative expression
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FIGURE 6 | Expression of REM22, SPL, and SHP1 in transgenic plants in the ag-3 background. For each experiment, three biological replicates were used and for
each of these three technical replicates were done. The expression levels have been normalized against the WT. SEM is indicated.
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FIGURE 7 | Yeast-2-hybrid interaction assay for AtAG, OsMADS3 15109,
OsMADS3, AtSEP1 and AtSEPS, interactions on -W-L-H + 5 mM 3AT are
shown. AtAG and OsMADS3 are able to interact with both AtSEP1 and
AtSEP3, while OsMADS3+51%9 can interact only with AtSEP3. As a positive
control, the already published AtAG-AtSEP3 interaction was tested and, as a

negative control, the vectors of interest were co-transformed with the empty
pGAD or pGBK vectors.

pGBK AG
IJGBK_OSI\L_\DSS‘-'SID_\!

pGBK_OsMADS3

pGBK_ Empty

We therefore tested the interaction of AtAG, OsMADS3+51%
and OsMADS3 with Arabidopsis AtSEP1, AtSEP2 and AtSEP3
proteins using the yeast-2-hybrid assay (Table 2 and Figure 7).
The result was that AtAG (as expected), OsMADS315199 and
OsMADS3 were all able to interact strongly with AtSEP3.
However, OsMADS3+51% was not able to interact with either
AtSEP1 or AtSEP2, whereas OsMADS3 showed interaction with
AtSEP1 but not with AtSEP2. The interaction between OsMADS3
and AtSEP1 had the same strength as the interaction observed
for AtAG. These results suggest that the differences between
OsMADS3751% and OsMADSS3 in their ability to complement
the ag phenotype, might be explained, at least in part, by their
different capability to interact with AtSEP1.

DISCUSSION

All the proteins in the AGAMOUS subfamily, from both
ancestral and evolved seed plant families, lack S, or any
other additional residue, in the considered position 109
(Supplementary Figure 2), indicating that the insertion has
occurred later during evolution. In particular, we provide strong
evidence that it occurred after the differentiation of the monocot
order Poales, but before the p WGD event which occurred in
grasses (Supplementary Figure 1). Indeed we found evidence
of the alternative splicing of AG-lineage intron 4 also in sister
families of grasses in the graminid clade, whereas the grass
p WGD has been dated after the separation of grasses from
them (Supplementary Figure 1; McKain et al, 2016). Since
this grass WGD caused the duplication of the AG-lineage
into the OsMADS3 and OsMADS58 clades, we reason that
the conserved alternative splicing arose in the pre-grass AG-
lineage, but later in grasses it remained conserved only in
the OsMADS3 clade, and was lost in the OsMADS58 clade.
However, there are not yet sequenced genomes for the sister
families of grasses, which would allow to better study the
S109 evolution and to confirm that grasses do not share
their p WGD and the OsMADS3/OsMADS58 duplication with
any sister family.

It looks like S109 has acquired an active and fundamental role
in the functionality of OsMADS3-like proteins during evolution,
since selective pressure seems to keep in place both isoforms.
Despite the majority of OsMADS3-like genes are annotated
only for one of the two isoforms, we showed that alternative
splicing occurs widely in grasses. In most cases, the additional
amino acidic residue is a serine, or another amino acid with
a polar uncharged side chain. Therefore, the physical/chemical
properties of this residue are likely to be important.
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The TAG duplication that we report in grasses, is similar
to the CAG duplication of a splice acceptor site in the
snapdragon FAR gene, which results in an additional glutamine
(Q173) in the last a-helix of the K-box (Airoldi et al., 2010).
However, there is an important difference between the two
cases: S109 is not present in all the OsMADS3 peptides because
both the (T)AG sequences can work as splice acceptor sites
whereas, based on current analysis, in FAR only the ‘new’
(C)AG repetition seems to be recognized as splice acceptor site
(Airoldi et al., 2010).

It is widely accepted that the evolution and diversification
of the flower went through the evolution of MADS tetrameric
complexes and extensive gene duplications followed by sub- and
neo-functionalization, which increased greatly the number of
possible tetrameric combinations. A recent report on eudicot
MADS-box genes revealed that in this evolutionary process
the contribution of alternative splicing isoforms should not
be ignored (Severing et al, 2012). However, the previously
reported cases represent species-specific alternative splicing
isoforms, with no or limited conservation within related species.
To our knowledge, the alternative splicing that we reveal
here is the first case, within the MADS-box family, of an
alternative splicing which is highly conserved in a whole
plant family, despite the fact that it causes a difference of
just one amino acidic residue in the derived polypeptide. Its
position in the first o-helix is also unusual, as previous cases
involved the C-terminal part of the K-box or the C-terminus
of the protein. Through a preliminary screen of grass genome
databases, we found evidence of alternative splice isoforms
in other MADS-box families, but none of them seemed to
be conserved among species nor affected the first a-helix
(LD, unpublished data). Therefore, we might have discovered
a unique case within plant floral homeotic MADS-domain
proteins or, on the contrary, similar events might be more
common but simply passed unnoticed so far. With the massive
and continuing increase in high-throughput plant genome and
transcriptome data, large scale analysis across angiosperms are
nowadays possible and may clarify the frequency by which this
phenomenon occurs.

The level of conservation of this alternative splice event
in grasses, suggests that both OsMADS3+51% and OsMADS3
have specific functions. However, mRNA-seq data showed
that the two alternative transcripts share similar expression
profiles, thus apparently excluding tissue- or stage-specific
functions for them, although our experiments can’t exclude
cell specific functions for these two isoforms. Interestingly, also
the results obtained from the expression and complementation
experiments with the two rice OsMADS3 isoforms revealed
a clear difference in activity of these two proteins. The
analysis of numerous Arabidopsis transformants revealed that
OsMADS3 complemented the ag mutant in a way that
was comparable to the endogenous AtAG gene, whereas the
OsMADS3751% encoded isoform lacked greatly this ability.
Since both AtAG and OsMADS3 lack the serine residue at
position 109, this result indicates that the absence of S109
facilitated the ag mutant complementation capability of these
two proteins in Arabidopsis. Since S109 is located in the

first a-helix of the K-box, a domain that is important for
MADS-domain protein dimerization (Puranik et al., 2014),
these results suggest that S109 influences the ability to
interact with SEP-like proteins, because the interaction with
these proteins has shown to be fundamental for AtAG
to determine stamen and carpel identity in Arabidopsis
(Pelaz et al., 2000).

The yeast 2-hybrid assays showed a role for residue S109
in the ability of the OsMADS3 isoforms to interact with
Arabidopsis AtSEPs, since OsMADS3, OsMADS3%51% and
AtAG all interacted equally well with AtSEP3, but the two
OsMADS3 isoforms had a different capability to interact with
Arabidopsis AtSEP1. While OsMADS3 and AtAG were able to
interact with this protein, no interaction was detected between
OsMADS3%51%% and AtSEPI.

As observed by Puranik and co-workers (Puranik et al,
2014), the K-domains establish large dimerization interfaces,
where the helix 1 and the neighboring loop are involved in
such interactions. The insertion of a residue in position 109
is not likely to alter the overall dimer architecture, however, a
local reorganization of the loop is needed to adjust the extra
residue and this likely triggers a limited reorientation/rotation
of helix 2 with respect to helix 1. This implies that MADS-
box proteins devoid S109 may have distinct dimerization
interfaces compared to the ones with S109. Based on these
observations we propose that by slightly modifying the tetramer
architecture, the presence/absence of S109 may modify the
functional interactions of the OsMADS3 isoforms with their
cellular partners in keeping with the Yeast 2-hybrid experiments
with AtSEP1 and AtSEP3.

In conclusion, in their native background, OsMADS
and OsMADS3 could have diverse affinity to form different
tetrameric complexes. Further studies in rice will be interesting
to investigate the role of OsMADS3%51% and OsMADS3,
including the analysis of their crystal structures. Notably is
that the evolutionary conservation of these splice variants in
the grass family suggests that subtle changes in a MADS-
domain transcription factor may lead to a divergence
in function of these important regulators of carpel and
stamen development.
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