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ABSTRACT

Climate change is rapidly altering the delicate balance between organisms, environment and
ecosystem. Global warming, ecosystems destruction and catastrophic extreme events have
been constantly increasing because of the uncontrolled anthropic activity and nowadays
agriculture represents one of the sectors majorly affected by these phenomena. It is now widely
accepted that the next challenge for agriculture will be the implementation of productive
systems and genotypes characterized by low inputs, maximization of process efficiency and high

resilience.

The present project was aimed at shading light on the molecular mechanisms governing the
flowering process in grapevine (Vitis vinifera L.). Although this crop is generally propagated
asexually, there are many reasons justifying an interest the flowering process in this species. In
contrast to the historical and cultural legacies that see viticulture as an extremely conservative
discipline, the importance of conventional breeding has been increasingly affirming with several
breeding programmes aimed at the constitutions of grapevine varieties characterized by
resistance to biotic stress, resilience to climate changes and improved quality traits. In this sense,
the understanding of the mechanisms related to floral development and the ontogenetic
determination of the main players in the processes of sexual reproduction in plants, pollen, and
egg cells, is a step of crucial importance. Moreover, quantitative, and qualitative traits of the
production are directly influenced by flowering, which represents the first constituted step of
the reproductive phase leading to the development of the main product, the berry. The flower
structure and the inflorescence architecture affect the organization of the bunch, with many
consequences at the production level. To improve this kind of knowledge we developed a
grapevine floral expression atlas in different organs and different stages of V. vinifera cv Pinot
noir. The calyx, calyptra, filament, anther, stigma, ovary, and embryo of P. noir flowers were
dissected and collected in two time points representing pre- and post-anthesis phases and their
transcriptome was analysed by means of RNA-Seq approach, in order to identify hub genes that
unequivocally distinguish the different tissues. Several analytical techniques such as the
weighted gene co-expression network analysis (WGCNA) and tau analysis were used to isolate
clusters of genes showing similar expression pattern and high/absolute specificity for each whorl
considered in the study. Amongst whorls-specific genes, several transcription factors (TFs) were
identified and 17 of them were selected to be analysed by a novel technique never used before
in grapevine, the DNA Affinity Purification sequencing (DAP-Seq). This assay allows the

identification of the binding sites within a genome for a given TF through the hybridization of



the in vitro expressed TF-protein with the fragments of gDNA. After identifying the entire
cistrome of the 17 TFs, we were able to define each TF gene targets based on their proximity to
TF-binding regions. These data were crossed with those obtained by the flower atlas, WGCNA
and tau analyses, providing a list of genes specifically expressed in a given whorl and controlled
by a given TF. These genes were defined as high confidence targets (HCTs) and represent a sort
of TF- and tissue-specific regulative network, constituted of genetic determinants strictly
interconnected and responsible for the peculiar developmental processes of the related floral
organ. Subsequently, we focus our efforts on the anther-specific TF among WiMYB108A, and on
its paralogue WiMYB108B. These genes were selected for functional characterization in order
to ascertain their putative involvement in male fertility and Botrytis cinerea susceptibility. It was
investigated the subcellular localization through transient overexpression in Nicotiana
benthamiana. Both VWiMYB108A and VWiMYB108B were used to produce tomato (var. “Micro
Tom”) and Arabidopsis thaliana stable overexpressing lines and are currently under analysis.

Finally, two Arabidopsis mutant lines were complemented.
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Structure of the thesis

The main purpose of this study was to investigate the role of some transcriptional regulators
belonging to R2R3-MYB, WRKY and NAC families putatively involved in the identity,
development and functioning of the main floral organs in grapevine (Vitis vinifera L.), with the
final aim to contribute to the description of the main regulative networks behind the flowering

mechanism.

Chapter | provides a general introduction to the entire work, giving a framework in which this
work fits, and describing the background knowledge on the flowering process in grapevine, its

transcriptional regulation and the main TFs families involved.

Chapter Il reports a paper published during the Ph.D. By means of RNA-Seq approach, a
grapevine transcriptomic atlas was produced, considering a number of different floral whorl at
two different time-points representing the pre- and post-anthesis phases. Several bioinformatic
analysis were performed to identify groups of genes showing the same expression profile and

specificity for a given floral organ. Among them, several transcription factors were identified.

Chapter lll reports the optimization of a DAP-Seq protocol for grapevine and the description of
the whole cistrome for 17 transcription factors specifically expressed in different floral whorls
and putatively involved in their functionality. The results were thus crossed with the data
retrieved with WGCNA and tau analysis described in Chapter Il in order to obtain tissue-specific
TF-centred regulative network maps. Results were then integrated with a de novo motif

discovery analysis.

Chapter IV reports a second paper published under the supervision of Dr José Tomas Matus
(12SYSBIO — CSIC Universitat de Valencia) during the Ph.D. that illustrates the application of DAP-
Seq to discover the cistrome of the two TFs, namely MYB14 and MYB15. DAP-Seq results were
combined with aggregate gene co-expression networks (GCNs) built from more than 1400
transcriptomic datasets from leaves, fruits, and flowers to narrow down bound genes to a set of
high confidence targets. The analysis showed that in addition to the few previously known
stilbene synthase (STS) targets, these regulators bind to 30 of 47 STS family genes. Overall,
Subgroup 2 R2R3-MYBs appear to play a key role in binding and directly regulating several
primary and secondary metabolic steps leading to an increased flux towards stilbenoid

production.

Chapter V. Functional characterization of WiMYB108A and WviMYB108B. For both, it was

investigated the subcellular localization through the heterologous transient overexpression in

11



Nicotiana benthamiana leaves. Moreover, stable overexpressing lines of tomato (var. “Micro
Tom”) and Arabidopsis thaliana were constituted. Finally, two SALK registered mutant line of

Arabidopsis thaliana were complemented.

Chapter VI reports a third published paper that reviews the main approaches used to protect
grapevine from fungal and oomycete diseases, starting from conventional breeding, which
allowed the establishment of new resistant varieties, followed by biotechnological methods,
such as transgenesis, cisgenesis, intragenesis and genome editing, and ending with more recent
perspectives concerning the application of new products based on RNA interference (RNAI)
technology. Evidence of their effectiveness, as well as potential risks and limitations based on

the current legislative situation, are critically discussed.
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CHAPTER |

CHAPTER I: Introduction

1.1 Biotechnology and climate changes

In the last decade there was an increasing interest of community on climate change. Itis only in
the very last years that climate change became a hot topic, despite already in 1896, the Swedish
scientist Svante Arrhenius being the first to sustain that burning fossil fuels can lead to increased
global warming (Arrhenius, 1896). Korres et al. (2016) defined climate change as identifiable
long-term alterations in the state of the climate, such as increased temperatures, atmospheric
CO; levels, precipitations, etc. Over geologic eras, many climate change phenomena occurred.
However, the current term refers to variations in climatic patterns that took place over the last
century and caused by anthropogenic activities that release greenhouse gasses (De Ollas et al.,
2019). The Intergovernmental Panel on Climate Change (IPCC) reports a current temperature
increase of 0,2 °C per decade due to the cumulative effect of past and present emissions.
Furthermore, the predictions state that the level of 700 ppm of CO; (IPCC, 2018) will be reached
by the end of the century, with a consequent temperature increase of 4°C (ICPP, 2018). Omitting
the catastrophic consequences for mankind that these changes would bring and which we
sincerely hope will be addressed in the appropriate locations from public decision makers, here
the attention will be focused on the direct effect on agriculture. Warming is related to rainfall
decrease, to a rise of evaporative demand, drought stress, and to extended growing season with
a reduction in the duration of quiescence period. All these effects, together with many other,
will result in the collapse of production, from both quantitative and qualitative point of view
(Zandalinas et al., 2017, Medlyn, 2011; Gordo and Sanz, 2010). Grapevine-agroecosystem
interactions are complex and featured by many variables with nested relationships affecting
final product quantity and quality. Synthetically, all the effects that climate, soil and agronomical
practises imprint in grapevine berry composition are called with the term “terroir” (Perin et al.,
2020). This word is used to link a wine typicity with the geographical production area (Foroni et
al.,, 2017). From a molecular point of view, terroir is the phenotypical manifestation of the
peculiar interaction of a genotype with the surrounding environment (Van Leeuven and Seguin,
2006) whereas phenotypic plasticity is defined as the capacity of a single genotype to give rise
to different phenotypes as a function of environment (Sultan et al., 2000). This makes it possible
to produce wines with different organoleptic properties in different geographical areas starting
from the same grapevine variety (Van Leeuven and Seguin, 2066; Dai et al., 2011). In grapevine
phenotypic plasticity was observed also among plants of the same vineyard, bunches of the

same plant and even among berries within the same cluster (Keller, 2010). The effects of climate
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CHAPTER |

on grapevine have now been clarified and climate change is scientific evidence, thus the next
challenge is to cope with these changes to preserve productions, their typicity, and their
sustainability. Since an adaptation of agronomical practices is not enough for a long-term
strategy (Delrot et al., 2020), it is undeniable that nowadays is essential to invest on
biotechnology in order to rise it up to play a first order role in the implementation of an
integrated management system, that could effectively respond to the problems put in place by

the current challenges in agriculture.

1.2 The flowering process in grapevine

Grapevine (V. vinifera L.) is one of the most worldwide cultivated crops with a global production
of 75 million tons of berries spread on a 7,5 million of hectares global surface. The main
derivative product is wine, with a dominance of 68% of the viticulture, followed by table grape
(30%) and raisins (1,8%), with a 0,2% leftover occupied by minor products, such as juices, jellies,
ethanol, vinegar, grape seed oil, tartaric acid, and fertilizers (OIV, 2016). Despite the huge
economic importance of the grapevine fruit, very few is known about the flowering process and
the molecular mechanisms behind it, notwithstanding it directly affects winemaking production.
From a botanical point of view, the reproductive system of grapevine American and Asian wild
relatives (non-vinifera species) is characterized by dioecy, with distinct male and female flowers.
On the contrary, the vast majority of the productive cultivars belonging to V. vinifera species
have hermaphroditic flowers (Battilana et al., 2013). In this case, the flower is composed by four
concentric whorls, respectively from outside to inside: sepals, petals, stamens and carpels (Fig.
1.1). The five sepals are fused together to compose calyx, an abiding structure that represents
the support base on which the other whorls engage. All the inner organs of the flower are
enclosed by the so-called calyptra, composed by the five petals fused to generate this sort of
protective shell. Flower’s heart is represented by the five stamens and pistil, composing
androecium and gynoecium respectively. Each stamen is composed by a filament that sustains
the anther, a bilocular structure containing four pollen sacs and organized in three distinguished
layers: epidermis, endothecium and tapetum. Concerning the gynoecium, it is basically formed
by the pistil (or carpel), a unique organ that is featured by the ovary divided into two locules
containing in turn two ovules each one. The ovary is a swelling basal structure connected with
the style, a spindly tubular channel ending with the stigma, deputy to pollen reception (Palumbo
et al., 2019; Vasconcelos et al., 2009; Carmona et al., 2008). Since grapevine is a biennial woody
plant, flowers are generated during the second season of a shot (Vasconcelos et al., 2009).

During the budbreak period, the first whorl to differentiate is calyx, followed immediately by
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calyptra, then the stigma appears, and the stamens develop, finally the complete development
of pistil occurs (Gerrath, 1993; Pratt, 1971). Grapevine inflorescence is generally defined as a
conical panicle with several branches: secondary branches form on central rachis and tertiary
ones in turn on the seconds, thus making articulated cluster architecture and resulting in the
most peripheral unity: the dichasium, a triplet of flowers (May, 2004). The differentiation
rhythm of the whorls depends on the position of the flower inside the panicle and across the
branches (Vasconcelos et al., 2008). Microgametogenesis consists in primary mother cell meiosis
resulting in four haploid microspores. These last are contained in anther locules and maintained
by a nutrient fluid formed by the degeneration of tapetum until the moment of dehiscence. At
this point, endothecium detaches from the inner wall to the centre of the anther (Oberle, 1938).
On the other hand, macrosporogenesis consists of the maturation of the four ovules in ovary
locules, that basically act as protective barrier against mechanical damages and drying. Every
single ovule is equipped by an embryonic sac characterized by diploid polar nuclei.
Chronologically, egg development is immediately subsequent pollen maturation (Bernard and
Charliés, 1987). When both pollen and ovules are mature, corresponding in a few days before
fully bloom, it forms an abscission layer at the base of one of the petals, involving progressively
the near one till involving all the grafting line of calyptra in calyx (Kozma, 2003). This process,
together with anthers elongation that makes stamens exert pressure on the inner top wall,
carries out the so-called capfall. Anther burst and pollen release attaining fertilization could take
place before, during or after this process depending on grapevine variety. For this reason, it is
not always possible to speak of cleistogamy stricto sensu, but more correctly of self-pollination

(Meneghetti et al., 2006; Heazlewood and Wilson, 2004; Saudt, 1999; Pratt, 1971).

1.2.1 Molecular mechanisms of floral organs identity: the ABCDE-model

The ABCDE model represents the first approach trying to explain, from a molecular point of view,
the complex genetic relationships occurring between transcription factors acting as activators
and repressors towards the different whorls (Vasconcelos et al., 2009; Coen and Meyerowitz,
1991). In a first instance, this model involved three classes of genes, defined as “A”, “B” and “C”.
A-class genes are responsible for sepal identity specification when expressed alone, while, when
expressed together with several B-class genes, they specify petals identity (Jack, 2004).
Moreover, in these two whorls, A-class genes ensure the repression of C-class genes (Coito et
al., 2018). C-class genes are responsible for carpel identity when expressed alone, whereas they
determine stamen identity when expressed in combination with B-class genes. Moreover, C-

class repress A- genes in these two whorls, defining in this way a mutual repressive relation
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between A- and C- class genes (Jack, 2004; Coen and Meyerowitz, 1991). The first version of this
model included only the three aforementioned classes. Over the time, interest for this argument
rose up in scientific environment, and the intensification of studies in this issue brought to
discover two more gene classes affecting floral organ identity. More in detail, D-class genes were
described to cooperate with some C-class genes to specify ovule identity inside the pistil locules
(Vasconcelos et al., 2009; Carmona et al., 2008; Favaro et al., 2003). Finally, the last gene class
to be added to the model was E-class. This class caused an entire revision of the model because
is the only one expressed in all the whorls. Its function is not yet fully clear and understood, but
this class genes seem to form complexes with the proteins of the other classes of the model, in
a redundant functional way (Castillejo et al., 2005; Vandenbussche et al., 2033). Since this mode
was formulated and firstly described in Arabidopsis thaliana and its implementation over the
time was achieved firstly in other model species like Antirrhinum majus and Petunia hybrida
(Jack, 2004), but also in some economic importance crops (Fornara et al., 2003), it is now pivotal
to gain the same status of knowledge also for grapevine, indeed still very little is known about
sexual organ identity if compared with other species, and few genes were already characterized
and associated to certain developmental stages of reproductive structure genesis (Carmona et
al., 2008). A paper published by our laboratory provided a comprehensive screenshot of the
transcriptional behaviour of 18 representative grapevine ABCDE genes encoding MADS-box
transcription factors in a developmental kinetic process, from pre-anthesis to the
postfertilization stage and in different flower organs, namely, the calyx, calyptra, anthers,
filaments, ovary, and embryos (Fig. 1.1). The transcript levels found were compared with the
proposed model for Arabidopsis to evaluate their biological consistency. With a few exceptions,
the results confirmed the expression pattern expected based on the Arabidopsis data (Palumbo

et al., 2019).
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Figure 1.1. The floral model and the underlying ABCDE model of organ identity determination in
V. vinifera L. The bottom part of the figure shows the genetic ABCDE model. According to this
model, organ identity during flower development in the model organism A. thaliana is controlled
by five classes of floral homeotic genes providing overlapping floral homeotic functions: A, B, C,
D, and E. A+E genes specify sepals, A+B+E specify petals, B+C+E specify stamens, C+E specify
carpels, and C+D+E specify ovules. In the upper part of the figure, we reported all genes
belonging to different classes according to their expression in different flower organs analysed
in another paper from our lab (Palumbo et al., 2019). Asterisks indicate genes whose expression
was not expected in a given whorl based on the floral ABCDE model (picture taken from Palumbo
et al., 2019)

1.3 Regulation of gene expression

All the cells constituting a complex organism contain exactly the same genetic information,

although their final transcriptional, proteomic and biochemical profile can deeply change as a

17



CHAPTER |

function of differentiation, which underlies the development of the organisms (Scott, 2000). The
product is affected by several factors that could exert influence at different levels, making the
final protein quantitatively and qualitatively different (Li et al., 2009). These different levels in
eukaryotic organisms are known to be physically compartmentalized and controlled by several
determinants (Bilas et al., 2016). Firstly, the functional initiation complex is assembled on the
DNA strand. The initiation site is then localized and bound by the RNA-polymerase Il, which is
responsible for the synthesis of the pre-mRNA. After the maturation steps involving introns
removal, exons link and attachment of 5’ cap and 3’ polyA tail to the transcript ends, mature
mRNA is therefore transferred to the cytoplasm where translation occurs (Phillips, 2008; Klug
and Cummings, 2003). The linear aminoacidic chain is formed starting from the nucleotides
sequence and follows the formation of the mRNA-ribosome complex. The efficiency of
translation initiation is function of the region flanking the start codon, called Translation
Initiation Context (TIC), and of its distance from the 5’ end. The most effective TIC in dicots seems

to be TAAACAATGG (Koul et al., 2012).

1.3.1 Promoter structure in eukaryotes

In animals, the regulatory sequences determining the correct spatiotemporal expression of a
gene can extend over tens kilobases (Kb). In contrast, regulatory sequences in plants usually
span much shorter DNA intervals, often less than 1 or 2 kb (Bonifer, 2000). Based on their
structure regulators are classified in different families. In particular, cis-elements are non-coding
DNA sequences that interact with trans-elements, proteins forming complexes and affecting
gene expression at different levels (Vaughn et al., 2012; Venter and Botha, 2010). Despite the
structural differences between animal and plant cis-regulatory and promoter regions, regulation
of gene expression is often the result of multiple inputs, reflecting, or taking advantage of, the
combinatorial nature of the mechanisms of eukaryotic transcription. Multiple stimuli can
converge through different cis-acting elements on a promoter to co-ordinately regulate the
expression of the corresponding gene (Arnone and Davidson, 1997; Yuh et al., 1998). Cis-acting
elements are generally organized as modules: both in animals and plants, the regulatory region
of a gene can be partitioned into discrete sub-elements, each one containing one or several TF
binding sites and performing a determined regulatory function (Benfey and Chua, 1990; Arnone
and Davidson, 1997). Cis-elements are localized in the promoter sequence, a region upstream
the coding part of a gene. TFs bind RNA polymerase I, which in turn links its own binding sites,
and cis-elements, giving rise to transcription initiation (Porto et al., 2014; Russell, 1996). From a

structural point of view, promoter can be divided in two main regions that contain cis-elements
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and interact with trans-acting factors: the core and the distal region, these last characterized by
enhancing and/or silencing activity (Porto et al., 2014; Klug and Cummings, 2003; Fig. 2.1). The
core region is deputed to the correct regulation of the transcription initiation by the RNA
polymerase Il, and it is composed of some subunits not universally conserved, like the TATA-box,
the CAAT-box and the initiator region (Bilas et al., 2016; Porto et al., 2014; Juven-Gershon and
Kadonaga, 2010). The TATA-box is an 8 bp sequence located 25-30 bp upstream the transcription
start site (TSS). This sequence is composed exclusively by A and T nucleotides with the consensus
sequence TATA(A/T)A(A/T) and it is flanked by a GC-rich region (Twyman, 2003; Lewin, 2001).
TFs and RNA polymerase Il bind to the TATA-box in a determined order. First, the transcription
factor TFIID is bound, forming a complex with TFIIA. TFIIB attaches to this complex via TATA-
binding protein (TBP), which is a part of TFIID, and as a result of direct interaction with the DNA
strand. RNA polymerase Il is bound in the next step and TFIIF attaches to it. Thereupon TFIIE and
TFIIH join the complex and the full transcription apparatus is formed (Kwak and Lis, 2013). The
initiator region (Inr) usually overlaps with TSS or however it is very close to it and shows a
consensus sequence YYCARR (Twyman, 2003). This region cooperates with TATA-box in
transcription initiation and is recognized by TFIID (Kadonaga, 2012). The following cis-element
is the CAAT-box which usually locates 80 bp upstream the TSS. Because of the high susceptibility
to the mutations featuring the sequence of this CRE, it is considered one of the most affective
elements for the effectivity of the transcription (Bilas et al., 2016). It seems that in plant TATA-
box is substituted by the AGGA-box element (Porto et al., 2014). Not all these elements are
necessarily present in a promoter core at the same time. Sometimes, it could lack one, some or
all of them and in those cases the initiation of transcription may occur in several places and is
not strictly prescriptive (Bilas et al., 2016). For example, in a TATA-box lacking core, the
downstream promoter element (DPE), which usually is 28-32 bp downstream from the Inr
adenine, could be the responsible for TFIIB protein binding (Bilas et al., 2016). TATA-box,
CAAT/AGGA-box and Inr were mentioned here since they are the most common cis-elements in
the core promoter, but they are not the unique ones, indeed motifs interacting with trans
proteins like those are several and their function must be yet clarified. Unlike the previously
described elements, enhancer and silencer cis-elements can be located (i) further from the TSS,
(ii) in non-coding intron sequences, (iii) near their target core promoter or even (iv) within the
transcribed region of a gene body, and can act under specific environmental conditions or in
definite tissues (Spitz and Furlong, 2012; Ong and Corces, 2011; Peremarti et al., 2010).
Interestingly, cis-elements can have a combinatorial effect in plants, and this was already proven
in Arabidopsis thaliana light responsive elements (LREs), found in the promoter of

photosynthesis-related genes (Riechmann, 2002). The functioning of these genes is the results
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of a coordinated action among LREs that enable to respond to a wide spectrum of light through
the phytochrome signal transduction pathways, to cope with the chloroplast developmental
state, and to confer a photosynthetic-cell specific expression pattern, therefore satisfying the
strict definition of light-inducible (Chattopadhyay et al., 1998b; Puente et al., 1996). Surprisingly,
LREs cannot singularly induce a satisfactory light response (Riechmann, 2002). Moreover, the
promoter of the gene LEAFY, which is a responsible for the flower meristem identity, was
observed to act as information processing system by integrating external stimulus of daylength
and the endogenous signal of gibberellins in order to manage the flowering time in Arabidopsis

thaliana (Blazquez and Weigel, 2000).
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Figure 2.1. General organization of gene structure in plants (picture taken from Klug and

Cummings, 2003)
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1.4 Transcription factors

The transcription factors (TFs) discussed in chapter 1.3.1 belong to the basic transcription
apparatus which in eukaryotic organisms forms protein complexes enabling the correct
transcriptional initiation. Now the discussion will focus on the classical type of TFs, or rather the
ones able to directly bind DNA. These are proteins with distinct and functionally separate
domains that can modulate gene expression by activating or repressing transcription and having
tissue, cell-type, temporal, or stimulus-dependent specific activity (Riechmann, 2002).
Depending on their binding domain, TFs can be classified in several families (Luscombe et al.,
2000). The abundance of TFs, meant as the regulatory network that they form, was proposed as
indicator of the biological complexity of an organism and for plants, it could be considered as an
index of the articulation of secondary metabolism and of the interactions occurring between
genotype and environment (Szathmary et al., 2001). The next chapters will be focused on the
MYB, WRKY and NAC transcription factors families, for this reason here below is provided a

general overview on these three families in plants, and then specifically in grapevine.

1.4.1 MYB transcription factors

A common feature of all MYB proteins is the DNA-binding domain at N-terminus, which is
conserved in all eukaryotic organisms (Martin and Paz-Ares, 1997) and that was already proven
to bind DNA in a sequence specific manner (Howe et al., 1990; Sakura et al., 1989). The first MYB
to be discovered was v-Myb in avian myeloblastosis virus (Weston and Bishop, 1989).
Subsequently many other MYB TFs have been identified in animals, fungi, and plants (Cao et al.,
2016; Stacke et al., 2001; Rosinski and Atchley, 1998). The MYB family members typically contain
one, two, three, or four imperfect repeats (Cao et al., 2016; Stacke et al., 2001). Each repeat is
constituted by 50-53 nucleotides and encodes for three a-helices and the second and third of
those form a helix-turn-helix (HTH) structure which allows to combine with target DNA and
regulate gene expression (Zhou et al., 2020; Dubos et al., 2010; Martin and Paz-Ares, 1997;
Lipsik, 1996). Based on the number of repeats in the structure of the DNA-binding domain, MYBs
are classified into four subfamilies called 1R-MYB, 2R-MYB, 3R-MYB, and 4R-MYB (Cao et al.,
2020) (Fig. 3.1). The 1R-MYB subfamily is featured by one MYB domain and plays an essential
role in regulating plant transcription and maintaining the structure of chromosomes. 1R-MYBs
are in turn clustered into several subgroups, including I-box-binding-like, TBP-like, TRF-like, CPC-
like, CCA1-like, and other MYB-related proteins (Chen et al., 2006). MybSt1 is the first identified
MYB-related protein in plants and can be used as a transcriptional activator in potato

(Baranowskij et al., 1994). Since it is the second-largest subfamily of MYBs, 1R-MYB is widely

21



CHAPTER |

distributed in plants: there are 64 members in model plants like Oryza sativa and 68 members
in A. thaliana (Dubos et al., 2010). 1R-MYB TFs are involved in flower and fruit development,
response to phosphate starvation, circadian clock control, and phenylpropanoid-derived
compounds (Feller et al., 2011). The second subfamily is the 2R-MYB which is characterized by
the presence of two MYB domains. This subfamily is the most widely existed among the four and
was probably originated by a duplication event in a 1R-MYB or by a loss of a R1 domain by a 3R-
MYB (Jiang et al., 2004; Rosinski et al., 1998). There are more than 90 members in O. sativa and
120 in A. thaliana (Dubos et al., 2010). Basing on the conserved amino acid sequence motifs
present in their most C-terminal MYB domain, 2R-MYBs can be subclustered into 28 subgroups
(Shelton et al., 2012; Dubos et al., 2010; Stacke et al., 2001). Due to their wide diffusion, 2R-
MYBs could play an important role in plant-specific mechanisms, indeed it was already described
the involvement in determination of cell fate and identity, regulation of development, hormone
signal transduction, primary and secondary metabolism - with pivotal mention of
phenylpropanoids and flavonoids pathways - and response to abiotic and biotic stresses (Cao et
al., 2020; He et al., 2019; Gonzalez et al., 2008; Lepiniec et al., 2006; Borevitz et al., 2000). The
next subfamily is the 3R-MYB one, characterized by a three-repeats binding domain. It is quite
small, indeed only five members were individuated both in O. sativa and A. thaliana (Dubos et
al., 2010). 4R-MYB is the last subfamily, and the members show four R1/R2 domain. These kinds
of MYBs are the less numerous and in O. sativa and A. thaliana were individuated only one and
two, respectively (Cao et al., 2020; Katyiar et al., 2012). 4R-MYBs still need to be described in
their biological function. Overall, in MYBs can be recognized four different mechanisms of
regulation: the first two are the regulation of proteins interaction mechanisms and the
regulation of transcriptase mechanisms (Cao et al., 2020). The third is peculiar of 2R-MYBs and
it is the regulation of redox reactions: the second domain contains a conserved amino acid
residue composed of four cysteines, two of which are oxidized to form a disulphide bond (S-S)
within the protein molecule, in order to avoid the DNA binding domain to be oxidated (Cao et
al., 2016; Morse et al., 2009). The last mechanism is the regulation of ubiquitin, which in stress
conditions plants can be performed both in an ABA dependent or independent way (Cui et al.,
2013; Fujita et al., 2011; Reyes et al., 2007). In grapevine, compared to Arabidopsis, it was
observed a strong R2R3-MYBs expansion due to dispersed mechanisms of transposable
elements activity related to grapevine genomic variability (37%) and to the tandem duplication
(21.3%; Wong et al., 2016; Benjak et al., 2008). In particular, these last affects MYBA (9 out of
14 genes) and MYBPA (5 out of 15 genes) TFs, involved in anthocyanin and protoanthocyanidin
biosynthesis respectively (Wong et al., 2016). This could be explicable because of the anthropic

selection of grapevine related to a higher concentration of flavonoids in berry and wine (Matus
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etal., 2008). Even if more moderately, a similar expansion due to the tandem duplication events
was observed in C2 repressors clade (Wong et al., 2016). Also in this case, the reason of this
situation could be breeding, indeed also these MYBs were described related to the metabolic
pathways of flavonoids and phenylpropanoids (Cavallini et al., 2015; Huang et al., 2014). A
further confirmation could be that this type of transcriptional sub-specialization after a
duplication event was also observed in other plant species where a high flavonoids content is a
wanted trait (Albert, 2015). Moreover, gene set enrichment analysis (GSEA) conducted on top
100 co-expressed genes of all grapevine MYBs gene co-expression network (GCN) highlighted
that — among secondary metabolic pathways — the most enriched terms are related to
phenylpropanoid and terpenes derivatives (Wong et al.,, 2016). As general observation,
extensive research has confirmed that the expression of anthocyanin biosynthesis genes is
controlled by the MBW protein complex, with R2R3-MYB transcription factors playing a central
role in the coordinated activation of genes specific to anthocyanin pathways (Costantini et al.,

2015; Albert et al., 2014).

IR-MYB ] _— =) R1/2  [—
2R-MYB ] | :
3R-MYB ] | I }
AIRMYB =] | I [ ri2 |~

Figure 3.1. MYB sub-families structure based upon the repeated domains (picture taken from
Cao et al., 2020)

1.4.2 WRKY transcription factors

The first WRKY was described in sweet potato as a “DNA binding proteins that played potential
roles in the regulation of gene expression by sucrose” (Ishiguro and Nakamura, 1994). Since that
moment, a huge amount of WRKY proteins have been discovered, described and characterized,
not only in model plants, but also in crop species featured by an economical relevance (Rushton
et al., 2010). The DNA binding domain is the defining feature of WRKY transcription factors: it
contains the WRKY amino acid signature — constituted by about 60 residues - near the N-
terminus and a novel zinc-finger structure at the C-terminus (Eulgem et al., 2000; Rushton et al.,
1996). The WRKY domain consists of a four-stranded b-sheet, with the zinc coordinating Cys/His

residues forming a zinc-binding pocket. The WRKYGQK residues correspond to the most N-
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terminal B-strand, which partly protrude from one surface of the protein, thereby enabling
access to the major DNA groove and contacts with the DNA. It was proposed that the B -strand
containing the WRKYGQK motif contacts an approximately 6-bp region, being consistent with
the length of the W box (Yamasaki et al., 2005). This last is the minimal consensus sequence
(TTGACC/T) required for specific DNA binding and goes in parallel with the conservation of the
WRKY domain (Ciolkowski et al., 2008; Eulgem et al., 2000; Rushton et al., 1996). At the
beginning, WRKYs were divided into three groups (Group |, Group Il and Group lIl) basing on the
repeats of WRKY domain and the zinc finger structure (Eulgem et al., 2000). Subsequently, Group
Il were subdivided into five subgroups based on the primary aminoacidic sequence: lla, lIb, llc,
Ild and lle (Fig. 4.1). On the other hand, in superior plants, following a pure phylogenetic
approach, is more accurate to individuate a total amount of five subgroups, or rather Group |,
Group lla + lib, Group lic, Group lid + lie and Group lll, since Group Il seems not to be
monophyletic (Rushton et al., 2008; Zhang and Wang, 2005). For which concerns their biological
function, WRKYs are central components of many aspects of the innate immune system of the
plant, including microbe- or pathogen-associated molecular pattern triggered immunity,
effector-triggered immunity, basal defence and systemic acquired resistance in a very wide
range of species (Eulgem and Somssich, 2007). Apart from plant defence systems, WRKY TFs are
related to a wide range of abiotic stress responses, like heat and drought tolerance (Wu et al.,
2009), salt tolerance (Jiang and Deyholos, 2009; Qiu and Yu, 2009), and cold and mannitol
tolerance (Eulgem, 2006). In addition, this TFs family is involved also in several developmental
processes which regulate some biological cycle phases of plants, like seed dormancy,
germination and development, and senescence (Jiang and Deyholos, 2009; Jing et al., 2009;
Ulker et al., 2007; Xie et al., 2006; Luo et al., 2005; Robatzek and Somssich, 2002). The interesting
point of WRKYs is the fact that are TFs almost exclusively distinguishing plants since in incredibly
few non-vegetal species some members of this family have been individuated (Rushton et al.,
2010). The reason why of this fact remains unclear, but a hypothesis could be that the WRKY
family may represent a lineage-specific expansion following the emergence of an ancestral
WRKY gene from a transposon, and it seems more likely that a few non-plant species may have
gained WRKY genes rather than the wholesale loss of WRKY genes in multiple lineages and the
sporadic distribution of the WRKY family in phylogenetically distant eukaryotes is suggestive of
their possible spread through intra-eukaryotic lateral transfers (Babu et al., 2006). As well as for
what generally observed, also in grapevine WRKYs play a key role in several biological processes,
very different from each other. If we consider WiWRKY13 for example, its ectopic expression in
Arabidopsis showed several diversified phenotypes like delayed seed germination, smaller

stomatal aperture size and promotion of ABA and Ethylene synthesis (Hao et al., 2017; Ma et al.,,
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2015). Regarding the fruit development, VviWRKY26 was observed to be highly expressed in the
inner integument of the seed coat during the early stage of berry development, suggesting an
involvement in protoanthocyanidin related genes regulation, by also affecting seed
development and plant fertility (Amato et al., 2017; Dilkes et al., 2008). Another WRKY, namely
VWIiWRKY22, seems to be involved in berry molecular mechanisms too, in this case by affecting
the sugar metabolism (Huang et al., 2021), and on the other hand, WiWRKY2 directly controls
lignin biosynthesis and xylem development (Guillaumie et al., 2010). Moreover, the transcription
of most WRKY protein members can be altered by at least one stress treatment, which suggests
that they are widely involved in plant response to biotic or abiotic stress (Wu et al., 2022). In
particular, WRKY genes were often seen to be induced by the typical disease-related hormones
(i.e., salicylic acid, jasmonic acid, ethylene and abscisic acid) and also involved in regulating
downstream responses mediated by these hormones (Wu et al., 2022). Even if the functions of
some grapevine WRKY members under biotic stress have been studied and functionally
characterized, most of their molecular mechanisms leading to the functions are still poorly
understood. Noteworthy to point out, is the fact that many WRKYs are highly correlated to the
stilbene synthases (secondary metabolites playing an important role in protecting plants from
pests, pathogens and abiotic stresses) expression in microarray and RNA-Seq data, and some of
them were proven to even bind the promoter of these genes (Qu et al., 2021; Wang et al., 2020;

Vannozzi et al., 2018; Schnee et al., 2008; Langcake and Pryce, 1976).
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Figure 4.1. The WRKY domain consensus for each WRKY subfamily in higher plants. The WRKY
motif is highlighted in yellow and the cysteines and histidines that form the zinc finger are shown

25



CHAPTER |

in blue. The four B-strands are shown in red. | CT and | NT denote the N-terminal and C-terminal
WRKY domains from Group | WRKY proteins (picture taken from Rushton et al., 2010)

1.4.3 NAC transcription factors

NACs constitute one of the largest plants families of transcription factors. Extensive investigation
identified several NAC TFs in a wide range of vegetal species, 117 in Arabidopsis, 151 in rice, 79
in grape, 26 in citrus, 163 in poplar, and 152 both in soybean and tobacco (Le et al., 2011;
Nuruzzaman et al., 2012a, 2010; Hu et al., 2010; Rushton et al., 2008). NAC acronym is derived
from three genes that were initially discovered to contain a particular domain (the NAC domain):
NAM (for no apical meristem), ATAF1 and -2, and CUC2 (for cup-shaped cotyledon. Aida et al.,
1997; Souer et al., 1996). This domain is localized at N-terminus of the protein and consists in a
150-160 aminoacidic residues divided into five subunits, called from A to E (Ooka et al., 2003). If
on one side the NAC domain is conserved among different proteins of this family and defines
the DNA-binding properties with the common motif (CATGTG) conserved in the target genes,
(Nuruzzuman et al., 2013), on the other hand, C-terminus of NAC TFs is extremely divergent
(Ooka et al., 2003) and reason why were observed regulatory differences between the
transcriptional activation activity of NAC proteins (Jensen et al., 2010; Yamaguchi et al., 2008;
Xie et al., 2000). Moreover, since C-terminus shows protein binding activity by operating as a
functional domain, can act as a transcriptional activator or repressor (Nuruzzuman et al., 2013;
Kim et al., 2007b; Hu et al., 2006; Tran et al., 2004). From a functional point of view, several
studies show that many NACs play roles in the transcriptional reprogramming associated with
plant immune responses, indeed there are many examples in which the overexpression or
knockdown has effects on plant defense (Jensen et al., 2010, 2008, 2007; He et al., 2005;
Delessert et al., 2005). Moreover, NAC TFs were observed in many plant species to modulate
their expression in response to attack of bacteria, fungi, and viruses (Xia et al., 2010a; Wang et
al., 2009a, 2009b; Jeong et al., 2008). Special mention deserves the NACs involvement in reactive
oxygen species (ROS) production. The production of these compounds is induced by pathogens
attack and mediate the tolerance against several biotic stresses (Davletova et al., 2005). Some
experiments suggest a direct NACs role in both these mechanisms of response and tolerance
ROS-mediated (Nakashima et al., 2007). Since ROS are closely related to programmed cell death
(PCD) — process massively occurring as infection response but also in leaf senescence — and for
the observed induction of some NACs in senescence process, it is likely conceivable that these
TFs may function at the node of convergence between the pathogen defense and senescence

signaling pathways (Nuruzzaman et al., 2013; Lee et al., 2012; de Zelicourt et al., 2012; Distelfeld
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et al.,, 2012; Guo and Gan, 2006; Guo et al., 2004; Gepstein et al., 2003). Moreover, NACs
involvement was extensively observed in a wide range of abiotic responses in different plant
species, like drought, salinity, cold, heat, boron-toxicity, waterlogging, wounding, and oxidative
stress (Zhou et al., 2013; You et al., 2013; Liu et al., 2011; Ochiai et al., 2011; Christianson et al.,
2009; Sindhu et al., 2008), but also in other biological processes, e.g., phytohormones signaling
ABA-, JA- and SA-mediated (Jensen et al., 2010; Bu et al., 2009, 2008; Greve et al., 2003) that
anyway seem to make converging abiotic and biotic stresses through the action of ATAF
subfamily of NAC TFs (Jensen et al., 2007; Delessert et al., 2005). Wang et al. (2013) identified
74 different grapevine NACs predicted on 12x assembled V. vinifera PN40024 genome. 70 out
of 74 were tested in qRT-PCR to verify the expression in all the grapevine tissues and the results
shown that several NACs were expressed specifically in one tissue (except for root, where no
NAC were observed to be specifically expressed). Moreover, no single NAC shown a constitutive
expression profile in all tissues under exam. On the other hand, all tissues expressed at least one
NAC gene, suggesting that the NAC gene family plays roles during the majority of grapevine
developmental stages (Wang et al., 2013). Also for NAC family, there are several studies
assessing the involvement of these TFs in different grapevine biological processes, like drought,
salt and cold stresses, JA and ABA signaling, Botrytis cinerea resistance, berry size variation and

leaf senescence (Zhu et al., 2019; Fang et al., 2016; Tello et al., 2015; Le Henanff et al., 2013).

1.4.4 Methods for transcription factor binding sites identification

Over time, to investigate within a genome the localization of the transcription factor binding
sites (TFBS), different assays were implemented, basing on several approaches and
technologies. Here is provided an overview on the main ones applied to study the complete set
of the cis-element of a given TF, namely the cistrome. The first method which allowed to create
high-resolution genome-wide maps of the in vivo interactions between DNA-associated proteins
and DNA was defined by the union of chromatin immunoprecipitation (ChlP) and whole-genome
DNA microarrays, the so-called ChIP-chip. For this procedure, cells are grown under the desired
experimental condition and then fixed with formaldehyde which crosslinks proteins. After
crosslinking, the extract is sonicated to shear the DNA fragments to the desired size, usually 1
kb or smaller. DNA fragments crosslinked to the protein of interest are then precipitated, the
formaldehyde crosslinks are then reversed and the DNA is purified. Enriched DNA is then labeled
with a fluorescent molecule and a microarray analysis is performed (Buck and Lieb, 2003; lyer et
al., 2001; Lieb et al., 2001; Ren et al., 2000). With the advent of next generation sequencing

(NGS), it was possible to directly sequence the DNA-fragments of interest instead of being
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hybridized on an array: arose in this way the Chromatin Immunoprecipitation Sequencing (ChIP—
seq), one of the first NGS applications (Barski et al., 2007; Johnson et al., 2007; Mikkelsen et al.,
2007; Robertson et al., 2007). This upgrade enabled many adventages. First, the maximum
resolution is in the order of magnitude of a single nucleotide. The coverage is limited only by
alignability of reads to the genome and increases with read length: many repetitive regions can
be covered, contrary to the ChIP-chip where repetitive regions were usually masked out.
Sensible reduction of the ChIP-chip biases due to the cross-hybridization between probes and
nonspecific targets. The required amount of ChIP DNA drastically decreased, passing from a few
micrograms to 10-50 nanograms. In ChIP-Seq, the dynamic range of signal detection is limitless,
contrary to ChIP-chip, in which there is a saturation in case of high signal. In ChIP-chip, the
amplification is strictly necessary, while in ChIP-Seq is not, indeed single-molecule sequencing
without amplification is available, and finally the multiplexing is achievable (Park, 2009).
Certainly, ChIP-Seq is a very widespread method for TFBS identification but is not the only one.
Mapping DNase | hypersensitive (HS) sites has historically been a valuable tool for identifying all
different types of regulatory elements, including promoters, enhancers, silencers, insulators,
and locus control regions. This method utilizes DNase | to selectively digest nucleosome-
depleted DNA (presumably by transcription factors), whereas DNA regions tightly wrapped in
nucleosome and higher-order structures are more resistant. The procedure was then refined
until becoming a high-throughput method (DNase-Seq) that identifies DNase | HS sites across
the whole genome by capturing DNase-digested fragments and sequencing them by high-
throughput NGS (Song and Crawford, 2010). The DNase-Seq assay was then integrated to
histone modifications occupancy analysis, obtaining a method for the detection of open
chromatin regions and active binding sites (Gusmao et al., 2014). This assay, called HINT, was
then combined to ATAC-Seq to generate HINT-ATAC (Li et al., 2019). In this regard, ATAC-seq
(transposase-accessible chromatin using sequencing) captures open chromatin sites and reveals
the interplay between genomic locations of open chromatin, DNA-binding proteins, individual
nucleosomes and chromatin compaction at nucleotide resolution (Buenrostro et al., 2013).
HINT-ATAC extends HINT by the proposal of a generalized framework for cleavage event
counting and bias correction. This new framework allows cleavage events to be displaced from
the read start and is based on a probability distribution assuming dependency between
nucleotide positions. This allows to consider bias spanning larger genomic areas. HINT-ATAC also
extends HINT by the use of strand-specific and fragment-size decomposition of cleavage signals
as input (Li et al., 2019). Finally, the last TFBS identification method mentioned is the DAP-Seq.
Since this assay is the fulcrum of the present study, a detailed discussion is referred to the

dedicated chapter (Chapter Ill).
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2.1 Abstract

The comprehension of molecular processes underlying the development and progression of
flowering in plants is a hot topic, not only because that often the products of interest for human
and animal nutrition are linked to the development of fruits or seeds, but also because the
processes of gametes formation occurring in sexual organs are at the basis of recombination and
genetic variability which constitutes the matter on which evolution acts, whether understood as
natural or human driven. In the present study, we used an NGS approach to produce a grapevine
flower transcriptome snapshot in different whorls and tissues including calyx, calyptra, filament,
anther, stigma, ovary and embryo in both pre- and post-anthesis phases. Our investigation aimed
at identifying hub genes that unequivocally distinguish the different tissues providing insights into
the molecular mechanisms that are at the basis of floral whorls and tissue development. To this
end we have used different analytical approaches, some now consolidated in transcriptomic studies
on plants, such as pairwise comparison and weighted gene co-expression network analysis, others
used mainly in studies on animals or human’s genomics, such as the tau (t) analysis aimed at
isolating highly and absolutely tissue-specific genes. The intersection of data obtained by these
analyses allowed us to gradually narrow the field, providing evidence about the molecular
mechanisms occurring in those whorls directly involved in reproductive processes, such as anther
and stigma, and giving insights into the role of other whorls not directly related to reproduction,

such as calyptra and calyx. We believe this work could represent an important genomic resource
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for functional analyses of grapevine floral organ growth and fruit development shading light on

molecular networks underlying grapevine reproductive organ determination.

Keywords: WGCNA, anther, filament, embryo, calyx, calyptra, ovary, anthesis, expression atlas
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2.2 Introduction

Grapevine (V. vinifera L.) is indisputably one of the most popular crops in the world. According to
the most updated data of the International Organization of Vine and Wine, vines are spread over
an area of more than 7 million hectares and produce annually about 75 million tons of grapes,
destined to the production of wine, table grapes, juices and raisins (OIV). Therefore, in a sector that
alone is worth billions of dollars, a deep comprehension of each of the thorny phases characterizing
berry development is pivotal and several approaches have been applied to elucidate the changes
that take place from flowering to ripe berry.

From a molecular point of view, analyses of large gene expression datasets represent a key tool to
decipher the biological processes underlying the development of a specific tissue or organ. This
would explain the exponential increase in the number of expression atlases developed in recent
years. An expression atlas should be meant as a snapshot of the genes expressed in one or more
tissues, organs or even cells at a given phenological stage or throughout a developmental kinetics
(Papatheodorou et al., 2018). According to the main databases dedicated to this purpose — the Bio-
Analytic Resource (BAR) for plant biology (Provart, 2020) and the Expression Atlas platform
(Papatheodorou et al., 2018)— expression atlases are available for at least 29 plant species. Among
the monocots species used to produce the most recent and complete atlases — in terms of tissues
and time point analyzed — stand out Zea mays (Stelpflug et al., 2016), Sorghum bicolor (Wang et al.,
2016) and Hordeum vulgare (Mayer et al.,, 2012). Instead, for dicots species, in addition to
Arabidopsis thaliana (Cheng et al., 2017) a remarkable effort was done in Glycine max (Severin et
al., 2010; Libault et al., 2010), Solanum lycopersicum (Sato et al., 2012), Solanum tuberosum (Xu et
al., 2011) and V. vinifera L. As regards this latter, several RNA-seg-based experiments have been
conducted in the last 10 years. Considering the “time” variable, transcriptional profiles in temporal
kinetics are available for berry as a whole (Corvina cv.) (Venturini et al., 2013), grape skin (Cabernet
Sauvignon cv.) (Wang and Li, 2015) and leaf (Summer Black cv.) (Pervaiz et al., 2016). Considering
the “cultivar” variable, the grape berry transcriptomes of ten different cultivars were compared to
identify cultivar specific-splicing events (Potenza et al., 2015), while Ghan et al. (2017) applied the
same approach in 7 wine grape cultivars to identify the common transcriptional subnetworks
underlying the berry skin in the late stages of ripening. Also, the comparison among berry
transcriptomic profiles of 5 Italian cultivars, each sampled at 4 progressive phenological phases
(Palumbo et al., 2014), led to the identification of common switch genes, that seem to regulate the

phase transition during berry ripening. In an exhaustive study, Dal Santo et al. (2018) performed an
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RNA-seq analysis in two genotypes (Cabernet Sauvignon and Sangiovese) at two developmental
stages and cultivated in three different environments over two vintages, in order to elucidate the
contribution of genotype, the influence of environment and the effect of their interaction (GxE) on
the berry transcriptome. Finally, the most comprehensive atlas so far produced in grapevine is
based on 54 samples representing green and woody organs at different developmental phases and
it was developed to infer the specific metabolic pathways characterizing each of the samples (Fasoli
etal., 2012).

The abundance of transcriptomic data relating to grape berry and its sub-tissues offers an in-depth
insight into the molecular processes underlying berry growth and ripening, but it leaves unclarified
most of the upstream aspects related to flower development. In fact, except for Fasoli et al. (2012),
who considered some of the floral tissues, transcriptional data straddling the anthesis process and
related to single grape whorls are lacking. Since the flower gene expression regulation at both
temporal and spatial level is the cornerstone for achieving the specification of morphology and
physiology of the berry, we attempted to fill this gap by dissecting the transcriptome profiles of six
(calyptra, calyx, anther, filament, stigma and ovary) and four floral tissues (calyx, stigma, ovary,
stigma and embryo) before and after anthesis, respectively. Making use of analytical tools such as
the weighted gene network co-expression analysis (WGCNA), and the analysis tau (t) and crossing
obtained results with already available data, we tried to identify those hub genes and molecular
networks that specifically characterize different floral organs or tissues. This analysis made it
possible to identify enriched ontological categories in the different tissues under examination and
to isolate specific transcription factors expressed exclusively or predominantly in a given whorl.
Furthermore, limited to genes expressed exclusively in anther or in stigma, we carried out a de novo
cis regulatory elements (CRE) analysis at the promoter level, in order to identify those motifs linked
to the tissue-specific expression of selected genes. This original grapevine atlas could represent an
important genomic resource for functional analyses of grapevine floral organ growth and fruit

development.
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2.3 Results and Discussion

2.3.1 Global RNA-seq analysis of grapevine flower tissues

To obtain gene expression profiles for different whorls and tissues of the grapevine flower, RNA
sequencing (RNA-seq) data were generated from 10 different tissues collected from flowers of V.
vinifera cv Pinot noir plants grown in open fields. Six tissue samples were collected from pre-
anthesis (“Before Anthesis” — BA) flowers (EL-18), namely calyptra, calyx, filament, anther, ovary
and stigma, and 4 tissue samples were collected after anthesis (AA; EL-26): calyx, ovary, stigma and
embryo (Fig. 1.2A). The HiSeq 2500 sequencing run produced a total output of 336 M of 2 x 250 bp
reads (on average 12 M reads per sample), while, after filtering steps, approximately 312 M of reads
were retained. Given the low number of reads obtained for Stigma BA and Filament BA, the third
replicate from both tissues was excluded from further analyses. The cluster dendrogram analysis
based on raw counts (Supplementary Figure 1) showed a good correlation among the biological
replicates of each sample, except for one replicate of Calyx post-anthesis (Calyx AA) grouped with
the Embryo samples, which may be due to the high proximity of the tissues which reside very close
to each other. The filtered reads deriving from the 28 samples were combined and assembled into
a reference catalogue, composed by 210,674 transcripts and annotated based on the PN40024 12X
v1 (Jaillon et al., 2007). After Transcript Per Million (TPM) calculation, 7,802 genes were filtered out
while 22,094 genes, corresponding to the 73.8 % of the total number of genes predicted in the
PN40024 12X v1 grapevine reference genome, were retained for further analyses, being expressed
in at least one tissue with TPM > 1. Pre-anthesis anther (Anther BA) had the lowest number of
expressed genes (15,843), whereas Calyx AA had the highest number (19,320). Finally, 13,087 genes

scored a TPM value > 1 in all tissues considered (Fig. 1.2B, Supplementary Table 1).
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Figure 1.2. Overview of the V. vinifera cv Pinot noir floral samples used for RNA-Seq analysis. (A)
The pictures show the grapevine inflorescence in pre- and post-anthesis phases, while the
schematic illustrations alongside indicate the specific floral tissues sampled for subsequent
transcriptional analyses. (B) Number of genes expressed (TPM > 1) in each of the 10 tissue/organs.
Total: number of genes expressed in at least one organ (22,094). Common: genes expressed in all
10 organs (13,087).

To isolate tissue-specific genes providing evidence about the molecular mechanisms occurring in
different whorls analyzed, we took advantage of different analytical approaches. Some of them are
commonly used in plant genomics, such as pairwise comparison and weighted gene co-expression
network analysis (WGCNA), some others have been mainly exploited in animals or human
genomics, such as the tau (t) analysis. For the sake of clarity in Fig. 2.2, we reported the logical

workflow of all analyses performed in this study.
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Figure 2.2. Logical workflow of analyses performed in this study. Schematic illustration of the main
analyses performed on TPM normalized data.

2.3.2 Weighted Gene Co-expression Network Analysis identified gene modules highly
associated with specific grapevine flower whorls/tissues

WGCNA is a systems biology approach aimed at understanding networks of highly correlated genes
instead of individual genes, which has been successfully applied in various genomics studies in many
plant species including pineapple (Wang et al., 2020), strawberry (Shahan et al., 2018), pear (Li et
al., 2019) and grapevine (Guo et al., 2020). In this study, co-expression networks were constructed
based on pairwise correlations of gene expression trends across all sampled tissues. The 22,094
genes resulting from TPM normalization and filtering, were analyzed in order to identify gene co-
expression modules using the R package WGCNA. Genes showing variance lower than 1 were
removed leaving a total number of 19,658 genes. The matrix was raised to a soft-thresholding
power =12 to ensure a scale-free network (Fig. 3.2A, B). Modules are defined as clusters of highly
interconnected genes, such that genes belonging to the same module, highly correlated with each
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other. For the present analysis, the minimum module size was set to 30, and modules with highly
correlated eigengenes (based on a threshold of 0.25) were merged. The eigengene represents the
first principal component of a given module and can be considered as a representative of the

expression profiles of genes within that module.
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Figure 3.2. Weighted gene co-expression network analysis for grapevine RNA-seq data. Analysis of
network topology for various soft-thresholding powers showing (A) the scale-free fit index (y-axis)
as a function of the soft-thresholding power (x-axis) and (B) mean connectivity (degree, y-axis) as a
function of the soft-thresholding power (x-axis). (C) Cluster dendrogram of module eigengenes.
Branches of the dendrogram group together eigengenes that are positively correlated. The red line
is the merging threshold, and groups of eigengenes below the threshold represent modules whose
expression profiles should be merged due to their similarity. (D) Hierarchical cluster dendrogram
showing co-expressed modules identified by weighted gene co-expression network analysis for the
grapevine flower RNA-seq data. Each leaf on the tree represents a gene. The major tree branches
constitute 20 merged modules (based on a threshold of 0.25), labeled with different colors.
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Twenty distinct modules were identified (Fig. 3.2C). The modules are labeled by color and are
shown in a hierarchical clustering dendrogram, in which each tree branch constitutes a module and
each leaf in the branch is one gene (Fig. 3.2D). Next, we performed a correlation analysis between

the 20 distinct modules and the 10 tissues/whorls under study (Fig. 4.2A).
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Figure 4.2. Module-tissue association analysis. Visualization of the eigengene network representing
the relationships among the modules and the tissues under study. Panel (A) shows a hierarchical
clustering dendrogram of the eigengenes in which the dissimilarity of eigengenes E,, E, is given by
1-cor (E, E)). The color of the most correlated module was used to color the name of the
organ/tissue. Panel (B) heatmap shows the correlation between modules and tissues. Each row
corresponds to a module, whereas each column corresponds to a specific tissue. The correlation
coefficient between a given module and tissue type is indicated by the color of the cell at the row-
column intersection and by text inside cells (p-value is also reported). Red and blue indicate positive
and negative correlation, respectively.

For each organ, at least one highly specific module was identified (r > 0.8; correlation p-value <
0.01; Fig. 4.2B), although, in some cases, multiple modules showed significant correlations with the
same tissue and/or more tissues showed correlations with the same module. For example, the
sienna3, cyan, green, and midnightblue modules were specifically correlated with Stigma BA, Calyx
BA, Calyptra BA, and Embryo, respectively. The best correlations between module eigengene (ME)
and tissue were between the blue module and Anther BA (r = 1, p = 2e-10), the black module and
Filament BA (r = 0.97, p = 5e-06) and finally the magenta module and Calyx AA (r = 0.97, p = 4e-06)
(Fig. 4.2B, Supplementary Table 2). To further investigate the gene constitution of the 10 modules
showing the best correlation with tissues under study, two network unique properties such as gene
significance (GS) and module membership (MM) were carried out. The module membership (MM)
is a measure of the correlation between the expression profile of a given gene with the considered
module eigengene. The gene significance (GS) is an additional network parameter, that can be also
defined by the minus log of a p-value and give an estimation of the biological significance of a gene.

The higher the absolute value of GSi, the more biologically significant is the i-th gene.
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Figure 5.2. Scatterplots of gene significance (GS) vs. module membership (MM). The plots show the
correlation between GS and MM in the ten modules that best correlate with the different tissues
analyzed illustrating that gene highly significantly associated with a trait are often also the most
important (central) elements of modules associated with the trait. Genes showing a MM > 0.9 can
be considered as hub-genes.

Abstractly speaking, if a gene has higher GS and MM, it is more meaningful with the phenotypical
trait (Lou et al., 2017; Langfelder et al., 2013). Thus, a specific module whose MM or GS were
significantly connected and associated with the anther tissue may play a more important biological
role on anther determination or functionality (Lou et al., 2017). Although all 10 modules considered
showed extremely significant correlations between GS and MM, the blue (Anther BA), black
(Filament BA) and sienna3 (Stigma BA) ones showed the best correlations between MM and GS (Fig.
5.2). Overall, module blue was observed as the best meaningful module by its strongly positive
correlations (r = 1, p < E-200 in GS vs. MM) indicating its strict involvement in anther specific
molecular mechanisms. In order to understand if modules associated with different tissues were
enriched in genes belonging to determined ontological categories, we conducted a gene set
enrichment analysis (GSEA) on those genes showing a MM > 0.9 (Fig. 6.2), which were considered

as WGCNA hub genes.
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Figure 6.2. Gene set enrichment analysis. Genes showing a module membership (M) higher than
0.9 were subjected to GSEA and the most relevant biological networks for Anther BA, Calyptra BA,
Calyx AA, Stigma BA, Ovary BA, Stigma AA, Ovary AA and Embryo AA are reported. The hierarchical
clustering trees summarize the correlation among significant pathways identified. Pathways with
many shared genes are clustered together. Bigger dots indicate more significant p-values. GO
categories highlighted by colored boxes were detected also in the GSEA on highly specific genes

(HSG) obtained by the tau (t) analysis.
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The analysis allowed to identify the most relevant biological networks for all the tissues except for
Filament BA and Calyx AA. This could be due to both the small size of the modules and the absence
of specific processes occurring in these whorls. In Calyptra BA we identified a consistent number of
biological networks associated to “photosynthesis” (G0:0015979) and “photosynthesis light
reaction” (G0:0019684). Within these GO categories, two genes encoding light-harvesting
chlorophyll A-binding proteins (LHCA1 and LHCA4) stand out. Their expression resulted sensibly
higher in calyptra (1843 and 1153 TPM, respectively; Supplementary Table 3) compared to any
other tissue, in accordance with the active role of this green tissue in the photosynthesis process
(Lebon et al., 2005). The most enriched GO categories in Anther BA were “localization”
(G0:0051179), “transport” (G0:0006810), and establishment of localization (G0:0051234).
Something similar was observed in the Corvina expression atlas, where pollen and stamen were
characterized by the strong expression of genes related to transport and cell wall structure (Fasoli
et al., 2012). In addition, “anther dehiscence” (GO:0009901), “fruit dehiscence” (GO:0010047), and
“dehiscence” (G0:0009900) were the most enriched categories in Anther BA. Five
polygalacturonase (PG) encoding genes (Supplementary Table 3) were included in all the categories
abovementioned and exhibited the highest expression levels in Anther BA. VIT 1350064900760, a
member of the polygalacturonase GH28 sub-family, showed an impressive transcripts accumulation
(3310 TPM) in the male reproductive organ whereas its levels were always very low (from 0 to 17
TPM) in all the other tissues. The expression of PG genes in tapetum, pollen grains, stigmas and
pollinated pistils has been described in various species and implies their role in tapetum
degradation, pollen maturation, pollen tube growth, and pollination (Yang et al., 2018). In
Arabidopsis, suppressing the expression of QRT3 interferes with microspore separation after the
tetrad stage (Rhee et al., 2003), whereas in Chinese cabbage BcMF6 silencing determines smaller
floral organs and a lower pollen germination rate caused by the disruption of microspore
maturation (Zhang et al., 2008). In the same species, BcMF2 and BcMF9 RNA antisense lines showed
disturbed development of the pollen wall intine layer and of the pollen tube wall (Huang et al.,
2009; Huang et al., 2009) and the downregulation of BcMF2 caused pollen deformity and balloon-
like swelling in the pollen tube tip, together with premature tapetum formation (Huang et al., 2009).
When a soybean PG is heterologously overexpressed in Arabidopsis, inflorescence mortality is over
50%, and siliques and seeds significantly decrease in number (Wang et al., 2016). With regards to
post-anthesis tissues, “recognition of pollen” (G0:0048544), “pollen-pistil interaction”
(G0:0009875) and “cell recognition” (GO:0008037) were unarguably the most interesting terms

enriched in Stigma AA. Most of the genes highly expressed in this tissue (and scarcely or no detected
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within the other tissues), as expected, were linked to the self-incompatibility locus (S-locus) and
mainly represented by kinases. In Stigma AA, of interest was also the detection of 99 genes included
in the “protein phosphorylation” (GO:0006468) and “phosphorylation” (GO:0016310) categories,
both involved in pollen/stigma interaction processes (Hiscock et al., 1995; Rundle et al., 1993). Calyx
AA showed a significant number of genes covering categories such as “plant-type secondary cell
wall biogenesis” (G0:0009834) and “cell wall biogenesis” (G0:0042546). Among them, most
noteworthy is the almost exclusive expression of three distinct genes (VIT 0650004903050,
VIT 0850040901970 and VIT_08s0040g02030) all belonging to the fasciclin arabinogalactan-
proteins (FLA11) family. In this regard, the Arabidopsis orthologous (AT5G03170) seems to be
pivotal for tensile strength and tensile modulus of elasticity, two features that match with the
mechanical sustain role of calyx after fertilization and fruit set. Finally, the midnightblue module,
the one that best correlates with Embryo AA, included genes mainly involved in cell ontogenesis
such as “cellular component organization or biogenesis” (GO:0071840), “organelle organization”
(G0O:0006996), and “chromosome organization” (G0:0051276), coherently with the intense

embryonal development activity (Supplementary Table 3).

2.3.3 WGCNA and tau analyses identified whorl-specific transcriptional regulators

In order to identify transcriptional regulators specifically expressed in different tissues and whorls
analyzed in this study, hub genes belonging to the different tissue-specific modules showing MM >
0.9, were screened based on functional annotation reported in the Plant Transcription Factor
database (Plant TFDB; Jin et al., 2017). Considering specific genes identified by WGCNA we selected
251 TF genes representing 36 TF families. In absolute terms, the Stigma AA, Embryo AA and Anther
BA were the tissues with the largest number of specific TF-coding genes (83, 40 and 31,
respectively). In contrast, Ovary AA and Calyptra BA were the tissues with the lowest number of
specific TFs (7). Overall, the MYB-R2R3 (41 genes), WRKY (24), bHLH (20), NAC (16), MICK-MADS
(12), ERF (12) families were the most abundant, although with differences depending on the tissue
considered (Fig. 7.2A; Supplementary Table 4). For example, whether in Stigma AA there was a
consistent number of MYB-R2R3 (18) and WRKY (16), in Ovary BA they were lacking, leaving room
to genes belonging to minor TF families, such as B3 or G2-like. While in Supplementary Table 4 we
listed all tissue-specific TFs identified, in Table 1 we reported the most relevant ones based on
module membership (MM > 0.9) and expression. Overall, a rather large number of transcription

factors identified appeared to be related to roles in flower development, determination or identity.
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Amongst them it is worth mentioning ViMYB108A (VIT_05s0077g00500) (Wong et al., 2016),
highly expressed in Anther BA, whose Arabidopsis orthologous is a JA-inducible TF gene with an
important role in stamen development and male fertility, being involved in three main aspects:
filament elongation, anther dehiscence, and pollen viability (Mandaokar and Browse, 2009). One of
the most expressed TFs in stigma BA, the bHLH gene BEE1, is orthologous of the BR-responsive gene
AtBEE1 that regulates stigmatic cell development in Arabidopsis (Crawford et al., 2011). The
occurrence of VIT _17s0000g03580, another BR-responsive bHLH, in stigma best ranked TFs, raises
guestions about the involvement of these hormones in the processes of flower development and

fertilization.
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Table 1. Top 5 tissue-specific TFs identified by WGCNA analysis (MM > 0.9) ordered by descending TPM values.

Filament BA Anther Ba

1D TF family Grape name Functional annotation MM Analysis Calyx BA Cap BA
VIT_04s0023g01910 MYB_related - Myb family 0.97 WGCNA 130.6 12.0
VIT_01s0011g00100 MIKC_MADS WIAP1 MADS-box APETALA 1 0.94 WGCNA 390.1 159.4 27.9
VIT_14s0060g01180 TALE WHB49 KNAT2 (knotted1-like homeobox gene 6) 0.92 WGCNA 154.8 58.6 52.8
VIT_1250059g01190 TALE WHB43 Homeobox shoot MERISTEMLESS (STM) 0.93 WGCNA 93.6
VIT_0550124g00240 bHLH bHLHO025 Basic helix-loop-helix (bHLH) family 0.92 WGCNA 79.0 29.9 8.4
VIT_15s0048g02870 HD-ZIP VHB54 Homeobox-leucine zipper protein HB-7 0.96 WGCNA 35.5 31.8
VIT_14s0068g00330 TCP - PTF1 (plastid transcription factor 1) TCP13 0.91 WGCNA 46.2
VIT_04s0023g01020 TALE WHB17 BEL1 homeobox 2 (BLH2) (SAWTOOTH 1) 0.91 WGCNA 11.3 51.1 4.6
VIT_07s0031g01710 WRKY WWRKY22  WRKY DNA-binding protein 51 0.96 WGCNA 16.9 39.4
Wuschel-related homeobox 3 pressed
VIT_0650004g03780 WOX VWHB24 flower 0.92 WGCNA/TAU 9.0 14.3
VIT_09s0002g06750 ERF WERF042  ERF/AP2 transcription factor sub B-6 SHINE ~ 0.94 WGCNA 83.5 137.3
VIT_11s0016g03560 bHLH - Ethylene-responsive protein 0.93 WGCNA 57.5 18.3
VIT_04s0023g01380 GRAS GRAS25 Scarecrow-like 0.92 WGCNA 41.6 30.1
VIT_15s0048g01240 MIKC_MADS - MADS-box protein AGL20 0.94 WGCNA 21.8 11.4
VIT_04s0008g01820 MYB MYBPA9 TT2 (transparent testa 2) 0.97 WGCNA/TAU
VIT_05s0077g00500 MYB MYB108A  Myb domain protein 108 1.00 WGCNA 8.7 13.4
VIT_00s0313g00070 MIKC_MADS WiSVP1 MADS-box protein SVP 1.00 WGCNA 11.9 6.8
VIT_07s0031g01870 C3H - Zinc finger (CCCH-type) family protein 1.00 WGCNA/TAU
VIT_1250028g03050 NAC VWNAC34 NAC domain-containing protein 73 0.99 WGCNA 2.7 1.6
VIT_1250059g02500 CO-like - Constans-like 11 1.00 WGCNA/TAU
VIT_14s0083g01050 MIKC_MADS WISEP1 SEPALLATA1 0.93 WGCNA 423.7 171.0
VIT_01s0011g00140 YABBY - CRABS CLAW 0.97 WGCNA 29.2 8.0
VIT_05s0077g01860 ERF WERF058  ERF (ethylene response factor) sub B-2 0.98 WGCNA
Squamosa promoter-binding protein 9
VIT_08s0007g06270 SBP - (SPL9) 0.93 WGCNA
VIT_08s0007g02940 NAC WNAC62 NAC domain containing protein 90 0.96 WGCNA
VIT_01s0011g03720 bHLH - BEE1 (BR Enhanced expression 1) 0.94 WGCNA
VIT_17s0000g05900 bHLH - Basic helix-loop-helix (bHLH) family 0.94 WGCNA
VIT_1250142g00360 MIKC_MADS WIAG1 SHATTERPROOF 2 0.95 WGCNA 496.3
VIT_17s0000g03580 bHLH - BEE3 (BR Enhanced expression 3) 0.94 WGCNA
VIT_15s0021g02510 GATA VGATA4 GATA transcription factor 2 0.98 WGCNA
VIT_1750000g01230 MIKC_MADS WiTM8a MADS-box protein AGL20 0.96 WGCNA
VIT_18s0001g10160 WOX VWWHB65 Wuschel homeobox 4 0.95 WGCNA
VIT_00s0291g00020 ERF - Unknown protein 0.98 WGCNA/TAU
VIT_18s0001g12610 MYB_related - Radialis-like protein 6 0.93 WGCNA/TAU
VIT_1450006g02450 C3H - Zinc finger (CCCH-type) family protein 0.96 WGCNA/TAU
VIT_16s0050g02530 MYB_related - Myb Triptychon 0.90 WGCNA
VIT_14s0030g01860 Trihelix - Transcription factor 0.93 WGCNA
VIT_08s0007g00410 MYB MYB91A Myb domain protein 91 0.93 WGCNA
VIT_13s0067g02860 SRS - LRP1 (lateral root primordium 1) 0.95 WGCNA
VIT_06s0004g02800 HD-ZIP - leucine zipper protein Revoluta (REV) 0.94 WGCNA
VIT_1250028g03270 ERF - Ethylene-responsive 9 0.95 WGCNA
VIT_18s0001g05250 ERF - DREB sub A-6 of ERF/AP2 (RAP2.4) 0.94 WGCNA
VIT_01s0026g02710 NAC VWNAC26 NAC domain-containing protein 29 0.96 WGCNA
VIT_16s0098g01170 HD-ZIP VWHB56 Homeobox-leucine zipper protein HB-12 0.92 WGCNA
VIT_04s0008g05760 WRKY VWWRKY08 WRKY DNA-binding protein 18 0.90 WGCNA
VIT_18s0001g12530 MYB_related - Retrotransposon protein 0.93 WGCNA
VIT_0650061g01240 C2H2 WiZFP42 Histone deacetylase (HD2A) 0.98 WGCNA
VIT_10s0042g00820 MIKC_MADS WIABS1 Transparent testalé 0.92 WGCNA
VIT_17s0000g00330 bHLH bHLHO75 Inducer of CBF expression 1 ICE1 0.90 WGCNA
VIT_08s0007g01920 MYB - MYB divaricata 0.92 WGCNA
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Figure 7.2. Tissue-specific transcription factors based on WGCNA. (A). Distribution of tissue-specific
TF families across the 10 tissues related WGCNA modules. Only TF having a module membership
higher than 0.9 were considered. (B) Heatmap showing the behavior of the main homeotic genes
described in *° together with those additional MADS box identified by the WGCNA analysis. Data
were normalized using the gene/row normalization provided by T-mev software. This approach
transforms values using the mean and the standard deviation of the row of the matrix to which the
value belongs, using the following formula: Z-score = [(value) — mean(row)]/[standard
deviation(row)]. Colored boxes close to gene names indicate the homeotic class of appartenance
(for genes that have one attributed to). Hierarchical clustering of both genes and samples grouped
genes/samples showing similar behavior.

Vogler et al. (2014) hypothesized that the growth-promoting properties of the reproductive tract
of Arabidopsis depend, at least partly, on BR compounds, which are provided by the cells of the
reproductive tract to promote pollen germination on the stigmatic papillae, and to boost pollen
tube growth for rapid double fertilization (Vogler et al., 2014). Another TF, WiAGI1
(VIT_12s0142g00360), was highly expressed in stigma BA and its orthologous in Arabidopsis, the
MADS box gene SHATTERPROOF 2, was demonstrated to be involved in promoting stigma, style and
medial tissue development (Colombo et al., 2010). Certainly, a gene family of particular interest
when it comes to floral identity is represented by floral homeotic genes, which are the basis of the
ABCDE model and are well-studied genes involved in flower development (Krizek et al., 2005).
These genes, belonging to the MICK_MADS family, already characterized at the genomic level by
Grimplet et al. (2016), have recently been characterized from their transcriptional sub-
functionalization by Palumbo et al. (2019), who selected 18 MADS boxes belonging to different
classes (A, B, C, D, E) and analyzed their expression in different whorls during Pinot noir flower
development. Within the tissue-specific TF obtained in this study, we identified 12 TF belonging to
the MICK_MADS box family. Amongst them, only 5 genes fall within those homeotic genes
considered by Palumbo et al. (2019), namely WIAG1 (VIT_12501429g00360), a class C gene listed in
the Stigma BA related module (sienna3), WiSEP1 (VIT_14s0083g01050), a class E gene belonging to
the Ovary BA module (plum1), WiAP1 (VIT_01s0011g00100), a class A gene belonging to the Calyx
BA module (cyan), WiABS1 and WIABS2 (VIT_10s0042g00820 and VIT_01s0011g01560), both
belonging to the B-sister class and detected in the Embryo module (midnightblue). The absence of
the other homeotic genes studied by Palumbo et al. (2019) from those identified in this study is
likely due to the approach used to analyze the data. By filtering by module membership, most of
those genes expressed simultaneously in more than one tissue, an intrinsic characteristic of some

homeotic genes on which the ABCDE model is based, were in fact set aside. Nonetheless, we
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identified some other MADS box genes which appear to be expressed in different tissues and which
deserve a thought. Amongst these are WiAGL17c (VIT_00s0211g00180), WviSVP1
(VIT_00s0313g00070), WiMADSD1a (VIT_0750031g01140), WiTM8a (VIT_1750000g01230),
WiSVP2 (VIT_18s00019g07460), WiFLC2 (VIT_1450068g01800) and VIT_1550048g01240, an AGL20-
like gene. Although some of these genes showed limited expression, some others, such as VviSVP1,
WiTM8a and WiFLC2 were significantly induced in specific whorls. VwSP1 belongs to the Anther BA
specific module (blue) and showed a transcript accumulation approximately 16 times higher with
respect to the mean transcript accumulation of all other tissues. VWiTM8a was the first ranked TF
gene for expression in the calyx AA module (magenta), being approximately 20 times more
expressed than in all other tissues. Finally, WiFLC2 was expressed preferentially in stigma AA (Fold
Change = 9 compared to other tissues). To provide a global view of the behavior of all homeotic
genes of interest, the heatmap in Fig. 7.2B reports all the genes analyzed by Palumbo et al. (2019),
together with those that have emerged from the WGCNA in this study.

WIAP1, a class A homeotic gene, was highly expressed in Calyx (both BA and AA) and in Calyptra
BA, in agreement with what was observed by Palumbo et al. (2019) and with previous observations
in other plant species such as Arabidopsis (Bowman et al., 1993), Camellia japonica (Sun et al., 2014)
and Medicago trucantula (Roque et al.,, 2018). WiFUL1 (VIT_17s0000g04990) and WviFUL2
(VIT_14s0083g01030), the two grapevine orthologues of Arabidopsis FRUITFULL (FUL) (Grimplet et
al., 2016), showed distinctive expression patterns. VviFUL2 was expressed in ovary and calyx before
anthesis, whereas WiFUL1, was expression was generally much lower, was expressed in Calyx BA,
Calyptra BA and, most intriguing, in Filament BA. Class B genes, namely WiPI, VwiAP3a and WiAP3b
confirmed their role in petal and stamen identity with the highest transcript accumulation detected
in Calyptra BA and stamen tissues (anther and/or filament). Amongst the B-sister genes, VviABS1
and WIABS2 perfectly matched what was expected based on Palumbo et al. (2019), being
exclusively expressed in Ovary BA and in embryo. For what concerns the class C genes, WiIAG2 and
WIAGL6a were preferentially expressed in stamen, at the level of filament, whereas WiAG1 and
WIAGL6b were expressed in Stigma BA and in Calyx BA and AA, respectively. VWAG3, a class D gene,
was switched off in all tissue except for embryo, as previously described by Palumbo et al. (2019)
and Boss et al. (2003). Finally, amongst the class E genes, VWSEP1-4 transcripts were accumulated
preferentially in Calyx BA and AA, with the exclusion of WiSEP1 which was only detected in pre

anthesis phase. Moreover, a relevant expression in Ovary BA was detected for VWiSEP1 and VVISEP4.
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2.3.4 Isolation of whorls/tissue-specific gene markers using the tau (t) analysis

The WGCNA analysis, based on the identification of clusters of highly correlated genes sharing
similar expression patterns across all samples, allowed the determination of groups of genes closely
associated with a specific phenotypic character, represented in this study by a determined floral
tissue or whorl.

This analysis has proved particularly effective in numerous studies (Wang et al., 2020; Li et al.,
2019), nevertheless, the fact that a particular gene is highly expressed in one tissue compared to
others is a relative parameter and, in some cases, it may be more useful to identify genes that are
exclusively expressed in one organ and not in others: in other words, specific tissue/organ gene
markers. For this purpose, we applied an algorithm generally used in transcriptomic studies on
animals or humans. Such an algorithm, defined as tau (t) algorithm (Kryuchkova-Mostacci and
Robinson-Rechav, 2017), can determine the tissue-specificity level of each predicted gene of a given
genome.

After the quantile normalization of 22,094 genes (selected because showing TPM values equal or
higher than 1 in at least one of the 10 samples) and the creation of BIN profiles, the implementation
of the t algorithm led to the assighment of a value ranging from 0 (constitutively expressed in all or
most of the tissues) to 1 (absolutely specific for a given tissue) to each gene. The uneven occurrence
of the t values throughout the gene set is illustrated in Fig. 8.2A and is coherent with what is
expected based on Kryuchkova-Mostacci and Robinson-Rechav (2017). Overall, 3,575 genes proved
to be highly specific (HSG, tau > 0.85) and, among them, 1,514 resulted absolutely specific (ASG, t
=1). The tau value only defined the "specificity" of a gene, whereas to determine which tissue the

gene is specific for, the tau expression fractions (ter) were calculated.
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Figure 8.2. Tissue-specific gene distribution. (A) Distribution of tissue-specificity tau parameter over
the 22,094 genes considered (TPM > 1). The shape of this plot and density distribution is coherent
to what is expected based on Kryuchkova-Mostacci and Robinson-Rechav (2017). (B) Bar graph
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showing the distribution of absolutely specific genes (ASG; tau = 1) and highly specific genes (HSG;
tau > 0.85) over the ten tissues/organs considered.

Anther BA was the tissue displaying the highest number of HSG (805) and ASG (307) while, on the
contrary, the lowest HSG and ASG values (155 and 57, respectively) were identified in Ovary AA (Fig.
8.2B). This observation is intriguing since anther BA represents the tissue that showed the lowest
number of expressed genes (TPM> 1; Fig. 1.2), whereas Ovary AA was one of those tissues with the
highest number of expressed genes. Nevertheless, this observation is partially confirmed in the
Corvina expression atlas, where, out of 516 genes identified as specific flower, 229, equal to 44%,
were specific for stamens and pollen (Fasoli et al., 2012). For each tissue, the list of HSG and ASG is
available as Supplementary Table 5. Similar to what was done for the genes obtained through
WGCNA, also in this case the highly specific genes (HSG) resulting from the tau analysis were
subjected to a GSEA to verify the presence of enriched ontological categories and the possible
overlap with those obtained in the WGCNA analysis. As a matter of fact, many enriched terms
identified in HSG were common with those highlighted in the WCGNA analysis (Fig. 6.2). This
observation conferred greater robustness to the results obtained and laid the foundations for a

subsequent step aimed at further narrowing down the list of key genes of interest.

2.3.5 Comparison between tau and WGCN analyses and determination of best
optimum tissue-specific genes

The comparison between the highly specific genes (HSG) identified by the tau analysis and the
tissue-specific modules identified by WGCNA (MM > 0.9) led to the identification of 1513 genes
shared by the two approaches. Looking at the specific tissues under study the percentage of
common genes found its maximum in Anther BA (47.4%; Supplementary Table 2; Supplementary
Figure 2.2). This result is not surprising, considering that the modules isolated by WGCNA contain
genes that can show high levels of expression even in those tissues that are not associated with the
module itself, whereas highly specific genes (HSG) identified by (t) algorithm represent genes that
are almost exclusively expressed in that specific tissue and not in others. Nevertheless, although
the results provided by the two analyses have different biological meanings, we considered those
genes shared between the two approaches to be of particular interest, defining them as key hub
genes. Ranking of genes by both expression and specificity is useful for anyone working on a single
tissue wanting to identify a set of genes that are highly specific to the tissue, that are expressed in

high enough quantities (facilitating bench work in the laboratory), and with minimal expression in
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other tissues (limiting off-target effects). With this aim, we retrieved the quantile normalized
expression and tissue-specificity of every key hub gene detected by the WGCNA and tau analyses
comparison and we used this information to create a score column. Each gene's score was between
0 and 2 and was the sum of its tau expression fraction value (tef) and its 0-1 ranged normalized
expression value. For each tissue, we then considered the top 10 ranking genes based on score
values, in other words, those genes with both the highest expression and specificity. Whilst the
complete list of these genes is available as Supplementary Table 6 and it is graphically represented
in Supplementary Figure 3, in Table 2 we reported the first ranking best optimum specific gene for

each different tissue.

63



CHAPTER Il

Table 2. Best optimum gene for each tissue under study based on tau analysis.

TPM before anthesis TPM after anthesis
D Function Tef Score - T
Calyx Calyptra  Filament Anther Ovary  Stigma  Calyx Ovary Stigma Embryo

VIT_13s50106g00350 Lipase GDSL 0.99 141 0 0 0 1 0 0 0 0
VIT_00s0194g00180 Unknown protein 0.90 1.42 10 2 0 3 2 0 0 2 0
VIT_15s50021g01510 Phospholipase Al 1.00 134 1 0 0 0 0 0 0 0
Optimum  VIT_0750141g00030 fatty acid elongase 0.87 1.62 3 7 2 0 3 0 1 0
tissues VIT_15s50046903420 Unknown protein 0.94 1.46 4 2 0 0 1 2 1 0 0
specific  VIT_1850001g14760 Lipase 3 (EXL3) 0.89 1.58 1 3 3 0 10 1 2 0 0
genes VIT_0250154g00300 snRNP Sm D3 0.86 1.43 8 4 0 0 1 0 15 4 0
VIT_18s50164g00100 Laccase 0.87 1.37 2 0 0 0 8 1 1 2
VIT_1650100g01100 Stilbene synthase 0.97 1.55 0 1 4 1 0 0 0

VIT_1350019901520 lipid transfer 089 150 0 0 0 0 0 0 84 1

protein

Among the most interesting optimum genes in pre anthesis, the best optimum gene in filament was
a Phospholipase A1 (VIT_15s50021g01510; tes= 1 and no expression in all the other tissues). Although
no information on this gene is available in grapevine, its Arabidopsis orthologous, namely
AT2G44810, encodes DEFECTIVE ANTHER DEHISCENCE 1 (DAD1), a protein located in the
chloroplast (Seo et al., 2009) whose phospholipase Al activity catalyzes the late phase of the
jasmonate biosynthetic pathway (Hyun et al., 2008). DAD1 expression appears to be restricted to
stamen filaments immediately before flower opening and dad1 mutants show defects in flower
opening as well as anther dehiscence and pollen maturation (Ishiguro et al., 2002). The massive
occurrence of transcript encoding for fatty acid elongase (VIT_075s0141g00030) in anther BA (TPM
=1726, compared to an average TPM =3 in all the others tissues) is in agreement with the grapevine
expression atlas published by Fasoli et al. (2012), where this gene was highly expressed in stamen,
considering both anther and filament tissues, and in pollen grain. Transcripts of A. thaliana
orthologous AT2G26640 encoding a 3-ketoacyl-CoA-synthase 11 (KCS11) are accumulated, above
all the other tissues, in stamens and pollen (Joubés et al.,, 2008). It's also worth noting that
AT1G68530, another Arabidopsis orthologous encoding KCS6 another protein belonging to the
ketoacyl-CoA-synthase family, is the major condensing enzyme involved in stem wax and pollen
coat lipid biosynthesis (Kunst and Samuel, 2003) and is highly expressed in the tapetum of anthers
near maturity (Hooker et al.,, 2002). Kcs6 mutants are male sterile (Millar et al., 1999).
VIT 1850001914760 transcript was found to be the best optimum gene marker in stigma BA. This
observation is consistent with what was observed by Fasoli et al. (2012) in the Corvina expression
atlas. The related Arabidopsis orthologous AT1G75900 encodes a GDSL esterase/lipase EXL3, a

protein belonging to the extracellular lipases (EXLs). This class of proteins is abundant in pollen coat,

64




CHAPTER Il

and its combination with lipids can interact with stigma cells, bringing the recognition signal and
triggering a mechanical conduit that leads to pollen hydration (Preuss, 2002). It’s interesting to note
that EXL4, another GDSL esterase/lipase protein, is localized in small granules in the tapetal cells of
pollen coat (Mayfield et al., 2001) it is required for its formation and is involved in male fertility.
Mutants show reduced pollen fertility, underdeveloped pollen grain coat as well as impaired water
absorption and germination capacities. Amongst the best optimum genes detected in post-anthesis
phase, it is noteworthy the presence of a laccase encoded by VIT 18s0164g00100 in the ovary, as
confirmed in the Corvina atlas by Fasoli et al. (2012), where a high expression of this gene was
detected in the pericarp and in the pulp of all berry developmental stages, above all in fruit set and
post fruit set. The upregulation of VIT 1850164g00100 was associated with processes directly
involved in berry ripening (Guo et al., 2020). Finally, VIT 13s0019g01520 transcript was highly and
specifically accumulated in embryo, again in agreement with the observation of the massive
occurrence of this gene mRNA in fruit set and post fruit set seed made by Fasoli et al. (2012). The
specific accumulation of a transcript coding for a stilbene synthase, VwSTS36 (VIT_165s0100g01100)
(Vannozzi et al., 2012), in the stigma AA is curious both for the fact that the induction of this gene
and its paralogues had never previously been observed in this tissue, and because generally STSs
are expressed in response to biotic or abiotic stresses. It is conceivable that in the post-anthesis
phase, once fertilization has taken place, the stigma undergoes a senescence process. Several
studies reported the accumulation of STS transcript and, consequently, of basic and complex
stilbenes, in the senescence phase, probably as a response to the oxidative processes and the
production of ROS which characterize senescing tissues but also in response to the accumulation of
one of the main hormones linked to this process: ethylene, closely linked to the transcriptional
activation of these genes. Ultimately, although the discussion of the results obtained only touched
on the best optimum genes identified through the tau approach, it seems evident that most of the
genes identified found confirmation in the literature. On this basis, through this tool, we believe we
have made available a pertinent list of specific tissue/organ genes that may be of interest to the

scientific community.

2.3.6 Integration of the flower and the Corvina expression atlases and
Identification of enriched cis-regulating elements in flower-specific genes

Although WGCNA and tau analyses provided lists of genes of interest related to specific floral tissues
or expressed exclusively in one whorl rather than another, based on samples considered in this

study it was not possible to rule out the fact that these genes are also expressed in other tissues of
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the plant. In order to further circumscribe the number of genes of interest at the floral level, we did
an additional step, excluding those transcripts whose expression was reported also in other tissues
based on the V. vinifera cv Corvina expression atlas (Fasoli et al., 2012). Based on this analysis,
carried out using microarray technology, the number of flower specific genes (FSG) was estimated
in 516 (Fasoli et al., 2012). We then crossed these data with those resulting from the tau and WGCN
analyses, considering all HSG genes (tau > 0.85) identified in this study and all those genes belonging
to the 10 tissue-specific modules identified in the WGCNA (MM > 0.9). Overall, 145 transcripts were
found to be common between the three datasets (approximately 28.1% of the specific flower genes
identified in the Corvina atlas; Fig. 9.2A, Supplementary Table 7), representing genes that are
expressed only in flower based on the Corvina atlas and specifically expressed in one whorl rather
than another based on our data. Two-hundred-eighty-eight genes were expressed only in flower
based on the Corvina atlas but did not show specificity for any whorl based on the tau/WGCNA
analyses, representing genes that are homogeneously expressed in all flower tissues considered.
Of the 145 genes shared by the 3 datasets, the majority was highly specific for Anther BA (113
genes; 78%) and post-anthesis stigma (22 genes; 15%). The remaining ones were HSG for Ovary BA
(4 genes), Filament BA (2 genes), Stigma BA (2 genes), Calyptra BA (1 gene), and Calyx AA (1 gene)
(Fig. 9.2B). The heatmaps in Fig. 9.2 report the behavior of these genes across the 54 tissues
considered in the Corvina atlas (Fig. 9.2C) and in the different floral tissues/whorls considered in
this study (Fig. 9.2D) whereas Supplementary Table 7 provides a list of these key hub genes for each
tissue considered.

In order to study the structure of co-expressed genes promoters and to identify genetic
determinants of the tissue-specific expression of tissue-specific genes, we conducted a de novo
motifs discovery analysis considering the 2kb sequences upstream the 113 and 22 found to be
expressed only in anther and stigma, respectively, based on the WCGNA, tau analysis and Corvina
expression atlas. The analysis was carried out exclusively in these two tissues because they were
the only ones having enough genes shared between the WGCNA analysis, the Corvina atlas and the
present flower atlas, to allow a reliable de novo motifs discovery. For this purpose, we retrieved the
promoter sequences of selected genes previously isolated from the 12x V1 prediction of the
PN40024 genome. Using the DECOD software, we screened these sequences for novel enriched
motifs with k-mer equal to 8 with respect to 10,000 2kb promoter sequences randomly retrieved
from the grapevine genome. We then used STAMP (Mahony et al., 2007) to match the motifs
discovered against PLACE, a database of motifs found in plant cis-acting regulatory DNA elements

collected from previously published studies (Higo et al., 1999). For both tissues analyzed, 10 motifs
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enriched in the promoters of tissue-specific genes were identified. The comparison with cis element
already deposited in the database via STAMP highlighted the 5 best matches. Among these, we only

considered those CREs with a biological meaning.
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Figure 9.2. Comparison between flower-specific genes in the Corvina atlas and highly specific genes
detected in this study. (A) Venn diagram showing specific or common genes between the Corvina
expression atlas (Fasoli et al., 2012) and the highly specific genes detected by tau (HSG) and the
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WGCNA analyses in this study. One-hundred-forty-five genes were expressed exclusively in flower
based on the Corvina atlas and at the same time turned out to be tissue-specific based on the tau
and WGCNA analyses. (B) Distribution of the 145 common genes in the different floral tissues based
on tissue-specificity; (C) heatmap showing the expression of 145 common genes in the 54
tissues/organs analyzed in the Corvina expression atlas; (D) heatmap showing the expression of the
same genes in the flower expression atlas object of this study. For both (C) and (D) panels data were
normalized using the gene/row normalization provided by T-mev software. This approach
transforms values using the mean and the standard deviation of the row of the matrix to which the
value belongs, using the following formula: value = [(value) — mean(row)]/[standard
deviation(row)]. (E) Top-5 cis regulatory elements (CREs) detected in 113 anther BA specific genes
shared by the three datasets considered. (F) Top-5 cis regulatory elements (CREs) detected in 22
stigma AA specific genes shared by the three datasets considered.

In Anther BA (Fig. 9.2E) the first ranked motif based on the score, motif 1 (score = 4.41E-04), was
similar to motifs TLIATSAR (E-value 7.38 E-07) and NODCON2GM (E-value 5.54E-05), both enriched
in promoter regions of genes involved in reproductive processes. TLIATSAR was identified in
Arabidopsis and is associated with male meiocyte-expressed genes (Li et al.,, 2014) whereas
NODCON2GM is a cis-regulatory element of the gene TM6, directly involved in stamens petaloidy
and flower shape formation In Peonia spp. (Shu et al., 2012). Motif 2 (3.26E-04) was associated with
POLASIG2 and GMHDLGMVSPB. POLASIG2 is highly related to a large number of flowering genes of
Arabidopsis and GMHDLGMVSPB was found to be highly and specifically related to pollen tapetum-
expressed genes in rice (0. sativa) (Hobo et al., 2008). Something similar was observed for
02F2BE2S1, the best match of Motif 3. The ABREBZMRAB28 motif was found to be enriched in the
promoter region of bZIP genes involved in floral development in six strawberry species and it is
presumed that they also play important role in the male gametophyte (Liu et al., 2017). Moreover,
in Arabidopsis, several AtbZIP genes were selected for their putative involvement in pollen
development (Liu et al., 2017). Moving from anther to stigma AA, the other tissue that allowed,
given the number of specific tissue genes, to carry out the analysis of the promoters, among the
identified motifs whose biological significance has been confirmed by the similarity with already
characterized CREs stand out SEF3MOTIFGM, NODCON2GM and RYREPEATBNNAPA.
SEF3MOTIFGM was found in the promoter region of SEP3. SEP3 sequence of Platanus acerifolia was
heterologously expressed in tobacco and through a GUS assay observed to be expressed in
reproductive tissues, among them also stigma (Lu et al., 2009). NODCON2GM motif is enriched in

the promoter region of the poplar gene PtaRHE1, coding for a RING-H2 protein, ectopically
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expressed in tobacco and observed highly expressed in the stigma through a GUS assay (Mukoko
Bopopi et al., 2010). Finally, RYREPEATBNNAPA in Arabidopsis, was found to be enriched in ABA-
related differentially expressed genes which were observed to be highly affected by the
overexpression of MINI ZINC FINGER 1 (MIF1), a putative zinc finger protein (Hu and Ma, 2006). For
mutants, a lot of defects were observed in floral whorls, including stigma, showing also reduction

in fertility (Hu and Ma, 2006).

Ultimately, many of the regions identified through this approach found confirmation in the
literature. An interesting investigation would be to evaluate the possible relationships existing
between the transcription factors identified through WGCNA analysis (for example MYB108A,
WiSVP1 and WNAC34) and the cis elements identified here. To date, there are several NGS
approaches that could shed light on the physical interaction of these trans and cis factors, first the
DNA Affinity Purification Protocol (DAPseq) (Bartlett et al., 2017). This could validate the possible
interaction between these specific TFs and specific tissue/organ genes and, in association with
further RNAseq analyses, could provide numerous information about the tissue-specific

transcriptional networks of the flower, as well as about the cistrome landscape of candidate TFs.

2.3.7 Isolation of novel housekeeping genes based on the floral and Corvina
expression atlases

Looking at constitutive (housekeeping) genes, we identified 662 genes that exhibited a tvalue =0
and TPM values > 100 in all tissues. The complete list (in ascending order based on standard
deviation of TPM values), is available as Supplementary Table 8, while Supplementary Figure 4
depicts the main biological networks resulting from the GO enrichment analysis of the 662
housekeeping genes here identified. The GO categories more represented were “positive regulation
of translational termination” (G0:0045905), “proteasomal ubiquitin-independent protein
catabolic” (G0O:0010499) and “assembly of large subunit precursor of pre-ribosome” (G0:1902626)
that scored respectively fold enrichment values of 34.15, 27.32 and 22.77. It is not surprising that
the most represented categories (and the related genes) resulting from the GO enrichment analysis
are involved in molecular processes common to all tissues and strictly required for cellular survival
(protein synthesis and degradation). A further step was taken to verify whether the 662 constitutive
floral genes found in all the tissues here analyzed, were also constitutively expressed in the 54
tissues considered in the Corvina atlas (Fasoli et al., 2012): in this way, we managed to ascertain

the qualitative expression of the entire gene list also in the Corvina atlas and to reclassify therefore
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these loci as “whole plant housekeeping genes”. Due to their crucial role in cellular survival and to
their constitutive expression, housekeeping genes or control genes play a decisive role for mRNA
levels normalization in qPCR studies. At this aim, several studies attempted the identification of
optimal housekeeping genes to be used for specific grapevine tissues (Gonzalez-Aglero et al.,
2013), developmental stages (Reid et al., 2006) and variable physiological conditions (Luo et al.,
2018; Selim et al., 2012). Some of these genes, obtained by cross-checking our RNA-seq data with
the Corvina atlas, matched with the findings already available in the scientific literature regarding
the ubiquitous expression of genic loci such as ACTIN 7 (VIT_04s0044g00580) (Selim et al., 2012),
RIBOSOMAL PROTEIN 60S (VIT_18s0001g06410) (Gamm et al., 2011), ELONGATION FACTOR 1-
alpha 1 (VIT_0650004g03220) (Reid et al., 2006), GAPDH (VIT_17s0000g10430) (Reid et al., 2006)
and AQUAPORIN PIP2B (VIT _13s00199g04280) (Reid et al., 2006). On the other side, an exhaustive
and novel list of candidate control genes never considered before is presented here. Among the
best 10 optimum housekeeping genes (in terms of transcripts abundance and comparable
expression levels in all tissues of this study and in the Corvina atlas too; Supplementary Figure 4
and Supplementary Table 8) stand out four proteasome-related genes, genes involved in exocytosis
(RAB GTPase ARA3), RNA transcription (CTV.22) and protein synthesis (E/F-3E and EIF-4A3) stands
out a member of the Pollen Ole e 1 allergen and 70xtension (AtPOE1) family, initially identified as a
group of allergens and recently recognized as developmental regulators in many plant tissues
(Mandaokar and Browse, 2009). A further gPCR validation step is needed to evaluate whether these

genes could represent a valid alternative to those commonly used in expression analyses.
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housekeeping genes identified.
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2.3.8 Conclusions

Although grapevine is a plant species mainly propagated by agamic way, nowadays, the
understanding of the molecular mechanisms that lead to the ontogenetic determination of the
different organs within the flower is a topic of great interest. The reasons behind this statement are
many: i) the importance of conventional genetic improvement of varieties as well as rootstocks is
increasingly affirming, in contrast to the historical and cultural legacies that see viticulture as an
extremely conservative discipline; ii) flowering represents the first step of the reproductive phase
that will lead to the development of the main vine product, the berry; iii) the structure of the flower
and the architecture of the inflorescence influence the organization of the bunch, with many
consequences at the production level; iv) the flower represents the main source of tissues (anthers
and filaments) used for in vitro regeneration and, indirectly, for genetic improvement through new
breeding techniques. In this study, we generated 30 grapevine RNA-seq datasets for different
whorls and tissue of V. vinifera cv Pinot noir flowers in pre-anthesis (E-L 18, 8 days before anthesis)
and post-anthesis (EL 26, 6 days after anthesis) stages and integrated them with a previously
published grapevine cv Corvina expression atlas, which included several flower samples at different
development stages (Fasoli et al., 2012). Both WGCNA and tau analysis were used to analyze the
RNA-seq data and identify tissue-specific gene modules or marker genes and many of these were
identified by both methods. Both analyses have advantages and disadvantages, depending on the
objectives of the work and the biological questions to be answered. In this study, which has as its
main objective the development of a transcriptomic reference for functional studies on flower-
specific genes in grapevine, we tried to combine both approaches, identifying key hub genes which
specifically characterize different flower organs before and after anthesis. Although this work is
configured as a descriptive study at a wide genome level, the provision of numerous data relating
to specific genes for every single tissue or whorls considered represents an important resource for

the scientific community of the vine.
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2.4 Materials and methods

2.4.1 Plant Material and Sample Collection

Flower materials (V. vinifera L. cv Pinot noir, clone 115, grafted onto Kober 5BB rootstock) were
retrieved on May 2018 from a germplasm collection established in 2009 in the experimental farm
“Lucio Toniolo” in Legnaro (University of Padova, Padova, Italy; 45°21'5,68”N 11°57'2,71"E). The
soil texture was as follows: 46% sand, 24% clay, and 30% loam; pH = 7.9; electric conductivity, 112
uS; and organic carbon, 1.1%. Specifically, on May 14" (E-L 18, 8 days before anthesis) and May 28"
(E-L 26, 6 days after anthesis), three inflorescences, each of which collected from an individual plant
(1 inflorescence x 3 plants) were sampled and snap-frozen in liquid nitrogen. Each flower was then
rapidly dissected in cold conditions into the relative whorls with the aid of a stereoscope and a
scalpel. From pre anthesis flowers, calyptra (or cap), calyx, anther, filament, ovary and stigma were
collected whereas after anthesis - being the cap and the male tissues released - the inflorescence
was dissected into calyx, ovary, stigma and embryo. Considering both stages, ten tissues were

isolated, each in three biological replicates (n = 30).

2.4.2 RNA purification, library preparation and sequencing

For each sample, approximately 50 mg of tissue were ground in liquid nitrogen, and total RNA was
purified using the “Spectrum Plant Total RNA Kit” (Sigma-Aldrich, St. Louis, MO, USA) following the
instruction provided by the manufacturer. The integrity of total RNA was checked on 1 % (w/v)
agarose gel (Life Technologies, Carlsbad, CA, USA) stained with 1 x SYBR Safe DNA Gel Stain (Life
Technologies) while the quality (in terms of 260/280 and 260/280 ratios) and the quantity were
spectrophotometrically evaluated using NanoDrop-1000 (Thermo Scientific, Wilmington, MA, USA).
RNA was stored at =80 °C until use.

cDNA libraries construction and sequencing were performed as described by Chitarrini et al. (2020).
Briefly, 1 ug of total RNA was used to construct stranded mRNA-seq libraries (KAPA Stranded mRNA-
Seq Kit, Kapa Biosystems, Woburn, MA, USA), that were later barcoded using the KAPA Dual-
Indexed Adapter Kit (Kapa Biosystems). Libraries were then quantified (KAPA Library Quantification
Kit, Kapa Biosystems) using a LightCycler 480 (Roche, Mannheim, Germany), checked in terms of
correct size (250 — 280 bp) with a Tapestation 2200 (Agilent Technologies, Santa Clara, CA, USA)
and High Sensitivity D1000 ScreenTape assay (Agilent Technologies) and, finally, multiplexed.

Sequencing was performed on an lllumina HiSeq 2500 platform (Rapid Run Mode, lllumina, Inc.,
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San Diego, CA, USA) to generate 2 x 250 bp reads. All raw reads were deposited in the NCBI SRA
database with accession numbers SRR14777742 - SRR14777769.

2.4.3 RNA-seq analysis

FastQC software v.0.11.9 (Ewels et al., 2016) was used to summarize analysis results and to verify
the overall quality of the sequencing output while fastp v.0.36 (Chen et al., 2018) was used to trim
the lllumina adapters, merge the reads and filter the sequences based on phred quality score
(removed if Q<30). Trinity software v2.8.5 (Haas et al., 2016) was used in de novo mode to assemble
raw reads deriving from the 28 samples (two samples, one from stigma and one from filament were
excluded) into a single reference catalogue as demanded by Salmon (Patro et al.,, 2017) for
guantifying transcript abundance from RNA-seq reads. Trinity was run with default parameter by
setting the minimum contig length to 200 and k-mer value at 25. The resulting catalogue was then
annotated based on of the PN40024 12X v1 grapevine reference genome assembly (29,971 genes;
Canaguier et al., 2017) and using the BLASTn algorithm (Altschul et al., 1990). Since the average
number of raw reads produced per sample (~12 million) did not reach the minimum threshold
required to estimate possible alternative transcripts (i.e., 30-60 million per samples; lllumina), all
the putative isoforms (e.g., i1, i2, i3) produced by Trinity and therefore deriving from the same gene
locus (e.g., VIT_18s0166g00210), were annotated under the same transcript name (e.g.,
VIT_18s0166g00210.01). To quasi-map and quantify RNA-seq reads with Salmon software v.0.14.1
(Patro et al., 2017), we built an index based on the newly assembled catalogue of flower transcripts.
The ‘decoys’ option was used to build a decoy-aware index by employing the entire genome as the
decoy sequence. The RNA-seq reads of each sample were then quantified and their abundance in
terms of Transcripts Per Million (TPM) was calculated. As recommended when using the decoy-
aware index, we used the ‘validateMappings’ option to mitigate potential spurious mapping of

reads arising from unannotated genomic loci sequence-similar to annotated transcriptomic loci.

2.4.4 Weighted Gene Correlation Network Analysis (WGCNA)

In order to identify clusters (modules) of highly correlated genes attributable to a specific tissue,
co-expression networks were constructed using the WGCNA 1.70-3

(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/) package

(Langfelder et all., 2008) in R-studio Version 1.3.1093, R version 4.0.3 (R Core Team). The analysis

was performed on 19658 genes showing a mean TPM equal to or greater than 1 in at least one
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tissue and variance higher than 1, while the remaining 10230 genes were filtered out. Parameters
used in the analysis were set as follows: weighted network, signed; hierarchical clustering tree,
Dynamic Hybrid Tree Cut algorithm; power = 12; minModuleSize = 30. As a first step in the analysis,
a matrix of pairwise correlations between all genes across the 10 tissues was built. Then, the matrix
was raised to a given soft-thresholding power based on the criterion of approximate scale-free
topology and pickSoftThreshold function (R*>0.9) to obtain an adjacency matrix. In order to
identify modules of co-expressed genes, the topological overlap-based dissimilarity was
constructed (Zhang et al., 2005; Ravasz et al., 2002) and used as input to perform the average
linkage hierarchical clustering. Modules with highly correlated eigengenes were then merged
(mergeCutHeight = 0.25). The association between merged modules and tissues/organs was tested
calculating each module eigengene, defined as the first principal component of a PCA on the gene
expression of all genes within the module. For each gene, total and intramodular connectivity
(function softConnectivity), kME (for modular membership, also known as eigengene-based
connectivity) and kME-P value were calculated, resulting in 20 tissue-specific modules. Genes
belonging to each module were subjected to a GO enrichment analysis using the online tool

ShinyGO (Ge et al., 2020).

2.4.5 Identification of tissue-specific genes and genes constitutively expressed in
all floral tissues

The tissue-specificity level of each gene was calculated according to the tau (t) algorithm (Yanai et
al., 2005), which was demonstrated to be the best performing method to measure expression
specificity in a benchmark study by Kryuchkova-Mostacci & Robinson-Rechavi (2017). Tau, whose
values vary from 0 (broadly expressed) to 1 (tissue-specific), was calculated using the tispec R-

package (https://rdrr.io/github/roonysgalbi/tispec). Data were firstly normalized removing all

genes whose expression was < 1 TPM in any tissue and then, in order to make cross-tissue
comparisons possible, a quantile normalization on the entire dataset was accomplished. Thereafter,
for each tissue, a BIN value ranging from 0 (lowest expression) to 10 (highest expression) was
attributed to each gene. The specificity of each gene (considering all tissues) was calculated

implementing the t algorithm:

(1-x)
1

N-1
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where N is the number of tissues and x; is the expression value normalized by the highest
expression.

Absolutely specific genes (ASGs) were defined as genes expressed in a single tissue only and
indicated by a T value of 1; highly specific genes (HSGs) were genes with relatively highly enriched
expression in a few tissues and defined by a T value of at least 0.85. Finally, genes were considered
constitutively expressed in all floral tissues if T value was < 0.2. The plotDensity function was then
used to plot the tau value of every gene and visualize which tau values occur most often. Finally,
for each tissue, the specificity of each gene was calculated as T expression fraction (tef):

an
T =T
ef max

where gn is the quantile normalized expression and max is the highest quantile normalized
expression. The function getTissue was used to retrieve the quantile normalized expression and
tissue-specificity of every gene in each tissue and to create a score value between 0 and 2. This
value represents the sum of its ter value and its 0-1 ranged normalized expression value. Ranking of
genes by both expression and specificity was used to identify a set of 10 optimal genes that were
highly specific for a given tissue, highly expressed, and with minimal expression in other tissues.
The online tool VENNY 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to highlight any
possible overlapping among HSGs (resulting from the Tt analysis) of a given tissue and genes
belonging to the cluster (resulting from the WGCNA analysis) significantly most associated with the
tissue. Finally, a list of constitutive genes was drawn up retaining those loci that - in all tissues —

scored a Tesvalue = 0 and a TPM value > 100.

2.4.6 Identification of cis and trans regulating factors in genes of interest

To identify genes coding for transcription factors, gene IDs identified by WGCNA and tau analysis
were screened against the PlantTFDB (Jin et al., 2017). To identify cis regulatory element (CRE), the
promoter sequences (2 Kb) of the specific genes selected for anther BA and stigma AA were
retrieved from the 12x V1 annotation of PN40024 (Jaillon et al., 2007). The de novo identification
of motifs enriched in the promoters of these genes was carried out using the DECOD software
(Huggins et al., 2011), using as a background a collection of 10,000 promoter sequences obtained
randomly from the grape genome. The analysis was performed using k-mers of 8 nucleotides
(default parameter), a maximum of 10 motifs identified and 50 iterations. Once the enriched motifs
were identified, they were submitted to the online tool STAMP (Mahony and Benos, 2007), in order

to identify any CRE already characterized in previous studies.
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DATA AVAILABILITY

Raw lllumina sequence data were deposited in the National Center for Biotechnology
Information (NCBI) and can be accessed in the sequence read archive (SRA) database
(https://www.ncbi.nlm.nih.gov/sra). The accession number is PRINA736298 and includes
28 accession items (SRR14777742 - SRR14777769). All data generated or analyzed during

this study are included in this published article and its supplementary information files.
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Supplementary Table 1: Mean (n = 3) transcript per million (TPM) counts in the ten tissues under

study. Only those loci exhibiting TPM>1 in at least one sample were retained.
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Supplementary Table 2: List of genes belonging to the 10 modules showing the best correlation
with tissues under study. For each gene ID, gene significance (GS), module membership (MM) and

functional annotation are reported along with the putative orthologs in Arabidopsis.

Supplementary Table 3: Detail of genes identified within enriched GO categories in WGCNA tissue-

related modules.

Supplementary Table 4: List of TF coding genes (with MM > 0.9) identified in tissue-specific modules
based on PlantTFDB. Together with Gene ID, the family of appurtenance, Functional annotation,
grapevine gene name (when available based on previous studies), Module membership (MM) and
TPM are reported. The "Analysis" column indicates the approach that led to the identification of

gene. Gene written in red were found to be flower specific also in the Corvina expression atlas?®.
Supplementary Table 5: Tau values of genes in all tissues considered in this study.

Supplementary Table 6: List of ten best ranking genes based on a score value (0-2) corresponding

to the sum of the quantile normalized expression of a given gene and its tau expression factor.

Supplementary Table 7: Genes in common between WGCNA, tau analysis and flower-specific genes

in the Corvina expression atlas.

Supplementary Table 8: List of 662 genes (in ascending order) that exhibited a T value = 0 and TPM

values > 100 in all tissues.

Figure S2: Venn diagrams showing common and specific genes between the highly specific genes

(HSG) identified by the tau analysis and the tissue-specific modules identified by WGCNA.

Figure S3: Top 10 best optimum ranking genes based on score values (0-2) for each tissue

considered.
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CHAPTER lll: The DAP-Seq as item to explore grapevine cistrome

3.1 Introduction

In the post-genomics Era, the enormous amount of data generated by omics technologies being
stored in public databases considerably exceeds the analytical capacities of humans, making it
imperative to use increasingly powerful computational resources to process, analyze and store
this information. Nowadays, several studies aim at specifically addressing this issue in grapevine
(V. vinifera L.), a plant which is quickly establishing itself as an appealing ‘model’ species for
studying non-climacteric fleshy fruits. Indeed, the increasing amount of data being continuously
generated within the grapevine community, after this species genome was sequenced and
released more than ten years ago, has certainly helped in this appointment. Genomics resources
for Vitis species have increased promptly within the last fifteen years, beginning with the
sequencing of expressed sequence tags (ESTs. Da Silva et al., 2005; Moser et al., 2005). These
resources allowed us to quantitatively assess the grape transcriptome by aiding the
development of cDNA and oligonucleotide microarrays (Terrier et al., 2005; Waters et al., 2005).
However, after the concomitant release of two V. vinifera genome sequences, one of a near
homozygous genotype closely related to Pinot Noir, PN40024 (Jaillon et al., 2007) and one of the
cv. ‘Pinot Noir’ (Velasco et al., 2007), that a burst of new transcriptomic technologies emerged
for this species. The reference grape genome (PN40024), currently on its third assembly
(PN40024.v4) and its fourth annotation (PN40024.v4.2) comprises 35,230 genes (Velt et al.,
2022). In addition to Pinot Noir, there has recently been a proliferation of projects aimed at
sequencing the genomes of other grapevine accessions (i.e., cultivars), some of which are based
on third generation sequencing technologies. One of the main advantages of such technologies
based on long-reads, such as PacBio, is to retain haplotype information after using intense-
computing methods (e.g., FALCON unzip method, Chin et al., 2016). At present, the PN40024
reference genome is being updated using this technology, in order to retain information from
both haplotypes in the remaining heterozygous regions. In addition to genomics and
transcriptomics data, the recent development of regulatory genomics (also known as
regulomics) has gained much of the focus in crop species since transcriptional regulation of
genes plays a very important role in phenotypic plasticity and quality of fruits (Dal Santo et al.,
2013). Transcriptional regulation can be accomplished through several processes, including
epigenetic modifications, microRNA and transcription factor mediated control of gene
expression. In this regard, DNA-Affinity Purification Sequencing (DAP-Seq), a high-throughput
TFs binding site discovery method, interrogates genomic DNA with in vitro-expressed TFs

(Bartlett et al., 2017). Despite ChIP-seq which is limited in scale as it is complicated to execute,
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depends on antibody quality and is rare for low abundant TFs, DAP-Seq is the ultimate approach
for TF binding site discovery and provides a scalable alternative for non-conventional model
species where genetic transformation is difficult, to rapidly and inexpensively interrogate large
number of TFs. The idea behind this assay is to combine next-generation sequencing of a
genomic DNA library with in vitro expression of affinity-purified TFs to generate cistrome maps
for a wide range of species. It basically works by generating the 200 bp DNA fragments ligated
to the adaptors for lllumina platform sequencing, which constitute the library to which the in
vitro expressed TF protein is hybridized. So, after several washing steps and the ligation of some

indexes for multiplexing, the fragments can be processed at Illumina platform (Fig. 1.3).

In this regard, we took advantage of this assay to investigate the cistrome landscape of a
representative subset of 17 whorls specific TFs individuated in Chapter II: MYB91A, MYB108A,
MYB143, MYB145, MYB148, MYB150, MYB154, MYB192, MYBA7, MYBA8, MYBPA7, MYBPAS9,
MYBPAL3, NAC62, WRKY15, WRKY22 and WRKY42. The challenge was not only to fit the DAP-
Seq protocol itself by adapting it to a different species from the one on which the protocol was
designed, but also to test several gDNA extraction methods. Since the subsequent passages are
widely affected by gDNA quality, it is pivotal to define a good nucleic acid extraction
methodology to obtain the maximum efficiency by the downstream applications. Several
protocols were tested to find out the one most suitable for our purposes, which can conciliate
quantitative yield and qualitative purity. For this purpose, a double quantification was achieved,
by checking with Nanodrop (Thermo Fisher) and QuBit (Thermo Fisher). Since the QuBit is based
on fluorescence issued by a dye specifically bound to a certain analyte, the quantification is more
accurate than the one made with Nanodrop, which measures can be easily invalidated from
contaminants absorbing at the same wavelength of nucleic acid. Due to the different
technologies on which the two instruments rely, the more the measurements are similar, the
more efficient is the extraction method and the final eluted pure. After these considerations,
libraries were constructed using the obtained gDNA from young leaves of V. vinifera cv Cabernet
Franc. The ORF of each TF was transferred into the Gateway-compatible pIX-HALO expression
vector, which contains an N-terminal HALO affinity tag sequence. HALO tag is a self-labeling
protein tag made of 297 residue protein (33 kDa) derived from a bacterial enzyme, designed to
covalently bind to a synthetic ligand (Los et al., 2008). The pIX-HALO-TF constructs were then
expressed using a rabbit reticulocyte system enabling the in vitro transcription and translation
coupled reactions. The achieved gDNA libraries were hybridized with HALO-tagged in vitro
expressed TFs, and TF-DNA complexes were purified using magnetic separation of the affinity

tag. The bound gDNA was eluted and sequenced. Sequence reads were mapped to the PN40024

86



CHAPTER 1lI

reference genome, identifying genome-wide binding sites for each TF. The use of a negative

control sample (pIX-HALO-GST vector) dramatically reduced background noise.
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Figure 1.3. General overview of DAP-Seq procedures workflow (A) An adaptor-ligated DNA
library is prepared by shearing native genomic DNA into ~200-bp fragments and ligating
Illumina-based sequencing adaptors to the repaired ends. (B) Transcription factor (TF) ORF
clones fused to the Halo affinity tag are expressed in vitro and bound to ligand-coupled beads,
whereas nonspecific proteins are washed away. (C) HaloTag-TF fusion proteins are incubated
with an adaptor-ligated genomic DNA library, and unbound DNA fragments are washed away.
Samples are heated to release TF-bound DNA, and the recovered DNA is PCR-amplified to attach
indexed sequencing primers. Indexed DNA samples are subsequently combined and size-
selected to remove residual adaptor dimers. Purified DNA libraries are sequenced using next-
generation sequencing, and the resulting genome-wide binding events are analyzed (picture
taken from Bartlett et al., 2017)
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3.2 Material and methods

3.2.1 Alleles frequencies screening

In order to select the most representative allele on which to base the ORF of each TF construct,
it was decided to analyze the allelic frequency of the selected TFs by analyzing the genome of
131 accessions of V. vinifera, basing on Magris et al. (2021). For each of the selected TFs, the
sequence was extracted from PN40024 reference genome and for each of them it was calculated
the allelic frequency on the total of the considered population. If that allelic frequency value was
greater or equal to the threshold of 0.5, it was considered as sufficiently representative for the
whole species and therefore that sequence was kept and used to generate the entry vector. In
case of allelic frequency less than 0.5, the ORF was compiled by changing the nucleotide,

evaluating the polymorphic position of the Cabernet Franc specific case.

3.2.2 Plasmids preparation

All the TFs ORFs were synthesized directly in pPDONR221 vector by ordering to GeneArt service
(Thermo Fisher) and recombined in pIX-HALO vector by using Gateway LR Clonase Il Enzyme Mix

(Thermo Fisher) setting up the following protocol as provided by manufacturer:

I 50 ul reaction setup:
e 1-7 ul of entry clone (total amount of 150 ng of pPDONR221_ORF)
e 1 pl of empty pIX-HALO (150 ng)
e Up to 8 ul of TE buffer
e 2 ul of LR Clonase Il enzyme mix
II.  Incubate at 25°C for 1 hour

. Add 1 pl of Proteinase K and incubate at 37°C for 10 minutes to inactivate the reaction

3.2.3 Preparation of chemically competent Escherichia coli strain TOP10 cells
(modified from Dagert and Ehrlich, 1979)

REAGENTS

Luria-Bertani broth (LB, pH7)

Reagent Concentration (g/L)

Triptone 10

NaCl 10

Yeast Extract 5
milliQ H,0 up to volume
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100 mM MgCl,
100 mM CaCl, + 15% glycerol

PROTOCOL

VI.
VII.
VIII.

Pick up a single colony of Escherichia coli and grow it in 5 ml LB at 37°C by constant
shaking at 200 rpm overnight

Dilute 1:100 in LB and let grow at 37°C by constant shaking at 200 rpm

After about 2 hours, the ODego should be around 0.5-0.6 and after having checked the
cells have reached the proper density, transfer the culture to centrifuge bottles and spin
at 5000 rpm for 10 minutes at 4°C

Remove supernatant and keep the cells on ice

Resuspend in 100 ml of ice cold 100 mM MgCl; and homogenize by pipetting

Incubate on ice for 20-30 minutes and spin at 4000 rpm for 10 minutes for 4°C

Discard supernatant and resuspend in 10 ml of 100 mM CaCl, + 15% glycerol

Aliquot 40 pl into 1.5 ml Eppendorf tubes and store at -80°C

3.2.4 Escherichia coli transformation and plasmid collection

VI.
VII.

VIII.

Add 5 pl of LR reaction obtained as described in 3.2.2 pIX-HALO cloning paragraph to 40
pl of chemically competent Escherichia coli cells and mix gently not by pipetting up and
down

Incubate on ice for 30 minutes

Heat-shock in 42°C bath for 30 seconds and back in in ice for 2 minutes

Add 200 pl of LB and incubate at 37°C for 1 hour with constant shaking at 200 rpm
Plate on a 1.5% agarose LB Petri + Ampicillin (100 mg/ml)

Incubate overnight at 37°C

Assess the presence of the plasmid with a colony-PCR. In our case, M13 generic primers
were used to confirm the presence of the predicted size amplicon (M13 forward: 5’-
GTAAAACGACGGCCAG-3’; M13 reverse: 5'- CAGGAAACAGCTATGAC-3’)

Pick up a single transformed colony, put in 5 ml of LB + Ampicillin (100 mg/ml) and
incubate overnight at 37°C with constant shaking at 200 rpm

Plasmid purification miniprep using PureLink Quick Plasmid Miniprep Kit (Thermo

Fisher) and sequencing to assess the correctness of the vector
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3.2.5 gDNA extraction method

After having tested many gDNA extraction protocols, it was identified as the one described by
Thomas et al., (1993) as the most suitable for our purposes. Anyway, it was necessary to make
some adaptations in order to optimize it on grapevine leaf tissue. The final protocol is reported

below.

REAGENTS

Crude Nuclei Buffer (CNB) pH7,6

Reagent Concentration
NaCl 0,25M
Tris 0,2M
NaEDTA 0,05M
Polyvinylpyrrolidone 2,5%
B-mercaptoethanol* 0,1%

DNA Extraction Buffer (DEB) pH8,0

Reagent Concentration
NacCl 0,5M
Tris 0,2M
EDTA 0,05%
Polyvinylpyrrolidone 2,5%
N-Lauroyl-Sarcosine 3%
Ethanol* 20%
B -mercaptoethanol* 1%

*Add just before use
PROTOCOL

I Collect 2 g of leaf tissue, grind it as extremely fine powder in a mortar with liquid
nitrogen and put it in a 50 ml falcon tube
II.  Add 25 ml of CNB and homogenize by vortexing
1. Spin at 4000 rpm for 10 minutes at 4°C
V. Discard supernatant, add 10 ml of DEB and homogenize by vortexing having care to
entirely disrupting the pellet
V. Incubate at 55-60 °C for 30 minutes with a constant 100-150 rpm shaking
VL. Add 1 volume of Chloroform : Isoamyl alcohol (24:1) solution and vortex well to mix
VII. Spin at 5000 rpm for 15 minutes at room temperature (RT) and transfer the upper phase
in a new 50 ml falcon tube having care not to disturb the pellet

VIII. Repeat steps 6 and 7
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Xl
X1l
XMI.
XIV.

XV.
XVI.

XVII.
XVIII.
XIX.
XX.
XXI.
XXII.

XXIII.

XXIV.
XXV.

Add 1 volume of Isopropanol, mix well by inverting the tube and leave at -20 °C for 10-
15 minutes

Spin at 5000 rpm for 15 minutes at 4°C

Pour off the supernatant and transfer the pellet in a 2 ml Eppendorf tube

Add 500 pl of 70% ethanol

Spin at maximum speed for 10 minutes

Remove supernatant with a pipette by having care not to leave even a drop inside the
tube

Let airdry the pellet under a hood for 2-3 minutes being careful not to over dry it
Resuspend in 600 ul of EB and let overnight at 4°C for the pellet to dissolve with 6 pl
RNase A (10 mg/ml)

Add 0.5 volume of 7.5M NH4OAc

Spin at max speed for 10 minutes at RT

Transfer the supernatant to a new 1.5 ml Eppendorf tube

Add 1 volume of Isopropanol and mix well by inverting the tube

Spin at maximum speed for 10 minutes at 4°C

Remove supernatant, add 250 pul of 70% ethanol and spin at maximum speed for 10
minutes at RT

Remove supernatant with a pipette by having care not to leave even a drop inside the
tube

Let airdry the pellet under a hood for 2-3 minutes being careful not to over dry it

Resuspend pellet in 150 pl of EB (Elution Buffer, Qiagen)

The final concentrations were checked both at Nanodrop and QuBit and were observed to

perfectly collimate in both the quantification methods. The final gDNA yield estimated with

these conditions is about 30-65 ug per g of ground leaf tissue.

3.2.6 gDNA library preparation and DAP

1) gDNA Fragmentation

1.

By always basing on QuBit measurement, dilute 7.5 pug of gDNA in a final volume of 130
pl of EB and transfer in a Covaris tube (microtube AFA Fiber Pre-Slit Snap-Cap 6x16 mm,
Covaris)

Our recommendation is to use low bind Eppendorf tubes for all the process and to
transfer the gDNA in Covaris tube just immediately before the fragmentation process

and to put it back in a new 1.5 ml Eppendorf tube immediately after finishing it. Always
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work on ice. Set up the following conditions on a Covaris M220 Focused-ultrasonicator

in order to obtain 200 bp fragments, as reported in manufacturer’s guide:

Target (peak): 200 bp

Peak Incident Power (W): 50
Duty Factor: 20%

Cycles per Burst: 200
Treatment time: 150 seconds

Tmax = 8°C, Trmin = 4°C, Tsetpoint =6°C

3. Check the fragmentation has occurred correctly (Fig.2.3). In this regard, we used a Tape
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Figure 2.3. Graph showing the fragments size. The two extern peaks named as “Lower” and
“Upper” show the run limits and are due to technical buffers. The middle peak shows the correct
size of the fragments obtained with ultrasonication procedure.

4.

In order to achieve fragments purification, the best way to proceed is to use the

magnetic beads AMPure XP (Beckman-Coulter) which — due to its combined action of

cleaning and size selection efficiency on 200 bp fragments — is highly recommended in

NGS library preparation:

Add 1 volume of AMPure XP beads, vortex and let incubate at RT for 10 minutes
Position on magnetic rack (DynaMag-2, Thermo Fisher) for 5 minutes

Remove supernatant with a pipet. In this step is better to let a little bit of liquid
rather than accidentally carryover a little bit of beads for aspiring all the
supernatant

Add 500 pl of freshly prepared 80% ethanol. Remove the tube from the
magnetic rack, rotate it 180 degrees and position it back. Repeat for 6 times.

This movement will make the beads to migrate from one wall to the other of
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VI.
VIL.
VIIL.

2) End Repair

the Eppendorf tube and to purify through the scrolling movement inside the
ethanol solution. Wait 1 minute, remove ethanol solution, and repeat this step
by having care to remove entire volume till the last drop after the second wash
Let the tube with the lid opened and dry at 37°C, until in the beads stain are
visible dryness cracks (about 10 minutes)

Resuspend the beads in 35 pl of EB mixing well by pipetting

Incubate at RT for 10 minutes to let the beads release fragments in the solution
Place the tube on the magnetic rack for 3 minutes and subsequently transfer
the supernatant in a new 1.5 ml Eppendorf tube being extremely careful not to
carryover beads

Check the concentration on QuBit with Qubit dsDNA BR Assay Kit (Thermo

Fisher): it is common to have loss till 50% of the starting 7.5 pg of gDNA

Since, due to sonication, gDNA fragments ends do not have full nucleotide pairing between the

two strands (so-called “sticky ends”), it is necessary to repair them by removing overhangs in 3’

with a 3’->5’ activity exonuclease and fulfill the ones in 5’ with a polymerase, obtaining in this

way the “blunt ends”, or rather fragments ending with a coupled nucleotide pair (End-It DNA

End-Repair Kit Manual). To achieve this, we used the End-It kit (Lucigen) as follows:

I 50 ul reaction setup:

gDNA fragments template: 34 pl
10x Buffer: 5 pl

dNTPs mix: 5 pl

ATP: 5 pl

End-It enzyme: 1 pl

. Incubate at 22 °C for 45 minutes

Il Perform purification with Qiaquick PCR purification kit (Qiagen) as follow:

Add 5 volumes of Buffer PB and 10 pl of 3M NaOAc pH5.5 to each 50 ul end
repaired sample

Mix by pipetting and charge to purple column

Spin at maximum speed for 1 minute and throw the flow through

Add 750 pl of Buffer PE and incubate at RT for 2 min

Spin at maximum speed for 1 minute, throw the flow through and spin at
maximum speed for 2 minutes to remove residuals

Transfer the column to a new 1.5 ml Eppendorf tube
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e Add 33 pl of EB, incubate 5 minutes at RT and Spin at maximum speed for 1

minutes
3) A-tailing

A-tailing is an enzymatic method for adding a non-templated adenine to the 3' end of a blunt,
double-stranded DNA molecule and it is needed for the subsequent passage of adapter ligation

(A-tailing Application Overview, NEB). The passages using End-It kit (Lucigen) are the following:

I 50 ul reaction setup:
o gDNA blunted fragments template: 32 pl
e NEBuffer2: 5 pl
e 1mM dATP: 10 pl
e Klenow (3’-5" exo-, NEB): 3 pl
II.  Incubate at 37°C for 30 minutes
Il. Perform purification with Qiaquick PCR purification kit as described in step Ill of 2) End

Repair section and elute in a final EB volume of 32 pl
4) Adapter Ligation

Adapter ligation is a process through which synthetic oligonucleotides are ligate to the
fragments allowing to bind the sequencing platform flow cell. In this case were used the

truncated lllumina TruSeq adapter, also called “Y-adapter”, whose sequences are:

e Adapter strand A: 5'-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’
e Adapter strand B: 5'-P-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3' (where ‘P’

indicates a 5' phosphate group)
For the ligation reaction was used the T4 DNA Ligase (NEB) with the following steps:

I 50 ul reaction setup:
o gDNA A-tailed fragments template: 30 pl
e 10x Ligase Buffer: 5 pul
e 30 uM Y-adapter: 10 pul
e T4 DNA Ligase (NEB): 5 ul (better to add individually to each reaction to avoid Y-
adapter dimers)
Il. Incubate at 16°C overnight

M. Incubate at 70°C for 10 minutes to achieve enzymatic inactivation
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Proceed with AMPure XP beads purification as described in step 4 of 1) gDNA
Fragmentation section and elute in a final EB volume of 32 pl. This step is required to
get rid of unligated adapters and adapters dimers

Check the concentration on QuBit with Qubit dsDNA BR Assay Kit (Thermo Fisher): it is
common to have loss till 50% of the amount measured in step IX of the passage 4 in 1)

gDNA Fragmentation section

5) In vitro TF protein expression

Due to the ease of execution and the possibility to perform transcription and translation within

the same reaction, we chose TNT Coupled Reticulocyte Lysate Systems (Promega) as an in vitro

protein expression system. Since each TNT Coupled Reticulocyte Lysate tube contains the

amount for 8 reactions, our recommendation is to express and manage 8 TFs proteins at a time,

in order to avoid freeze thawed. Passages are the following:

8x reaction setup:

e TNT Coupled Reticulocyte Lysate: 200 pl

® TNT Reaction Buffer: 16 pl

e Minus Met 1mM: 8 ul

e Minus Leu ImM: 8 pl

e RNasin Ribonuclease Inhibitor: 8 pl

e milliQH0: 72l
Homogenize the mastermix by pipetting being careful not to produce bubbles since the
high viscosity of the mix does not allow to remove them
Aliquot 40 pl of the mastermix into each tube of an 8 wells strip tube
Dilute 1 ug of pIX-HALO_ORF in a final volume of 10 ul of EB and add it to the mix (final
volume of 50 pl per single reaction)
Incubate at 30°C for 2 hours. After the incubation, if it is not possible to go on with the
following steps, let the expressed TFs at RT for a little while because — if placed on ice
or at 4°C — a precipitate will form. We recommend saving 5 pl of each TNT reaction to
eventually check the correct expression of the protein on a Western Blot. Store this

aliquot at -20°C.

6) DNA Affinity Purification

REAGENTS

PBS (pH7,4)
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Reagent Quantity (g/L)

NaCl 8

KCl 0,2
Na;HPO, 1,44
KH2PO4 0,24

PBST buffer: 1 volume of PBS + 0.025%NP40 (NP40 Surfact-Amps Detergent, Thermo Fisher)

PROTOCOL

VI.

VIL.

Put 80 ul of Magne Halo-Tag Beads (Promega) in a 1.5 ml Eppendorf tube and add 1 ml
of PBST. Magne Halo-Tag Beads provide a convenient method to covalently capture
HaloTag fusion proteins with magnetic particles for protein pull-downs and purification.
These magnetic beads offer a high binding capacity (=20mg/ml) for purified Halo-Tag
fusion proteins with low nonspecific protein binding. The magnetic handling properties
allow streamlined protein purification and eliminate the need for multiple
centrifugation steps (Magne Halo-Tag Beads Technical Manual, Promega)

Mix by pipetting and place on magnetic rack, remove supernatant and add 1 ml of PBST
buffer

Remove the tube from the magnetic rack, rotate it 180 degrees and position it back.
Repeat for 6 times. Wait 1 minute, remove supernatant, and repeat from step .
Resuspend beads in a final volume of 360 pl of PBST buffer (45 pul per reaction)

Add 45 pl of washed Magne-HaloTag beads to each 45 pl TNT reaction and mix well by
pipetting. We advise to try to introduce a single big bubble in every well: this allows a
correct and homogeneous movement of the beads along all the protein solution in the
next step and avoids the stratification on the cap or in the bottom of the tube. This last
situation must be absolutely avoided because otherwise the proteins will be bound only
by the beads in the interface area between stratification and solution, losing in this way
most of the transcription factor just expressed

Rotate at RT for 1 hour to let the Halo-Tag beads to bind the protein. The rotation
movement must be circular and slow, in order to obtain a constant and complete
migration of the beads along the solution

Place the strip on a PCR tube magnet, remove supernatant, take off the strip from the
magnet, add 90 ul of PBST buffer in each tube, let the beads settle down, put again on
the magnet and remove the supernatant. Repeat this entire step for 4 times and

resuspend in a final volume of 40 pl of PBST buffer
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VIII.

X.
XI.
XIl.

Dilute 500 ng of Y-adapter ligated gDNA library in a final volume of 40 ul of EB per
reaction, add it to each 40 ul PBST resuspended beads gained in the previous step. Let
rotate at RT for 1 hour as described in step VI.

Place the strip on a PCR tube magnet, remove supernatant, take off the strip from the
magnet, add 90 ul of PBST buffer in each tube, let the beads settle down, put again on
the magnet and remove the supernatant. Repeat this entire step for 6 times. After the
5% wash, transfer each 90 pl reaction to a new 8 wells strip and resuspend in a final
volume of 25 ul of EB and transfer to a new 8 wells strip

Heat at 98°C for 10 minutes to release DNA and denature proteins

Incubate on ice for 5 minutes

Place the strip on a PCR tubes magnet and transfer supernatant in a new 8 wells strip

7) PCR Enrichment

This step is required to add the sequences necessary for sequencing on lllumina platform and to

attach indexes for samples multiplexing by using single or dual barcode indexes. It is

fundamental not to pool samples with the same index, otherwise it will not be possible to

demultiplex them in sequencing data. We used Phusion High-Fidelity DNA Polymerase (NEB).

Proceed as follows:

50 ul reaction setup:
e DAP sample: 25 pl
e 5x HF Buffer: 10 pl
e 10mM dNTPs: 2.5 pul
® Primeri5 (25 uM): 1 ul
® Primeri7 (25 uM): 1 pl
® Phusion Polymerase 1 pl
e milliQH,0:9.5 pl
Thermocycler settings:
e 95°C-2 minutes
e 98°C-30seconds
e 20 cycles:
o 98°C-15seconds
o 60°C-30 seconds
o 72°C-1 minute
e 72°C—10 minutes
e 4°C-o0°
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Il. Transfer each PCR reaction in a 1.5 ml Eppendorf tube

V. Proceed with AMPure XP beads purification as described in step 4 of 1) gDNA
Fragmentation section, and elute in a final EB volume of 22 ul

V. Check the concentration on QuBit with Qubit dsDNA HS Assay Kit (Thermo Fisher). Final

concentrations of DAP-seq samples can vary, but typical amounts range from 3 to 30

ng/ul

3.2.7 Sequencing and Bioinformatic Pipeline

Sequencing was carried out using Illumina NextSeq 500 set up to obtain 30 million 1 x 75 bp
paired end reads. pIX-HALO-GST expression vector was used as a negative control to account for
non-specific DNA binding as well as copy number variation at specific genomic loci. DAP-Seq
reads were mapped to the ‘PN40024’ 12X.v2 reference genome using bowtie2 (Langmead &
Salzberg, 2012), version 2.0-beta7, with default parameters and post-processing to remove
reads that have MAPQ scores lower than 30. Peak detection was performed using GEM peak
caller (Guo etal., 2012) version 3.4 with the 12X.v2 genome assembly using the following
parameters: ‘-q 1 -t 1 -k_min 6 -kmax 20 -k_seqs 600 -k _neg_dinu_shuffle’, limited to nuclear
chromosomes. Peak summits called by GEM were associated with the closest gene model in the
custom annotation file using the BioConductor package ChiPpeakAnno (Zhu etal., 2010) with

default parameters (i.e. NearestLocation).

3.2.8 De novo motif discovery

The coordinates of the DAP-Seq alignment were used to extract from the reference genome
(doi.org/10.1016/j.gdata.2017.09.002) the 200 bp peak-centered at GEM-identified binding
events sequence for every single peak of every single TF, using the software bedtools getfasta
(10.1093/bioinformatics/btq033). For each transcription factor studied, a fasta file was built
collecting all the genomic sequences identified by the DAP-seq peaks. These files were
subsequently used as input for the motif discovery using the tool” MEME-chip" of the MEME
suite v5.5.0 (doi.org/10.1093/bioinformatics/btr189), with default setting. Finally, once the
enriched motifs were retrieved, they were submitted to the online tool New PLACE (Higo et al.,

1999) to identify any cis-regulatory element already characterized in previous studies.
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3.3 Results

As general consideration, DAP-Seq is a relatively cheap, easy and fast method to discover the
total population of binding sites for a given TF within a genome, defined as cistrome. It is
remarkable the fundamental role assumed by the technique applied. Since DAP-Seq is quite
new, very few is available in scientific literature. In this case, it was the first time in which DAP-
Seq was applied in grapevine and the fifth time applied to a plant species, after Arabidopsis
thaliana, maize, rice and wheat (Zhang et al., 2022; Zander et al., 2020; Cerise et al., 2020; Galli
et al., 2018). For this reason, it was necessary to spend a lot of time making proves aimed at
optimizing and standardizing the entire protocol to make it suitable for this species. Since this
assay is strictly dependent on library quality (Bartlett et al., 2017), the first step to achieve was
the definition of a well working protocol to extract high quality genomic DNA from grapevine
tissues. In this regard, we proposed a modification of the protocol proposed by Thomas et al.
(1993) that worked particularly well extracting from grapevine leaf. Our proves focused on three
different grapevine tissue: young leaf, senescent leaf and softening berry. If from one side the
extraction protocol that we have proposed works well for both young and senescent leaf, on the
other hand no suitable extraction procedure was individuated for softening berry in order to
obtain a final gDNA product featured by high concentration together with appreciable purity
levels. About that, we suggest quantifying the final eluted first with a spectrophotometer
approach, like Nanodrop for example, because — in addition to the concentration of the nucleic
acid - it gives back a measure of the quality, but it always revealed a good practice to flank the
Nanodrop measurement also with another one made with QuBit, in order to have a stronger
value on which basing the constitution of the samples for library preparation because Nanodrop
— in presence of contaminants — gives back an inaccurate quantification (Bartlett et al., 2017).
Among the subsequent steps, it is important to highlight that during the purification of the
sonicated gDNA with AMPure XP (step 4, paragraph “3.2.6 gDNA library preparation and DAP”)
it could happen that the beads do not migrate or do it with difficulty. This situation is due to the
low quality of the genomic eluted, specifically for the presence of polyphenols and other
secondary metabolites that form a sort of net matrix disturbing the right passages of libraries
preparation. In this case, it is fundamental to fix the problem at the basis, or rather review the
purification procedure during the genomic extraction process in order to efficiently remove
contaminants. Another point on which is necessary to linger is the in vitro expression of the
protein. As reported in step V, section “5) In vitro TF protein expression”, paragraph “3.2.6 gDNA
library preparation and DAP”, it is recommended to save 5 ul of each TNT reaction to eventually
check the protein on a Western blot, in fact it could happen that even applying correctly the

DAP-Seq protocol, at the end there are no gained results. This could also occur because of the
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unhappened or incorrect translation of the protein that brings to a lack of binding events
between the TF and the genome. Performing a Western blot can help assessing the correctness
of the polypeptide synthetization. In particular, it is important to consider that the localization
at C- or N-terminal of the HALO tag could differentially affect the correct expression of the TF
protein and also the efficient binding due to the steric hindrance exerted by that residue. In this
regard, it is advisable to change the location of the HALO tag in case of unsatisfactory results by
using C- or N-terminal pIX-HALO expression vector depending on the need. About that, another
delicate step is the hybridization between TF-protein and the fragmented gDNA. The calibration
of the correct amount of DNA libraries to interrogate with the expressed protein is a critical
point, indeed too small quantities of genomic DNA is suboptimal for the detection of all the
possible TF binding sites and, on the contrary, an excessive quantity of genomic DNA could lead
to many false positives (Bartlett et al., 2017). To this purpose, different amounts of Arabidopsis
thaliana gDNA have been tested (from 500 pg to 100 ng) and the best results are those given by
the hybridization of 50-100 ng of library per each single transcription factor (Bartlett et al.,
2017). Considering that the genome size of A. thaliana is approximately 125 MB, scaling up the
amount on the size of the genome of Vitis vinifera (about 500 MB) and considering the
heterozygosis level of some grapevine cultivars, the optimum amount was individuated around
200-500 ng library per TF. Moreover, as general rule, if we consider an average loss of 50-70%
of gDNA during the entire libraries preparation process, the starting gDNA amount should be

considered around 500-1000 ng per transcription factor.

Despite the huge size of the datasets generated from the DAP-Seq experiments defining the
cistrome of each TF, it was decided not to filter data based on peak distance from TSS. Although
the peak proximity to the gene TSS represents strong evidence for the existence of a cis
regulatory elements (CRE) and of a TF-CRE interaction, there is an increasing number of studies
describing long-range DNA interactions in gene regulation. Thus, even if these mechanisms have
not been fully elucidated, we choose not to filter out distal peaks to avoid losing information.
For this reason, for each TF, we conducted the analysis considering the total number of peaks A
Hight variability was observed in the total number of binding events amongst different TFs (Fig.
3.3), with WRKY15 showing the highest number of peaks equal to 25096 and MYBAS the lowest,
with only 15 peaks. The distribution of binding events along the assigned gene followed a normal
distribution centered in the TSS, in correspondence of which the peak frequencies were higher
(see related Figures in the TF-dedicated chapters). The majority of TFs showed a percentage of
the total binding events between -5000 - +2000 bp raging between 50-59% (Fig. 3.3), confirming
a more intense regulative activity in the perigenic regions. The only exceptions are MYBA7,

MYBA8, MYBPA7 and WRKY42, whose poorness in peaks number does not allow to draw any
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reliable conclusion regarding peaks distribution. As described in paragraph “3.2.7 Sequencing
and Bioinformatic Pipeline” and basing on the total amount of peaks defined with each single
DAP-Seq assay, they were identified those genes which are the potential targets of the related
TF. Each of these lists was crossed both with the related tissue gene list of the previously defined
HSG and WGCNA analysis (Chapter II), obtaining in this way the High Confidence Targets (HCTs),
a set of target genes confirmed by two (DAP-Seq + HSG or DAP-Seq + WGCNA) or three (DAP-
Seq + HSG + WGCNA) levels of confidence (Tab. 1.3). This multilevel approach which is analyzed
and discussed separately for every single TF in the following chapters. For those TFs which did
not show triple validated gene targets, genes shared by the DAP-Seq targets list with HGS and/or
WGCNA individually were considered as HCTs. GO enrichment analysis was performed on each
TF HCTs by using ShinyGO software (Ge et al., 2020). Finally, considering the peaks retrieved by
DAP-Seq, a De novo motifs discovery analysis was carried out by using MEME-suite to identify
the best representative binding motif. The obtained sequences were subsequently matched
against the New PLACE database to find motifs previously characterized and the ones with

biological meaning were discussed in the related TF paragraph.
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Figure 3.3. General overview of peaks detected for each of the 17 TFs, indicating both the total
amount and the amount observed in the region between -5000 bp from the TSS and 2000 from
the gene end.

3.3.1 MYB91A

DAP-Seq analysis conducted on MYB91A TF produced a total number of 404 binding events. Of
them, 36% were located in the upstream region, 3% overlapped the TSS, 42% were retrieved
inside the gene, 1% overlaps with transcription end site and 18% downstream the gene (Fig.
4.3B). Crossing the DAP-Seq results with the Ovary_AA-specific HSG and with the Ovary_ AA-
related WGCNA module (lightcyan module), no HCT was identified. Thus, we focused on those
genes shared between DAP-Seq and HSG, or those shared between DAP-Seq and WGCNA
module, separately. In the first case, three genes were identified (Fig. 5.3A). Amongst them

VIT_02s0025g03170 it’s worth to be noted. This gene belongs to the APETALA2 related Ethylene
102



CHAPTER 1lI

responsive transcription factors family (AP2/ERF) and was observed to be downregulated in an
early ripening mutant of V. vinifera compared to the wild type, suggesting a regulatory role in
berry development and ripening (Ma and Yang, 2019), also revealing to be consistent with the
specificity of MYB91A for the after anthesis pheno-phase of the ovary. In Arabidopsis thaliana,
the ortholog is Ethylene-responsive transcription factor ABI4 (ERF052, At2g40220) and, amongst
the other described functions, it is involved in starch catabolism (Ramon et al., 2007), seed
development (Finkelstein et al., 1998) and ABA and Ethylene mediated signaling pathways
(Arenas-Huertero et al., 2000), suggesting a possible similar role in the very early grapevine berry
developmental stages. Interestingly, the binding motif obtained for MYB91A (Fig. 6.3) showed
similarity (E value = 8,7693E-04) to the motif RAV1AAT, described as the binding consensus
sequence of Arabidopsis transcription factor RAV1, which contains AP2-like and B3-like domains
(Kagaya et al., 1999). This is in line with our findings and is a further suggestion of the regulatory
activity shown by MYB91A for AP2/ERF in grapevine.
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Figure 4.3. MYB91A DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 5.3. Individuation of MYB91A High Confidence Targets. (A) Shared genes between DAP-
Seq and Ovary_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 6.3. De novo motif discovery analysis on the whole cistrome of MYB91A discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.
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3.3.2 MYB108A

MYB108A showed a total amount of 3657 peaks, corresponding to an equal number of DNA-
binding events. Thirty-one percent of peaks were located upstream the transcription starting
site (TSS) of the nearest gene, whereas 20% was detected downstream the stop codon.
Remaining peaks were located within the genes: 4% overlapping with TSS, 44% inside the gene
and 1% overlapping with stop codon (Fig. 7.3B). To identify Highly Confident Target (HCT) genes
we crossed data obtained by DAPseq with those obtained in the flower atlas (Chapter Il). More
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in detail, we considered as HCTs those genes shared between the MYB108A DAP-Seq analysis,
the WGCNA analysis (blue module, Anther_BA specific) and the tau analysis (Anther_BA, HSG).
In total we identify 69 genes (Fig. 8.3A). Figure 6.3B illustrates the behavior of MYB108A
together with HCT genes in the P. noir flower expression atlas. Interestingly, GO enrichment
analysis on HCTs showed an overrepresentation of the Plant Ontology categories related to
“anatomy of the pollen”, “anatomy of the stamen”, “anatomy of the petal” and “whole plant
flowering stages” (Fig. 9.3A). Investigating more in detail HCTs list, it was observed that the gene
VIT_17s0000g09770 was detected to be only expressed in inflorescence if compared with tendril
and leaf (Bio Project PRINA149111) and was highly expressed in flower tissues of both Corinto
Bianco and Pedro Ximenes varieties (Royo et al., 2016). Moreover, based on the Corvina
expression atlas it seems to be expressed in stamens (Fasoli et al., 2012). Surprisingly, Corinto
Bianco is a somatic variant of Pedro Ximenes which shows parthenocarpy due to absence of
microsporogenesis and, moreover, its pollen grains are completely sterile (Royo et al., 2016).
The VIT_17s0000g09770 ortholog in Arabidopsis is CYSTEYNE ENDOPEPTIDASE 1 (CEPI1;
At5g50260), a gene involved in the programmed cell death (PCD) of tapetum cells during pollen
formation, whose product is involved in the cleavage of extensins supporting the final collapse
of cells (Zhang et al., 2014; Helm et al., 2008). VIT_04s0023g01290 another HCT gene, resulted
to be the most highly expressed HCT in Anther_BA in the P. noir flower expression atlas, was
observed to be significantly downregulated in Corinto Bianco compared to Pedro Ximenes 10
DBA (CIT.) and to be strictly expressed in stamens (Fasoli et al., 2012), suggesting a putative role
in anther development with direct influence on male fertility. This gene was also observed to be
expressed in post-véraison berries and in pre-véraison berries subjected to heat stress (Bio
Project PRINA148951). VIT_01s0127g00800 is another HCT specifically expressed in Anther in
the P. noir flower expression atlas. In a study aimed at identifying the genetic determinants
conditioning the development of loose and compact bunch architecture in grapevine, it was
found to be more expressed in inflorescence of loose clustered grapevine (Richter et al., 2020).
In the Corvina atlas (Fasoli et al. 2012), this gene was highly expressed in flower and stamens, in
agreement with our results, but also in tendril, validating more which was observed by Richter
et al., (2020). This result is not surprising, considering that within the Vitaceae family tendril
constitutes a modified inflorescence (Boss and Thomas, 2002). VIT_12s0028g00210 is a Protein-
S-isoprenylcysteine O-methyltransferase B, ortholog of the Arabidopsis ICMTB (At5g08335).
ICMTB is involved in correct development of flower organs, indeed icmtb mutants show flowers
developed from the same region of the inflorescence stem with minimal or no elongation of the
internodes, secondary axillary flowers developed within flowers, indicating partial conversion of

flowers into inflorescence, siliques developed without internode elongation, multiple buds
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developed in the axil of cauline leaves and fasciated bifurcated stems (Bracha-Drori et al., 2008).
Although VIT_12s0028g00210 could lack an anther-specific role, evidence in its ortholog suggest
that it could have a putative role in correct flower organ identity and development, as well as
VIT_09s0002g06570, the ortholog of RHOMBOID-like protein 5 (RBL5; At1g52580), a regulator
of the correct maturation of reproductive organs (Knopf and Adam, 2012). Another intertting
HTC gene is VIT_15s0046g03370, which seems to play a specific role in anther and pollen
molecular mechanisms. Its Arabidopsis ortholog is LIM domain-containing protein (PLIMZ2c;
At3g61230) which is mainly expressed in pollen grains. This protein has an actin-stabilizing
activity and binds to actin filaments by promoting cross-linking into thick bundles. It associates
predominantly with long and dynamic actin bundles in the shank of growing pollen tubes
(Papuga et al., 2010). VIT_15s0046g03370 was detected to be extremely expressed in strictly
male diclinic inflorescences, but also in hermaphroditic flowers (Bio Project PRINA593045). This
is consistent with what observed from Papuga et al. (2010) in Arabidopsis, suggesting that it
could have the same pivotal role in pollen tube growth during the fertilization process in
grapevine. The same situation for VIT _15s0046g03370 was also observed for
VIT_04s0008g02660 with a high transcript accumulation in male and hermaphroditic flowers
(Bio Project PRINA593045). VIT_04s0008g02660 encodes for a Calmodulin-binding protein that
in Arabidopsis is called NO POLLEN GERMINATION 1 (NPG1; At2g43040). Genetic, histological,
and pollen germination studies on the knockout mutant line indicate that NPG1 is not necessary
for microsporogenesis and gametogenesis but is essential for pollen germination (Golovkin and
Reddy, 2003), suggesting an analogous function in grapevine. Again, in Bio Project
PRINA593045, a similar situation was found for VIT_18s0122g00910. Even if this gene is involved
in plant response against pathogens, there are several pieces of evidence that suggest a more
than probable role in pollen growth. At2g33670 is the relative ortholog and encodes for a
MILDEW RESISTANCE LOCUS O 5 protein (MLO5) and beyond its already described role in plant-
pathogen interaction, some very interesting observations have been made which could bring us
to hypothesize a putative role in pollen grain-ovule interaction also in grapevine. In particular, it
is expressed in the pollen tube and seems to act as tethering factors for Ca%* channels and by
integrating extracellular ovular cues and selective exocytosis, guides pollen tubes grow
directionally to the ovule mediating the ovule-derived signals precisely depending on
Ca?* dynamics. Mlo5 mutants show pollen tubes twist and pile up after sensing the ovular cues
(Meng et al., 2020). VIT_06s0004g07230 shows evidence about a putative involvement in
flowering timing via interaction with FLOWERING LOCUS C (FLC). The ortholog encodes for a
UDP-glycosyltransferase 87A2 (UGT87A2; At2g30140) which regulates the correct flowering

time by interacting with the repressor FLC, indeed knock-out function mutants were described
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to exhibit late flowering upon both long- and short-day conditions (Wang et al.,, 2012).
VIT_05s0029g00130 is another gene that could potentially be involved in grapevine pollen tube
growth, indeed Arabidopsis ortholog knock-out mutants (HMGB15; At1g04880) show delayed
pollen tube growth and a significant reduction in the seed set. Moreover, by means of in vitro
approaches it was demonstrated that AtHMGB15 binds to DNA and interacts with the
transcription factors AGL66 and AGL104, both required for pollen maturation and pollen tube
growth (Xia et al., 2014). The last gene we want to highlight amongst MYB108A HCTs is
VIT_04s0044g01280. Contrary to these last genes here described, all involved in pollen tube
growth, VIT_04s0044g01280 appears to affect pollen development in a former stage. In
Arabidopsis thaliana, the ortholog is a CALLOSE SYNTHASE 5 (CALS5; At2g13680), which is
responsible for the synthesis of callose deposited at the primary cell wall of meiocytes, tetrads
and microspores, and the expression of this gene is essential for exine formation in pollen wall,
avoiding that the grains remain fused together. Knockout mutations of the CALS5 gene resulted
in a severe reduction in fertility attributed to the degeneration of microspores. Callose
deposition in the cals5 mutant was nearly completely lacking, suggesting that this gene is
essential for the synthesis of callose in these tissues. In detail, the pollen exine wall was not
formed properly, affecting the baculae and tectum structure and tryphine was deposited
randomly as globular structures. These observations suggest that callose synthesis has a vital
function in building a properly sculpted exine, the integrity of which is essential for pollen
viability (Dong et al., 2005). In addition to all of these observations pointing out a pivotal role of
MYB108A in pollen specific mechanisms of genesis, development and germination, the analysis
of the most representative binding motif (Fig. 9.3B) gave back further confirmation. It shows a
high similarity rate (E value = 3,4648E-08) with POLLEN1LELAT52. This cis-element was
previously described as one of two co-dependent regulatory elements responsible for pollen
specific activation of tomato (Lycopersicon esculentum) LAT52 gene (Eyal et al., 1995), namely
AGAAA and TCCACCATA, that are required for pollen specific expression (Bate and Twell, 1998).
POLLEN1LELATS52 was also found in the promoter of tomato endo-beta-mannanase LeMANS5, a

gene involved in weakening of anther wall during pollen development (Filichkin et al., 2004).
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Figure 7.3. MYB108A DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
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Figure 8.3. Individuation of MYB108A High Confidence Targets. (A) Shared genes between DAP-
Seq and Anther_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 9.3. (A) GO enrichment analysis performed on MYB108A HCTs: Plant Ontology (PO)
categories. (B) De novo motif discovery analysis on the whole cistrome of MYB108A discovered
with DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on
the detection of overrepresented oligonucleotides. The overall height of each letter stack
indicates the sequence conservation at that position, and the height of symbols within the stack
reflects the relative frequency of the corresponding nucleic acid at that position.

3.3.3 MYB143

The analysis of MYB143 showed 2948 peaks distributed as follows: 35% in the upstream region,
5% at the start site, 41% within the gene, 1% overlapping gene end and the remaining 18% was
localized the downstream region (Fig. 10.3B). A subset of 24 HCTs was achieved by crossing the
subset of the DAP-Seq targets of MYB143 with the gene list of WGCNA brown module and HSG
relative to the Stigma_AA (Fig. 11.3A). Among them, a subgroup of MYB143 HCTs deserves a
separate discussion. The pollen-stigma interaction is one of the most important processes
occurring in flowering plants, since it results in fertilization and thus in seed set. This critical
cellular dialogue between the haploid pollen (grain and tube) and the diploid cells of the stigma
(and style) is one of the most precisely adapted of all activities of the plant, morphologically,

physiologically, and biochemically, and became a paradigm for the study of cell recognition and
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signaling in plants (Heslop-Harrison and Shivanna, 1978). Because of this peculiarity, there is a
delicate hormonal balance involved in the cross-communication process, like reactive oxygen
species (ROS), abscisic acid (ABA) and ethylene (Mclnnis et al., 2006; Kovaleva et al., 2003). In
this regard, in addition to pointing out the enrichment of the ontological category named “plant
hormone signal transduction” (Fig. 12.3A), it is noteworthy that the HCT VIT_08s0040g00960 is
a carboxylesterase (Navarro-Paya et al., 2022) found expressed in Pinot noir inflorescence at
anthesis moment (Rossmann et al., 2019), and more specifically in carpel (Bio Project
PRJNA307079) and stamens (Fasoli et al., 2012). This could be consistent with the strict
interconnection that elapses between stigma and stamen tissues for the peculiar
intercommunication which specifically features these two floral whorls. In addition, also the
ortholog gene At1g68620 was described having the same pattern, with clear expression in
inflorescence (Marshal et al., 2003) and stamens (Winter et al., 2007) at blooming time. A similar
trend was also observed for the GDSL-esterase/lipase encoded by VIT_10s0003g02090. Indeed,
its transcript was abundantly detected within the carpel and pollen grain (Fasoli et al., 2012), as
well as for the putative ortholog (At5g45670) highly accumulated in ovary structure (Klepikova
et al., 2016; Winter et al., 2007). The transcript of VIT_08s0032g00710 was relieved in flower of
Pinot Meunier (Bio Project PRINA149111). More in detail, its ortholog in Arabidopsis
(At5g10500) was found in stamens and specifically in mature pollen grains (Winter et al., 2007).
In this last case, its expression was observed to increase with the course of grain development
and reaches its maximum during the emission of germinative pollen tube in correspondence of
the actively growing tissue penetrating the stigma opening (Qin et al., 2009). These observations
are in line with the function of this gene, which encodes for a plant-specific actin-binding protein
being part of a membrane-cytoskeletal adapter complex (Deeks et al., 2012). As a matter of fact,
it a high cytoskeletal activity in pollen tube growth and development has been well described.
For this reason, it is reasonably supposable an analogous function in grapevine where was
detected in stigmatic tissues precisely during the after anthesis moment in which pollen and
stigma are interacting. A similar expression pattern was highlighted again in Corvina for the EF-
hand domain-containing protein VIT_12s0059g00370, which is clearly switched on in anthers
and pollen grains (Fasoli et al., 2012), as well as for its ortholog (At4g31240) in Arabidopsis
stamens (Winter et al., 2007). Still remains to be explained the expression of this gene in ripening
berry pericarp as reported for Barbera (Magris et al., 2019), Thompson Seedless (Balic et al.,
2018), Sauvignon blanc (Helwi et al., 2016), Cabernet Sauvignon, Riesling (Lu et al., 2022) and
Semillon (Blanco-Ulate et al., 2015). Finally, VIT_15s0021g01390 has At3g60270 as ortholog in
Arabidopsis which expression pattern retraces what we observed, indeed this Cupredoxin turns

on in stamens and pollen before anthesis, to then involve ovary and stigma tissues after the
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occurred pollination (Winter et al.,, 2007). The de novo motif discovery analysis for MYB143
cistrome highlighted a sequence (Fig. 12.3B) showing an E value equal to 6,7873E-05 for a
previously described binding site: the GATA-box. This cis-element was widely observed to be
conserved among several light-responsive promoters (Gilmartin et al., 1990; Lam and Chua,
1989). In particular, GATA-box was revealed in three sequence repeats positioned between the
TATA and CAAT box elements conserved in correspondence of promoter regions of all LHCII
(light-harvesting complex) Type | Cab genes in Petunia hybrida (Gidoni et al., 1989). These genes
function as a light receptor, binding at least 14 chlorophylls (8 Chl-a and 6 Chl-b) and carotenoids
such as lutein and neoxanthin, capturing and delivering excitation energy to photosystems with
which they are closely associated (Wientjes et al., 2011; Wientjes and Croce, 2011; Storf et al.,
2005). Moreover, LHCII genes expression is induced by low light but repressed by high light
(Ganeteg et al., 2004). The biological meaning of an enriched light-responsive binding motif
featuring the entire cistrome of a TF stigma-related is not that immediate. The encouraging
detection is that for almost all the TFs stigma related it was retrieved at least one light response
related motif showing high similarity for the identified best binding sequence, thus defining a
nevertheless consistent finding. The explication of this could be the fact that stigma whorl
suddenly finds itself in a bright environment after the capfall, later having passed all the before
anthesis period in absolute darkness due to the coverage provided form the calyptra, and for
this snap change of conditions, the light-responsive elements are triggered. Another explanation
could be given by the observation of the specific relationships that exist between the different
floral organs. In this regard, the stigma represents the communication interface between pollen
and ovule. In fact, it is precisely in this whorl that the pollen grain is recognized and - in the
presence of compatibility - left to germinate until the tube reaches the mature ovule ready to
be fertilized. Synchronization, which is of fundamental importance in this process, is precisely
managed by the stigma in terms of a correct hormonal balance which allows pollen germination.
About that, it is likely to think that - in an autogamous species such as grapevine in which
fertilization takes place in a period extremely close to the capfall - the low intensity of light that
penetrates inside the flower when the abscission line begins to form acts as a trigger for the
hormonal changes on the stigmatic surface which will allow the development of the pollen tube
only at this point, thus ensuring perfect synchrony with the maturity of the ovule, and
subsequently sopping the trigger when calyptra is completely removed and the fertilization has
already taken place. Even if this explanation is consistent with the fact that LHCII Cab genes, in
which GATA-box was observed to be enriched, show induction by low light and repression by
high light, of course it is pure theoretical speculation and any light involvement in this sense has

yet to be experimentally proven.
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Figure 10.3. MYB143 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
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Figure 11.3. Individuation of MYB143 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 12.3. (A) GO enrichment analysis performed on MYB143 HCTs. (B) De novo motif
discovery analysis on the whole cistrome of MYB143 discovered with DAP-Seq. The sequence
represents the top-ranking TF binding motif identified based on the detection of
overrepresented oligonucleotides. The overall height of each letter stack indicates the sequence
conservation at that position, and the height of symbols within the stack reflects the relative
frequency of the corresponding nucleic acid at that position.

3.3.4 MYB145

A total number of 3370 binding events was defined with DAP-Seq of MYB145. Regarding peaks
distribution, 34% of the total amount was found upstream the relative gene, 3% overlaps with
the TSS, 43% defines the set observed inside the gene length, 1% include the transcription end
point and the downstream region showed 19% of the total binding events (Fig. 13.3B). By
crossing DAP-Seq results with WGCNA brown module and HSG analyses of Sigma_AA, it was
possible to individuate 24 distinct HCTs (Fig. 14.3A). A first clear observation was the presence
of VIT_15s50021g01390 also in the MYB145 HCTs network as well as for MYB143. The presence
of a putative target in the networks of two TFs strictly related with stigma tissue is an additional
empowering of a yet strongly consistent regulative relationship. Contrariwise, featuring only
MYB145 HCTs, is VIT_08s0007g04680, an extensin (EXPA12; Navarro-Paya et al., 2022), which
seems to cause loosening and extension of plant cell walls by disrupting non-covalent bonding

between cellulose microfibrils and matrix glucans (UniProt). It was observed to be intensely
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expressed in pollen grains in correspondence to flowering time (Fasoli et al., 2012), but also in
strictly female wild grapevine flowers at the same developmental period (Massonnet et al.,
2020). Something similar was reported for the Pectate lyase encoded by VIT_17s0000g05740,
which transcript was found highly stored in pollen of Corvina at blooming moment (Fasoli et al.,
2012) and in exclusively female flower of monoecious wild Vitis (Massonnet et al., 2020).
Moreover, also the putative ortholog (At3g01270) is highly expressed in A. thaliana pollen
grains, showing an increasing trend with the progression of microgametogenesis and remaining
constantly intense also during the germination and the penetration of the pollinic tube inside
the stigma, and in anthers (Klepikova et al., 2016; Qin et al., 2009; Winter et al., 2007). A similar
expression profile was outlined from the ortholog (At1g75900) of VIT_18s0001g14810. This
gene encodes for a GDSL esterase/lipase (EXL3) which belongs to the gene families of
Arabidopsis pollen coat proteome and was described to be expressed in floral buds, specifically
in carpel and stamen filament of the mature flower (Klepikova et al., 2016; Winter et al., 2007;
Swanson et al., 2005; Mayfield et al., 2001). A peculiar expression pattern is highlighted by a
Galactinol-raffinose galactosyltransferase (VIT_05s0077g00840), which expression was
described to switch on exclusively in stamens and pollen during anthesis, to then go on to define
a progressive increase of its expression levels in the developing embryo, reaching the apex in
correspondence of mid-ripening phenophase (Fasoli et al., 2012). Also the related Arabidopsis
ortholog At4g01970 evidenced an expression involving ovules (Winter et al., 2007), embryo
tissues in developmental phases (Casson et al., 2005), as well as in the whole ovary and stigma
precisely (Swanson et al., 2005). VIT_07s0104g01260 ortholog is the flavin monooxygenase
YUCCA11 and it was described to synthesize auxin essential for embryogenesis (Cheng et al.,
2007), but also in this case the expression was encountered in pollen grain at flowering stage
(Winter et al., 2007). From a general point of view, CYP86B1 (At5g23190; ortholog of
VIT_01s0011g02060) is involved in very long chain fatty acids (VLCFA) omega-hydroxylation. It
is required for the synthesis of saturated VLCFA alpha, omega-bifunctional suberin monomers
(Compagnon et al., 2009; Molina et al., 2009) and it shows a conspicuous level of expression in
stigma and anthers (Klepikova et al., 2016; Compagnon et al., 2009). On the other hand,
VIT_19s0014g04240 shows a specific activity related to the pollen-pistil interaction typically
ascribable to the stigma, in fact this gene belongs to the “recognition of pollen” ontology
category (G0:0048544), and the same is for the putative ortholog (At4g27300) which encodes
for the G-type lectin S-receptor-like serine/threonine-protein kinase SD1-1 (UniProt). In this
regard, it is interesting to notice that the analysis on the best representative binding sequence
(Fig. 15.3) brings back a conspicuous similarity (E value = 2,2985E-12) with two different motifs.
The first one is the same highlighted for MYB108A (see paragraph “3.3.2 MYB108A”"), i.e.
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POLLEN1LELAT52. As was already reported, this cis-element was described to be conserved in
pollen development and germination affecting genes, element that is coherent with the several
pollen related targets found in MYB145 HCTs network and also with the strict association
occurring between pollen and stigma, properly from the anthesis on, as it was defined this TF
related to. On the other hand, the most enriched motif of MYB145 cistrome presents the same
similarity degree also with another cis-element: DOFCOREZM. This oligonucleotide was
described as the core site required for binding of DOF proteins in maize (Yanagisawa, 2000). DOF
proteins are DNA binding proteins which seem to have a light dependent activity. For example,
in Arabidopsis DOF2.5 is involved in the maternal control of seed germination and may ensure
the activation of a component that would trigger germination as a consequence of red-light
perception (Santopolo et al., 2015). Moreover, in maturing siliques DOF2.5 and DOF3.7 were
found expressed all through the funiculus connecting the placenta to the ovule (Gualberti et al.,
2002), observation that encounters consistency with both the tissue and the phenological stage
of our analysis. Also in this case, the main point is the light dependent activity that could bring

again to the speculative proposal exposed at the end of paragraph “3.3.3 MYB143”.

150

Peak Position

[:I Downstream
I:‘ Inside

. Overlap End
l:‘ Overlap Start
. Upstream

Number of peaks.

50

O Elmimm ) T e

-200,000 -100,000
Distance to TSS (bp)

Figure 13.3. MYB145 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
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Figure 15.3. De novo motif discovery analysis on the whole cistrome of MYB145 discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.
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3.3.5 MYB148

To the DAP-Seq of MYB148 were assigned 3988 peaks. In particular, 34% featured the upstream
region, 4% overlaps the TSS, 42% falls within the gene length, 1% lays in correspondence with
the end site and the final 19% forms the subset of the binding events downstream the relative
gene (Fig. 16.3B). Based on our analysis, also MYB148 activity is strictly related to the stigma

tissue after the moment of flowering, therefore the DAP-Seq results were intersected with HSG
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analysis and WGCNA brown module both related to Stigma_AA whorl, thus obtaining a subset
of 37 HCTs (Fig. 17.3A). The enriched categories for this group are reported in Fig. 18A and B.
Fist needed specification, is the presence in MYB148 HCTs network of one gene of MYB143, or
rather VIT_08s0032g00710, a plant-specific actin binding protein being part of a membrane-
cytoskeletal adapter complex (Deeks et al., 2012). As described in paragraph “3.3.3 MYB143”,
this gene seems to have a specific role in pollen-stigma interaction molecular mechanisms, as
well as for what observed by other two genes shared between the HCTs network of MYB148 and
MYB145, namely VIT_08s0007g04680 and VIT_19s0014g04240. Even for these two genes, what
catches the attention is again the involvement in recognition and interaction processes
occurring among pollen and stigma, in which the activity of these two genes would seem to
affect. Also the function of VIT_12s0057g00320 may reside in this ambit, indeed it is an Exo-
polygalacturonase (Navarro-Paya et al., 2022). The expression of the genes related to this class
of enzyme, as described in Chapter Il, has been widely described in tapetum, pollen grains,
stigmas and pollinated pistils of various species and implies their role in tapetum degradation,
pollen maturation, pollen tube growth, and pollination (Yang et al., 2018). The expression of this
gene does not deviate from what reported for other polygalacturonase, indeed it was relieved
in Tempranillo whole flower (Grimplet et al., 2019), but specifically and exclusively detected in
pollen grain and stamens of Corvina at blooming moment (Fasoli et al., 2012). In addition, also
the ortholog (At3g07850) was studied as an Exo-polygalacturonase functioning in
depolymerizing pectin during pollen development, germination, and tube growth (UniProt), and
even in this case the expression was confirmed in Arabidopsis stamens and pollen from
microgametogenesis up to tube germination (Klepikova et al., 2016; Qin et al., 2009; Winter et
al., 2007; Honys and Twell, 2004). This evidence provides us insights outlining a concrete
involvement of this gene in grapevine pollen developmental molecular mechanisms,
furthermore, inserting itself in a biologically significant way in the MYB148 regulatory network.
This point could be reasonably enlarged to the Calcium dependent protein kinase CPK6
(VIT_06s0009g03150; Chen et al., 2013), which transcript was detected in grapevine anthers and
pollen grains (Fasoli et al., 2012). This gene seems to contribute at the same function in which
acts VIT_18s0122g00910 in MYB108A HCTs network (see paragraph “3.3.2 MYB108A”), guiding
pollen tube to the ovule mediating signals depending on Ca2+ dynamics. Several evidence
highlights that the putative ortholog (At5g12180; Calcium-dependent protein kinase 17, CPK17)
may play a role in signal transduction pathways that involve calcium as a second messenger and
regulates polarized tip growth of the pollen tube (Myers et al., 2009), even more so since its
expression has been ascertained in A. thaliana mature and germinant pollen (Klepikova et al.,

2016; Qin et al., 2009; Winter et al., 2007). Interestingly, among HCTs there is a MYB TF, namely

117



CHAPTER 1lI

MYB67B (VIT_19s0085g00940; Wong et al., 2016) which expression was encountered in
flowering inflorescences of Villard blanc and Touriga Nacional (Kamal et al., 2019; Ramos et al.,
2014). By analyzing in detail the function of the related ortholog (At3g13890), in A. thaliana
called MYB35, it was realized that this TF has a pivotal role in plant fertility, in fact it acts
upstream of the lignin biosynthesis pathway playing a role in specifying early endothecial cell
development by regulating a number of genes linked to secondary thickening, such as NST1 and
NST2 (Yang et al., 2007). Specifically, it regulates lignified secondary cell wall thickening of the
anther endocethium, which is necessary for anther dehiscence. (Mitsuda et al., 2006; Steiner-
Lange et al., 2003). Even if the disruption of the phenotype does not affect the fertility of the
pollen, plants are male sterile due to a defect in anther dehiscence (Steiner-Lange et al., 2003).
The expression of this TF was assessed in pollen grains and in anthers early during endothecial
development, with maximal expression during pollen mitosis | and bicellular stages (Klepikova
et al., 2016; Yang et al., 2007; Winter et al., 2007). Because of the reported function, this TF
would deserve further insights aimed to study the putative conserved role among different plant
species and - based on them - could represent an interesting starting point for breeding
programs aimed to individuate and transfer genetic resources, for example, for male sterility
featured crops. On the other hand, typical of stigmatic tissues are genes related to hormonal
signaling and balance for communication purposes, such as ABA, ROS, and ethylene (Mclnnis et
al., 2006; Kovaleva et al., 2003). In this regard, among MYB148 HCTs were individuated two
genes related to ROS (VIT_01s0010g01090 and VIT_08s0058g00970) and one related to
ethylene (VIT_06s0004g05240). VIT_08s0058g00970 encodes for the Cationic peroxidase
PrxIll02el (Navarro-Paya et al., 2022) which ortholog (At5g05340) was reported to be hugely
expressed in Arabidopsis flower at anthesis (Winter et al.,, 2007), as well as for
VIT_01s0010g01090, which encodes for PrxllI32a, another peroxidase (Navarro-Paya et al.,
2022). Finally, VIT_06s0004g05240 is an Ethylene receptor (ETR2; Navarro-Paya et al., 2022)
highly expressed in mature pollen (Fasoli et al., 2012). At2g40940 is the putative ortholog which
in turn was observed to be expressed in almost every floral whorl, but in particular in stamens
and pollen, and it was described as an ethylene induced ethylene receptor (Klepikova et al.,
2016; Winter et al., 2007; Hua et al., 1998). By matching the most enriched binding sequence
(Fig. 18.3C) against the NewPLACE database, it was noticed a high similarity (E value = 1,4654E-
12) for three different motifs. The first two are POLLEN1LELAT52 and DOFCOREZM, already
mentioned and discussed before. The third cis-element is GTLCONSENSUS and was described as
specific DNA core binding site of GT-1, a transcription factor described for the first time in
Arabidopsis thaliana acting as a molecular switch in response to light signals (Ayadi et al., 2004;

Merechal et al., 1999; Hiratsuka et al., 1994). In this regard, GTICONSENSUS was found in a very
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huge number of light-regulated genes, with both chloroplast and non-chloroplast function. Just
to name a few, Rubisco and Cab genes from many species, PHYA from oat (Avena sativa L.) and
rice (Oryza sativa L.), RCA and PETA of spinach (Spinacia oleracea L.), and bean (Phaseolus
vulgaris L.) CHS15 (Zhou, 1999; Villain et al., 1996). Very interestingly, GTICONSENSUS was also
detected in maize (Zea mais L.) in the pollen-specific gene LAT52 (Zhou, 1999), the same gene in
which was described for the first time the motif POLLEN1LELAT52 in tomato (Filichkin et al.,
2004; Eyal et al., 1995). There are two elements that seem to connect the observations made so
far. The first is that both GTICONSENSUS and DOFCOREZM (see paragraph “3.3.4 MYB145”)
were detected in the Cab genes, supporting the hypothesis that light induction indeed plays a
central role in these mechanisms. The second element is that GTLICONSENSUS has been found
in the pollen-specific gene LAT52, thus suggesting that the activating effect operated by light
can trigger some processes characterizing the development of pollen, all the more considering
the extreme similarity both for POLLEN1LELATS52 and for the two motifs light-related
DOFCOREZM and GT1CONSENSUS that distinguishes the binding sequence identified for the
MYB148 cistrome. In this sense, this would fit perfectly with the speculation proposed in
paragraph “3.3.3 MYB143”, suggesting a possible role of synchronization of the development

and maturation of the different floral whorls by light.
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Figure 16.3. MYB148 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
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samples of floral expression atlas defined in Chapter II.

120



CHAPTER 1lI

Heme binding - ® N. of Genes
® 5

-log10(FDR)
B 1462337

Tetrapyrrole binding - @

2 4 6
Fold Enrichment

PO:0007017 growth poc sporophyte senescent stage = N. of Genes
o 20

25

3.0

35

4.0

P0O:0009032 anatomy poc petal = ®

@0 0

P0O:0025242 anatomy poc infructescence axis =

~log10(FDR)

M is
P0O:0009029 anatomy poc stamen = ——@ W20

W22
W24
P0:0007016 growth poc whole plant flowering stage = ——@ W 26

0 5 10
Fold Enrichment

bits

—

‘abaflagAlan.anaa
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3.3.6 MYB150

5526 are the peaks found to be related to MYB150. The localization is distributed as follows:
32% of the binding events were observed upstream the related gene, 5% comprises the starting
site of the transcription, 45% lays inside the gene, 1% was detected in correspondence of gene
end and downstream the remaining 17% (Fig. 19.3B). The regulative network of MYB150 consists
of 41 HCTs genes retrieved by crossing DAP-Seq results with brown module of WGCNA and HSG
of Stigma_AA (Fig. 20.3A). First of all, is noteworthy the enrichment of Plant Ontology categories
performed on HCTs, that shows - from general to specific - “growth whole plant flowering stage”,

IM

“anatomy petal” and “anatomy stamen” (Fig. 21.3A), in line with the putative involvement of
MYB150 in the flowering process, in particular concerning stigma tissues which are strongly
interconnected with stamen. Among these 41, 16 are shared with the previous TFs related to
Stigma_AA tissue in different combinations, that is 3 with MYB143, 2 with MYB145, 5 with
MYB148, 3 with both MYB143 and MYB148, and finally 3 with both MYB145 and MYB148. Within
these 16, VIT_08s0007g04680 and VIT_19s0014g04240 are involved in pollen development and
in specific interconnection relationships occurring between pollinic grain and stigma, while
VIT_06s0004g05240 and VIT_01s0010g01090 are involved in hormonal signaling ROS- and ABA-
mediated. The shared genes between different regulative networks make the HCTs approach
seem more and more reliable as a method to infer the role of a given TF, by analyzing the
molecular function of the putative targets and by framing them in a biological meaning related
to the respective tissue. On the other hand, regarding HCTs of MYB150 alone, it was individuated
the gene VIT_08s0040g00920. Its expression was detected in grapevine inflorescences (Bio
Project PRINA149115). At2g29420 is the putative ortholog encoding for the Glutathione S-
transferase U7 (GSTU7; UniProt), which expression level was observed high in Arabidopsis
stamens at anthesis (Klepikova et al., 2016; Winter et al., 2007). Since it is induced by salicylic
acid (Blanco et al, 2005), it is therefore speculable an involvement in stigma
intercommunication through hormone signaling. The same speculation could be also extended
to the Sinapyl Alcohol Dehydrogenase 2 (VIT_18s0122g00450; Navarro-Paya et al., 2022), whose
expression in Pinot noir berry skin was described to be induced by ABA-treatment (Pilati et al.,
2017). On the same line, the putative ortholog At4g37990 encodes for the Cinnamyl alcohol
dehydrogenase 8 which is involved in lignin biosynthesis by catalyzing the final step specific for
the production of lignin monomers (Kim et al., 2004), being expressed in the style, anthers,
stamen filaments and stigmatic regions (Kim et al.,, 2007). Staying in ABA-topic,
VIT_18s0041g02410 was also encountered in MYB150 HCTs, described as Aldehyde oxidase 1
(Navarro-Paya et al., 2022). Looking at its putative ortholog At2g27150, it was seen to catalyze
the oxidation of abscisic aldehyde into abscisic acid, the last step of ABA biosynthesis (Seo et al.,
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2000), in this way entering perfectly in the biological frame of stigma as high ABA-featured
tissue. In the hormonal balance topic, it seems to fit also AP2-like ethylene-responsive
transcription factor (AP2-01, VIT_11s0037g00870; Licausi et al., 2010) which expression was
assessed in grapevine anthers at anthesis (Fasoli et al., 2010). Analyzing the related ortholog
which was described as ethylene and ABA-responsive (Lee et al., 2009; UniProt), it was realized
that Atlgl16060 encodes for a namesake protein that positively regulates the biosynthetic
process of cutin (To et al.,, 2012) and - by observing the intense expression of the relative
transcript properly in stigma (Swanson et al., 2005), anthers (Klepikova et al., 2016) and pollen
during microgametogenesis (Honys and Twell, 2004) - it is plausibly inferable an active role in
these whorls growth and development. On the other hand, concerning the peculiar cell-
recognition mechanisms of stigma, the Receptor-like serine/threonine-protein kinase encoded
by VIT_05s0020g03270 was found expressed in grapevine ovary during flowering (Fasoli et al.,
2012) and belongs to GO:0048544, the same ontological category of VIT_19s0014g04240, also
present in MYB150 HCTs regulative network and shared with ones of MYB145 and MYB148,
named “recognition of pollen”, supporting in this way much more a realistic involvement of this
gene in grapevine mechanisms in which pollen is recognized and either accepted or rejected by
cells in the stigma and the fact that these TFs stigma-related could regulate these molecular
interactions. In the subsequent step of the fertilization process, it seems to enter
VIT_10s0042g00700 because of the function observed in its putative ortholog in Arabidopsis,
which is involved in the pollen tube perception of the female signal. In this regard, At4g08850
(MDIS1-INTERACTING RECEPTOR LIKE KINASE2, MIK2) encodes a receptor kinase that forms a
complex with MDIS1/MIK2 and binds LURE1, the female pollen guidance chemi-attractant
(Wang et al., 2016). Properly at this point, there are two other HCTs fitting perfectly, namely
VIT_00s0404g00100 and VIT_12s0055g00790. The first encodes the Syntaxin of plants 124,
whereas the second for the Clathrin assembly protein 3 (Navarro-Paya et al.,, 2022). The
expression of both is well-superimposable and was relieved in Corvina stamens and pollen grain
during the blooming stage (Fasoli et al., 2012), in flowers of Tempranillo (Grimplet et al., 2019),
but also in both male and female flowers of Vitis sylvestris (Massonnet et al., 2020). The ortholog
of VIT_00s0404g00100 (At1g61290) specifically encodes the Syntaxin-124 and the one of
VIT_12s0055g00790 for the Phosphatidylinositol binding Clathrin assembly protein 5A
(PICALMS5A). For both, it was proven a direct control of the growth of pollen tube tip (Muro et
al.,, 2018; Silva et al., 2010). In addition, also for these orthologs it was noticed the same
expression profile likely in grapevine, indeed the expression of the two genes was consistently
observed in stamens (Klepikova et al., 2016; Winter et al., 2007) and in pollen grain since the

latest phase of microgametogenesis (Honys and Twell, 2004), going on during the germination
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and extending until the pollinic tube penetration in stigma hole (Qin et al., 2009). Interestingly,
VIT_17s0000g04180 expression was detected in Villard Blanc inflorescences (Kamal et al., 2019)
and its ortholog (At3g18550; TCP family), even if was largely described to be required for the
auxin-induced control of apical dominance by preventing axillary bud outgrowth and delays
early axillary bud development (Aguilar-Martinez et al., 2007), it seems also to have a role in the
control of flowering timing. Indeed, beyond the fact that its expression was specifically relieved
in stigma (Klepikova et al., 2016), the overexpression of this gene in Arabidopsis significantly
delayed flowering under both long-day and short-day conditions and dominant repression by
this TCP led to various growth defects. The upregulation of this TF led to more accumulated
MRNA levels of FLOWERING LOCUS C (FLC), a central floral repressor of Arabidopsis. It seems
functioning in an FLC-dependent manner, as its overexpression in the flc-6 loss-of-function
mutant failed to delay flowering (Wang et al., 2019). At last - but absolutely not at least - it is
pivotal to highlight that a member of MYB150 HCTs is MYB148 (VIT_00s1352g00010), TF related
to stigma whorl too and with whom shares 11 common targets. This observation suggests the
presence of a network of nested and mutually interpenetrating regulatory relationships. Being
able to reconstruct the individual actors of these networks allows us to shed light on the
individual regulatory mechanisms which, understood individually in the first instance and then
summarized in a general perspective, give us the possibility of having an overview of the TF-
mediated modulation of biological processes and their interdependence co-occurrence.
Perfectly in line with the targets, with the GO enrichment and - primarily - with the other TFs
stigma related, also the most representative binding sequence (Fig. 21.3B) of MYB150 cistrome
shows similarity (E value = 1,0345E-06) for both the pollen-specific motif POLLEN1LELAT52 and
the light trigger related one DOFCOREZM.
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Figure 19.3. MYB150 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
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Figure 20.3. Individuation of MYB150 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 21.3. (A) GO enrichment analysis performed on MYB150 HCTs: Plant Ontology (PO)
categories. (B) De novo motif discovery analysis on the whole cistrome of MYB150 discovered
with DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on
the detection of overrepresented oligonucleotides. The overall height of each letter stack
indicates the sequence conservation at that position, and the height of symbols within the stack
reflects the relative frequency of the corresponding nucleic acid at that position.

3.3.7 MYB154

Peak calling of analysis of MYB154 resulted in 1498 different binding events. Analyzing the
distribution, 34% of the total amount was seen to belong to the upstream region of the relative
assigned gene, 6% overlaps the TSS, 42% is referred to the inside of the gene, 1% overlaps the
end point and 17% was detected downstream the gene assigned (Fig. 22.3B). The HCTs network
related to MYB154 was defined by intersecting DAP-Seq peaks with Stigma_AA of HSG analysis
and brown module of WGCNA, obtaining in this way 14 different targets (Fig. 23.3A). In Fig. 24A
and B, are reported the enriched categories referred to HCTs list. 8 out of 14 targets are shared
with the HCTs network of one or more Stigma_AA related TF. In particular, 1 is shared with
MYB145, 2 with MYB148, 1 with MYB150, 1 with both MYB145 and MYB148, 1 with both
MYB148 and MYB150 and 2 with MYB143, MYB148 and MYB150. In detail, the latter two
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deserve an honorable mention. One is the Ethylene receptor 2 (ETR2; VIT_06s0004g05240) and
the other is the peroxidase PrxIlI32a (VIT_01s0010g01090). Both belong to those genes affecting
hormonal balance and signaling, and their shared presence in several regulative networks of
stigma related TFs confirms the fundamental importance of these molecular mechanisms in the
biological processes characterizing stigma and pollen development and intercommunication.
Supporting this, it is interesting to look at HCTs GO enrichment of Molecular Function (Fig.
24.3B): the three most enriched categories are related to hormonal activity, namely “ethylene
binding”, “ethylene receptor activity” and “alkene binding”. The communication between floral
whorls could conceivably take place not only between stigma and pollen, but also could be
extended to all the floral organs that synergically contribute to give rise to the anthesis
phenomenon, coordinating the correct development of every single actor to which follows the
right timing of flowering. In this regard, it is interesting to point out the presence in MYB154
HCTs list of the gene VIT_07s0151g00700. Its expression was detected in flowers of Villard blanc
(Kamal et al.,, 2019) and it was observed belonging to the ontological category named
“megagametogenesis” (GO:0009561). To the same GO category belongs the putative ortholog
At2g48140 whose expression was detected in Arabidopsis developing embryo (Casson et al.,
2005). Moreover, it regulates the ubiquitin-mediated proteolytic pathways and was proven to
be essential in female gametophyte development. This last was observed to arrest at the four-
nuclear stage in disrupted phenotype mutants (Pagnussat et al., 2005). The presence in stigma
tissues of an embryo-related regulator could be precisely explained with the afore proposed
intercommunication between the different floral whorls. In this case, it is considerably realistic
to think that the stigma coordinates pollination process by receiving signals from pollen and
ovule, and that - on the basis of these - it regulates the correct unfolding of those molecular
mechanisms which will lead to the growth of the pollen tube until it reaches the ovule in the
right moment in which it can be efficiently fertilized. Related to that - and closely related to
pollen development - it is noteworthy the presence of VIT_11s0052g01150 in the MYB154
network. This gene is a nicotianamine synthase (Navarr-Paya et al., 2022) as well as for the
ortholog At1g56430, the Nicotianamine synthase 4 (NAS4), which synthesizes nicotianamine, a
polyamine which serves as a sensor for the physiological iron status within the plant, and/or
might be involved in the transport of iron. Its activity is involved in pollen tube growth in
Arabidopsis thaliana (Schuler et al., 2012). Finally, we report the presence of the TF NAC44
(VIT_11s0052g01150), which in Arabidopsis was described as ABA-signaling modulator (Jensen
et al., 2008). Exactly like MYB145 and MYB150, also the most enriched motif of MYB154 cistrome
(Fig. 24.3C) showed similarity for both POLLEN1LELAT52 and DOFCOREZM (E value = 4,3428E-
06).
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Figure 22.3. MYB154 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 23.3. Individuation of MYB154 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter Il
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Figure 24.3. GO enrichment analysis performed on MYB154 HCTs: (A) KEGG categories and (B)
Molecular Function categories. (C) De novo motif discovery analysis on the whole cistrome of
MYB154 discovered with DAP-Seq. The sequence represents the top-ranking TF binding motif
identified based on the detection of overrepresented oligonucleotides. The overall height of
each letter stack indicates the sequence conservation at that position, and the height of symbols
within the stack reflects the relative frequency of the corresponding nucleic acid at that position.

3.3.8 MYB192

DAP-Seq identified 268 gene assigned binding events. In particular, 32% of the total peaks were
identified in the upstream region, 2% comprehend the transcription starting site, 49% inside the
gene structure, 2% in correspondence of the end site and 15% is the fraction of the peaks found
downstream the assigned gene (Fig. 25.3B). No HCTs was found from the triple crossing of DAP-
Seq targets and Ovary_AA clusters of HGS and WGCNA, but two subsets of 2 and 6 genes were
defined by individually intersecting peaks with Ovary_AA HSG and WGCNA lightcyan module

respectively (Fig. 26.3A). 1 gene is shared with targets of the other ovary-related TF MYB91A. In
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the MYB192 gene set, VIT_13s0067g00990 belongs to the DAP-WGCNA hub genes list and
encodes for a Clp R domain-containing protein. This gene was observed to activate its expression
in carpel and continue increasing until the phenological phase of post-fruit set in skin, pericarp,
and flesh tissues of Corvina berry (Fasoli et al., 2012). A similar trend was detected in Tannat
cultivar, in which among different leafy and berry tissue samples across 1-, 3- and 7-weeks post
anthesis, it was observed to reach its maximum expression in berry skin 7 weeks after the full
flowering (Da Silva et al., 2013). Moreover, VIT_13s0067g00990 was found to be highly
expressed in berry in correspondence to the fully veraison stage in three out of the three tested
Muscat table grape Italia, Xiangfei and Zaomeiguixiang cultivars (Sun et al., 2019). In our RNA-
Seq experiment (Chapter Il), VIT_13s0067g00990 is highly expressed in Ovary and Calyx tissues
after anthesis time point, the two main whorls which development will give rise to the properly
said berry. Based on these observations, it is therefore conceivable an involvement of this gene
in early berry development molecular mechanisms, in a period included between ovule
fertilization and early ripening, with its maximum exploitation within the phase of starting
veraison. VIT_13s0019g00310 transcript was observed to be accumulated in berry skin of
Xiangfei Muscat cultivar in correspondence of harvest ripeness phenophase (Sun et al., 2019).
Since it encodes for an ABC-transporter protein, its expression is consistent with the molecular
function of that family of proteins featured by an import function of molecules inside the cell
properly in this time point, inasmuch as this last is typically characterized by an intense activity
of production and translocation of secondary metabolites. The DAP-HSG cross found gene
VIT_05s50020g01350 has an interesting ortholog in Arabidopsis thaliana, At5g47640, which is
called NF-YB2 (NUCLEAR FACTOR Y, SUBUNIT B). This gene encodes for a transcription factor
which binds CONSTANS (CO/B-BOX PROTEIN1 BBX1), a master flowering regulator, forms a
trimer to efficiently bind the CORE element of the FLOWERING LOCUS T promoter, and correctly
regulates the flowering time depending on long photoperiodism. nf-yb2 Mutants reveal a mis
regulated flowering timing (Gnesutta et al., 2017). A mention of merit is particularly due to
VIT_04s0008g05430 whose ortholog in Arabidopsis is At3g49500 (RDR6). This gene is an RNA-
dependent RNA polymerase 6 with some very interesting observations achieved. A mutation in
RDR6, which functions in trans-acting short interfering RNA (ta-siRNA) production, was found
that simultaneously enhances self-incompatibility (SI) and generates an overlong pistil neck
which causes the allocation of the stigma above the anthers (Tantikanjana et al., 2009). From an
evolutionary point of view, these observations could be emblematic for the explanation on how
the changes in floral architecture can occur rapidly upon loss of Sl during evolutionary switches
from out-crossing to self-fertility as well as the coordination of carpel elongation and Sl (Foxe et

al.,, 2009). In this case, instead of discussing the most representative binding sequence of
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MYB192 cistrome (Fig. 27.3A), we want to highlight the enriched GO category “CCAAT-binding
factor complex” (Fig. 27.3B). In eukaryotic promoters, CCAAT-box motif is bound by HEME
ACTIVATOR PROTEIN2 (HAP2), which is a subunit of the HAP2/HAP3/HAPS trimeric complex. On
turn, CONSTANS (bound by the ortholog of the HCT VIT_05s0020g01350, as described by
Gnesutta et al., 2017 and reported before) promotes Arabidopsis flowering and interacts with
AtHAP3 and AtHAPS5 in yeast, in vitro, and in planta. Mutations in CONSTANS delay flowering as
well as for the overexpression of AtHAP2 or AtHAP3 throughout the plant or in phloem
companion cells, where CONSTANS is expressed. This phenotype was correlated with reduced
abundance of FLOWERING LOCUS T mRNA and no change in CONSTANS mRNA levels (Wenkel et
al., 2006).
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Figure 25.3. MYB192 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 26.3. Individuation of MYB192 High Confidence Targets. (A) Shared genes between DAP-

Seq and Ovary_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 27.3. GO enrichment analysis performed on MYB192 HCTs: (A) Biological Process
categories and (B) Cellular Component categories. (C) De novo motif discovery analysis on the
whole cistrome of MYB192 discovered with DAP-Seq. The sequence represents the top-ranking
TF binding motif identified based on the detection of overrepresented oligonucleotides. The
overall height of each letter stack indicates the sequence conservation at that position, and the
height of symbols within the stack reflects the relative frequency of the corresponding nucleic
acid at that position.

3.3.9 MYBA?

137 peaks were detected for DAP-Seq in MYBA7, distributed with the following percentages:
38% were observed in the upstream region while no binding events were assigned in the zone
of the TSS, 40% of the total defined the set falling inside the relative gene, 2% of the peaks
overlaps the end and the remaining 20% belongs to the downstream zone of the assigned

feature (Fig. 12.3B). No one HCT was retrieved by the intersection of the three datasets namely
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DAP-Seq results, WGCNA and HSG therefore the single crossing lists of DAP-Seq with WGCNA
and HSG of Stigma_AA cluster were considered. From the DAP-HSG subset it was pointed out

one gene and 4 from the DAP-WGCNA brown module.
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Figure 28.3. MYBA7 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 29.3. Individuation of MYBA7 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 30.3. (A) GO enrichment analysis performed on MYBA7 HCTs: all available gene sets (B)
De novo motif discovery analysis on the whole cistrome of MYBA7 discovered with DAP-Seq. The
sequence represents the top-ranking TF binding motif identified based on the detection of
overrepresented oligonucleotides. The overall height of each letter stack indicates the sequence
conservation at that position, and the height of symbols within the stack reflects the relative
frequency of the corresponding nucleic acid at that position.

3.3.10 MYBAS

Only 15 binding events resulted in DAP-Seq experiment of MYBAS8: 60% of the total number was
observed in upstream region, no peaks were detected in correspondence of TSS, 7% falls within
the gene length, equally for those observed at gene end, also here 7%, and 26 % downstream
the related assigned gene (Fig. 31.3B). Because of the very low number of peaks observed for
the cistrome of this transcription factor, the meaning of percentages must be taken very
carefully. For this extreme lack, it was individuated only one hub gene from DAP-WGCNA
sienna3 module (Stigma_BA specific) list (Fig. 32.3A), namely VIT_06s0004g03840, which
ortholog in Arabidopsis is a U-box domain-containing protein 35 (PUB35; At4g25160) observed
to be expressed in all the floral whorl and in pollen (Winter et al., 2007). The observed scarcity
in peaks of MYBAS is therefore consistent with the observation made by Wong et al. (2016)
about the possibility that this TF is a pseudogene, since it was encountered expressed but

parallelly featured by an incomplete DNA-binding domain.
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Figure 31.3. MYBA8 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.

DAP-Seq WGCNA

8]
=]
o
o
(5]
o

Calyx BA
Calyptra BA
Filament BA
Anther BA
Ovary BA
Stigma BA
Calyx AA
Ovary AA
Stigma AA
Embryo AA

HSG

Figure 32.3. Individuation of MYBA8 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 33.3. De novo motif discovery analysis on the whole cistrome of MYBAS discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.

3.3.11 MYBPA7

Regarding the DAP-Seq analysis performed on MYBPA?7, a total amount of 92 binding events was
found and peaks repartition showed a fraction of 48% of the global number referred to the
upstream region of the assigned gene, 1% comprehend the starting site of the transcription, 29%
characterizes the inside of the gene, 3% falls in the region of the gene end and the leftover 19%
is localized downstream from the relative gene (Fig. 34.3B). In this case 2 HCTs and 3 genes were
retrieved from the single crossing of DAP-Seq data with HSG of Stigma_AA cluster (Fig. 35.3A).
VIT_04s0008g02020 belongs to this last achieved subset and encodes for an endoglucanase that
was observed to be highly expressed in pollen (Fasoli et al., 2012). The ortholog in A. thaliana is
At3g43860 and its expression is completely compartmentalized to the pollen grain. Moreover,
its transcript was also detected in the whole structure during the phase of pollen germination,
until the pollen tube penetrates inside the stigmatic opening and continues its growth through
the pistil style, moment at which the expression of this gene is exclusive of the penetrated part
of pollen tube (Klepikova et al., 2016). Since in our case the grapevine ortholog belongs to the
network of MYBPA7 TF which in turn was observed to be specific to the stigma tissue, it is
supposable a putative role of this gene in pollen-stigma interaction molecular mechanisms
aimed to dispatch pollen recognition and signaling-mediated tube development. Perfectly in line
with the other TFs related to stigma whorls, also for MYBPA7 the analysis of the best matching
binding sequence (Fig. 36.3B) gave back interesting and consistent results. With a similarity rate
of 2,1506E-06 (E value), they were retrieved 4 different motifs with a coherent biological
meaning. The first one is the yet abundantly discussed DOFCOREZM. The second one is
TAAAGSTKST1 and as for DOFCOREZM, it was described to be a binding site for the light related
DOF TFs proteins (Plesch et al., 2001). The third cis-element found is TATABOX5, a TATA-box

type motif described for the first time in the promoter of GS2 of pea (Pisum sativum L.), a gene
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encoding chloroplast-localized glutamine synthetase regulated by light. Taking advantage from
a GUS-assay, the light-regulated expression of this pea gene promoter detected was observed
in both tobacco and Arabidopsis, suggesting that the regulatory elements are conserved (Tjaden
et al., 1995). Finally, the last observation brought back the oligonucleotide motif POLASIG1
which was associated to polyadenylation process in Pea (Pisum sativum L.), rice (O. sativa L.) and
Arabidopsis thaliana (Loke et al., 2005; O’Neil et al., 1990; Joshi, 1987). For the explication about
the consistency of the first three cis-elements, we refer to the other yet discussed light
responsive motifs of the stigma related TFs. On the other hand, for POLASIG1, the explanation
could be strictly related to the fact that the polyadenylation process follows typically a more
intense cellular activity, also consequent to an external stimulus which enhance the
transcription. In this case, the light trigger activity which putatively affects the stigma gene

regulation could be that trigger factor enabling polyadenylation.
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Figure 34.3. MYBPA7 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 35.3. Individuation of MYBPA7 High Confidence Targets. (A) Shared genes between DAP-
Seq and Stigma_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 36.3. (A) GO enrichment analysis performed on MYBPA7 HCTs: all available gene sets. (B)
De novo motif discovery analysis on the whole cistrome of MYBPA7 discovered with DAP-Seq.
The sequence represents the top-ranking TF binding motif identified based on the detection of
overrepresented oligonucleotides. The overall height of each letter stack indicates the sequence
conservation at that position, and the height of symbols within the stack reflects the relative
frequency of the corresponding nucleic acid at that position.
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3.3.12 MYBPA9

The peaks assigned to MYBPA9 are 90, 42% of them are referred to the upstream related genetic
region, 2% overlaps the TSS, 36% lay inside the gene length, 4% falls in the region of the end and
the remaining 16% are located downstream the assigned gene (Fig. 37.3B). In this case, it was
relieved only one gene from the intersection of DAP-Seq targets with Filament_BA dataset of
HSG (Fig. 38.3A), which surprisingly it is another TF, i.e. MYB186 (VIT_13s0064g00960). This TF
is called MYB46 (At5g12870) in Arabidopsis thaliana and is involved in the regulation of
secondary wall biosynthesis in fibers and vessels (Zhong et al., 2007). This function could be
consistent with its presence in the network of a transcription factor related to the filament
structure of the anther, tissue that performs a support function for the anther but is also crossed
by vessels that ensure the supply of nutrients to the pollen cells and guarantee their correct

formation, development, and maturation.
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Figure 37.3. MYBPA9 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 38.3. Individuation of MYBPA9 High Confidence Targets. (A) Shared genes between DAP-
Seq and Filament_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 39.3. De novo motif discovery analysis on the whole cistrome of MYBPA9 discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.

3.3.13 MYBPAL3

A total of 55 events of binding defines the cistrome of MYBPAL3 and are spatially distributed as

follow: 38% in the upstream region, 4% falls nearby the transcription starting point, 29% is the

subset laying within the gene, another 4% was detected in correspondence of the gene end and

finally, for the downstream region, 25% was the percentage related to this group (Fig. 40.3B).

No HCTs was retrieved from the triple intersection of the three datasets, but a subset of 3 genes

was determined by crossing DAP-Seq peaks with WGCNA lightcyan module Ovary_AA specific
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(Fig. 41.3A). VIT_10s0116g01670 is an arogenate dehydratase belonging to the shikimate
pathway, which transcript was observed to be predominantly accumulated in embryo tissue
after anthesis in our expression atlas (Chapter Il) but was also reported to be expressed in the
seed in the very early stages of berry development, till fruit set (Fasoli et al., 2012), suggesting a
possible involvement of this gene in embryo development mechanisms to early seed formation
period. The expression of VIT_00s1764g00020 was observed to be induced by gibberellin
treatment for berry size enlargement in seedless grapevine cultivar Centennial (Bio Project
PRINA239278) and the expression kinetics of this gene shows that it passes to be highly
expressed in seed and slightly less in berry pericarp in correspondence of the phenological phase
of fruit set (Fasoli et al., 2012), outlining an inverse situation as from this phase it is reached the
post fruit set and veraison, moment in which the expression is extremely intense in the pericarp,
in the pulp and in the skin, but practically zero in the seed, thus highlighting a gradient which
progressively shifts the transcript accumulation outwards from the inside of the berry as the
development phases progress. Moreover, it was described to increase in berries of
Gewurztraminer and Riesling cultivars passing from the whole green berry phase to the mid-
ripening one (Bio Project PRINA378596). The ortholog in Arabidopsis encodes for a LRR receptor-
like serine/threonine-protein kinase (At1g12460) and its expression was detected increasing in
carpel parallelly to the progress of flower development and in the very first stage of seed
formation (Winter et al., 2007). VIT_02s0025g04520 was detected to be accumulated in berry
at full maturity phenological stage in Victoria cultivar (Bio Project PRINA507550), in Muscat
Hamburg (Bio Project PRINA419810), in Muscat Superior (Lu et al., 2022) and in pre-veraison
Pinot noir berry pericarp over three different growing seasons (Fasoli et al., 2018), but also in
Corvina seed, skin and flesh starting from the fruit-set, through the veraison till the early
ripening phases (Fasoli et al.,, 2012). Moreover, it was detected being highly expressed in
Cabernet Sauvignon berry in correspondence of EL-36 phenological stage (early ripening phase
characterized by an intermediate Brix value according to Coombe, 1995) after an ABA treatment,
highlighting in this way its involvement in grapevine berry ripening mechanisms, featured by the
increase of ABA levels and decline of auxin hormones ones (He et al., 2021). For these
observations, evidences about an involvement of these genes in the developmental processes
of the seed starting from the embryo and also of the tissues of the berry are reasonably
conceivable also in grapevines, as is already known, in fact, are of paramount importance the
relationships established between seed and surrounding tissues for the purposes of their
development, in particular by influencing their growth and quality in terms of accumulation of

secondary metabolites which characterize the mechanisms of berry ripening.
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Figure 40.3. MYBPAL3 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The

proportions of binding peaks represented within the pie-charts.
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Figure 41.3. Individuation of MYBPAL3 High Confidence Targets. (A) Shared genes between DAP-

Seq and Embryo_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 42.3. (A) GO enrichment analysis performed on MYBPAL3 HCTs: all gene sets available.
(B) De novo motif discovery analysis on the whole cistrome of MYBPAL3 discovered with DAP-
Seq. The sequence represents the top-ranking TF binding motif identified based on the detection
of overrepresented oligonucleotides. The overall height of each letter stack indicates the
sequence conservation at that position, and the height of symbols within the stack reflects the
relative frequency of the corresponding nucleic acid at that position.

3.3.14 NAC62

For the cistrome landscape of NAC62, DAP-Seq analysis identified a global number of 4048
different peaks. More in detail, 32% of the total was observed upstream the assigned gene, 3%
comprehends the TSS, 45% was found into the gene structure, 1% overlaps the end and the
leftover 45% defines the subset laying downstream the relative gene (Fig. 43.3B). A total number
of 14 HCTs was retrieved by the triple intersection of the Ovary_BA specific cluster of WGCNA
pluml module and HSG with DAP-Seq targets, defining in this way the HCTs of the NAC62
network (Fig. 44.3A). Among them, is noteworthy the GDSL esterase/lipase encoded by
VIT_08s0007g04300, whose expression was relieved in seed of grapevine (cv. Tannat) 7 weeks
after flowering (Da Silva et al., 2013), as well as reported in Fasoli et al., (2012), where the
transcript of this gene was detected to be racked up in Corvina seeds increasing with the mid-
ripening berry stage incoming. A similar situation was pointed out observing the behavior of the
related ortholog (At5g03810) in Arabidopsis thaliana, indeed its expression showed high levels
at early seed developmental phases, specifically in embryo tissues (Winter et al., 2007).
Interestingly, this gene was detected to be overregulated in Kyoho variety berry treated with 5-
azaC, demonstrating that the early ripening is promoted by azacytidine treatment, reducing DNA
methylation, and suggesting connection with ROS metabolism during the grape berry

development (Guo et al., 2019). In addition, the involvement of VIT_08s0007g04300 in early
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reproductive tissues developmental processes seems to be supported by the fact that keeping
in mind that — in a precise moment — the maturity degree of a cluster in a grapevine branch is
directly proportional to the distance of it from the shoot apex, the transcript of this gene is
extremely stored in immature inflorescence at first node from the meristematic apex, decrease
in the second and is almost insignificant at the third (Bio Project PRINA149115). These
observations appear slightly different from the results of our analysis where it is expressed in
pistil, but actually this little discrepancy could be explicable by the fact that since it is precisely
the carpel in pre-anthesis time point, the tissues of the ovary proper have not been separated
from those of the ovule de facto contained in the carpel. VIT _12s0028g03640 is a Bet_v_1
domain-containing protein and shows a similar seed expression pattern to VIT_08s0007g04300
in Corvina expression atlas (Fasoli et al., 2012). In table grape Italia, it reaches a very high
expression in berry at the extremely preliminary stages of veraison, where the berry starts to
color and enlarge (EL-35; Coombe, 1995), to then disappear completely in the immediately
following phenological phases (Sun et al., 2019). This appears to be in line with our findings
which see a prominent expression of this gene before the flowering period. Furthermore, the
expression of this gene was observed to be induced by azacytidine application on early ripening
berries (Guo et al., 2019). Also for the gene VIT_08s0040g03120, it was reported a scalarity in
expression depending on inflorescence position in the nodes of Pinot Meunier branches (Bio
Project PRNJA149111). Additionally, its expression was exclusively localized in Corvina pistil in
the phases immediately preceding and following the anthesis moment (Fasoli et al., 2012), thus
corroborating the hypothesized role of NAC62 HCTs in early phases of flowering and berry
development. This tissue-temporal definition was also encountered in inflorescence of Cabernet
Sauvignon, in which the expression of this gene was at the maximum if compared to berry skin
and seed in subsequent timepoints (Koyama et al., 2014). On the other hand, the expression of
VIT_08s0040g03120 ortholog (At5g02810) seems to be more prolonged, indeed it covers all the
periods of seed formation and development (Winter et al., 2007). Again, VIT_17s0053g00070 is
another NAC62-related HCT observed showing exactly the same expression trend of the
previously described ones regarding the node position of the inflorescence in shoot, another
time describing a reduction of the expression level by gradually moving away from the
meristematic apex (Bio Project PRNJA149111). Superimposable results compared to our
expression study were verified by Fasoli et al., (2012) in Corvina grapevine cultivar, in which the
expression of VIT_17s0053g00070 was totally restricted to carpel close to flowering time. In A.
thaliana, its ortholog (At1g48370) maintains a high level of transcript accumulation in all the
floral whorls even if it remains preeminent in pistil tissues (Klepikova et al., 2016; Winter et al.,

2007). On the other side, VIT_10s0042g00940 shows an even earlier expression timing, indeed
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it is expressed starting from the floral bud swelling stage, raises unto the bud burst and from
that moment it goes on slightly decreasing progressively until the inflorescence well developed
phenological phase, moment starting from which on, the transcript levels collapse. The same
trend was evidenced in Touriga Nacional (Ramos et al., 2014) and Corvina (Fasoli et al., 2012)
and Pinot noir (Rossmann et al., 2020), being in line with our results that propose this gene as
early reproductive processes involved. VIT_16s0022g02310 is a Gibberellin 3-beta-dioxygenase
whose function was predicted to complete in flower development inferred from biological
aspects based on phylogenetic analysis of ancestors (Gaudet et al., 2011). In support of this
assertion, there are in fact some studies achieved in Arabidopsis on the related ortholog
At4g25420 which represents a key oxidase enzyme in the biosynthesis of gibberellin that
catalyzes the conversion of GA12 to GA9, via a three-step oxidation at C-20 of the GA skeleton
(Phillips et al., 1995). It is highly expressed in stems and inflorescence tissues, and in these lasts,
it was described to be involved in the promotion of the floral transition, fertility, and silique
elongation (Rieu et al., 2008; Phillips et al., 1995). A noteworthy HCT in the NAC62 network is
VIT_17s0053g00740 for the reason why it encodes for another grapevine NAC transcription
factor, namely NAC57 (Navarro-Paya et al., 2022). Its expression was surveyed starting from the
floral bud burst, continuing in ovary during the anthesis stages and carrying on in flesh and
pericarp during berry veraison and ripening, up to the early phase of post-harvest withering, in
correspondence of which the expression reaches its apotheosis in the same tissues (Fasoli et al.,
2012). An analogous expression pattern was appreciated by analyzing the time course of the
Arabidopsis GDSL esterase/lipase At5g03610, indeed its transcript accumulation starts at
meristematic apex transition from vegetative to reproductive and it goes on along all the
flowering periods being totally predominant in pistil among all the floral whorls. In seed, it is
intensely expressed at late stages of development (Winter et al., 2007). Its ortholog in grapevine
is the HCT VIT_13s0106g00440 and it is expressed in developing embryo from the post- fruit set
increasing gradually up to the mid-ripening phase, at which the expression passes at pulp and
skin tissues, going on till the middle phases of post-harvest withering (Fasoli et al., 2012).
VIT_18s0164g00050 and VIT_11s0016g01250 are both expressed starting from floral bud burst
in Corvina cultivar, but if on one side the first gene continues to be expressed in carpel at
anthesis and then in the developing seed till the mid-ripening berry stage also confirming our
transcriptome profile that sees this gene conspicuously expressed also in Embryo_AA tissue (Fig.
44.3B), on the other hand, VIT_11s0016g01250 stops its transcript accumulation at young
inflorescence phenological stage (Fasoli et al., 2012), outlining a precocious involvement in
reproductive process. This seems to be confirmed by its ortholog function, indeed At3g13960 is

a growth-regulating factor (GRF5) strongly expressed in actively growing and developing tissues,
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among which the shoot apical meristem and flower buds, but also in mature flowers (Horiguchi
et al.,, 2005; Kim et al., 2003). Continuing, VIT_06s0004g00150 and VIT_06s0009g00320 are
plenty expressed in ovary close to flowering time. The first is still present in berry flesh,
increasing from fruit set up to veraison, moment in which is maximally expressed, and the
second in developing seed in fruit set and post-fruit set time. Exclusively in tissues of embryo
evolving in seed is racked up the transcript of VIT_12s0028g03640 during veraison and mid-
ripening stages (Fasoli et al., 2012), finding support also from our observation of its expression

in embryo after the anthesis.
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Figure 43.3. NAC62 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 44.3. Individuation of NAC62 High Confidence Targets. (A) Shared genes between DAP-
Seq and Ovary_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.

Figure 45.3. De novo motif discovery analysis on the whole cistrome of NAC62 discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.

3.3.15 WRKY22

DAP-Seq experiment on WRKY22 evidenced 11097 peaks distributed with the following
repartition: 34% in the upstream genic region, 4% around the TSS, 43% was observed laying
inside the gene structure, 1% overlaps the stop codon and the remaining 18% is attributed to
the part downstream the assigned gene (Fig. 46.3B). It was profiled as a dataset of 24 HCTs
belonging to the regulative web of WRKY22 by isolating the shared genes of DAP-Seq results and
the clusters of Calyptra_BA of HSG and green module of WGCNA (Fig. 47.3A). In this list,

VIT_12s0134g00390 is a protein kinase domain-containing protein (UniProt) and its expression
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was seen to be high during the veraison in berry by analyzing its accumulation trend in Muscat
Xiangfei (Sun et al., 2019), in Corvina (Fasoli et al., 2012) and Muscat Blanc (Wen et al., 2015).
The hypothetical involvement of this gene in calyptra tissues still remains to be explained since
in scientific literature there is no evidence in this regard. The same situation was detected for
VIT_18s0001g06060, which transcript abundance was observed to be high since veraison
moment on for all the ripening time in many grapevine cultivars (Lu et al., 2022; Magris et al.,
2019; Fasoli et al., 2012). Interestingly, its expression seems to be light repressed in Sauvignon
blanc (du Plessis et al.,, 2017) and in Zinfandel berry totally reset by Grapevine red blotch-
associated virus (GRBaV) infection, by demonstrating the capacity of this pathogen to deeply
alter the transcriptional and hormonal regulation of ripening in grapevine (Blanco-Ulate et al.,
2017). Moreover, again Sauvignon blanc, it was observed differentially expressed following a
nitrogen supply treatment and it was indicated as candidate gene which might be implicated in
the biosynthetic pathway of 3SH precursors, since N supply increased Glut-3SH levels in grape
berries at late berry ripening stages (Helwi et al., 2016). VIT_01s0127g00470 is an hexosyl
transferase and shows the same accumulation pattern of VIT _18s0001g06060 in ripening berry
(Lu et al., 2022; Magris et al., 2019), but contrary to the latter, its transcript accumulation was
also reported in pre-anthesis flower button of Pinot noir (Rossmann et al., 2020) and specifically
in petals of Corvina (Fasoli et al., 2012). Also VIT_18s0001g13770 (Cytochrome P450, family 83,
subfamily B, polypeptide 1; Navarro-Paya et al., 2022) seems to have a soft expression in calyptra
of Corvina at blooming time, even if its most evident period is the post-harvest withering in berry
pericarp and skin (Fasoli et al., 2012). In addition, the ortholog At1g13080 was reported to be
expressed in Arabidopsis petals and inflorescence stem (Winter et al., 2007; Mizutani et al.,
1998). Another CYP protein (Cytochrome P450 87A3-like) is encoded by VIT_18s0122g01480,
whose expression finds full correspondence in the before flowering cap of Corvina atlas (Fasoli
et al., 2012). VIT_06s0004g01450 is a lipoxygenase (LOX2) whose expression in calyptra finds
match in what surveyed in Corvina (Fasoli et al., 2012), but also observing the molecular trend
of its ortholog At3g45140, which was detected increasing in a progressive fashion getting closer
to the anthesis moment in petals of A. thaliana (Winter et al., 2007; Vellosillo et al., 1997). The
function of this protein was associated with organ wounding in plants (Moran and Thompson,
2001), for this reason its accumulation in calyptra of grapevine could be supposable as
consequences of self-induced abscission line at which follows cap fall event after autogamous
fertilization. VIT_08s0040g00790 transcript was detected in Corvina cap before the anthesis as
well (Fasoli et al., 2012), likewise very intensely in petals of Arabidopsis referring to At5g48570.
This last is a peptidyl-prolyl cis-trans isomerase (FKBP65; Meiri et al., 2010) which shows high

aminoacidic sequence similarity with another peptidyl-prolyl cis-trans isomerase, namely
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FKBP62, which was described to characterize the flower, in particular stigma, sepals, and anthers
(Aviezer-Hagai et al., 2007; Vucich and Gasser, 1996), but above all in petals in pre-anthesis
(Winter et al., 2007). Peculiar is the case of the calcium-binding protein (CML) encoded by
VIT_18s0001g01630 which finds in Calmodulin-like protein 2 (At4g12860) its putative ortholog
in Arabidopsis. At4g12860 was described to act as potential calcium sensor required for pollen
tube attraction in ovule fertilization process (Pagnussat et al., 2005) and indeed its expression
was relieved before flowering in pistil and specifically in ovules, but also in petals (Winter et al.,
2007). Surprisingly, an analogous situation was described for VIT_05s0029g01410 whose
expression was confirmed in calyptra at pre-anthesis stage (Fasoli et al., 2012). Indeed, also its
ortholog (At5g61230) was observed regulating interaction relationships between male and male
gametophytes. It encodes for the phytochrome-interacting ankyrin-repeat protein 2, which
levels in leaves diminishes after transition from the vegetative to the reproductive phase. It
accumulates strongly in developmental tissues, is highly expressed in the male (e.g. pollen grains
and pollen tubes) and female (e.g. synergids, egg cell and central cell) gametophytes before and
during, but not after fertilization. In fertilized ovules, levels decrease rapidly to become
undetectable at the stage before the first division of the endosperm. Required for gametophytes
development as well as male-female gamete recognition during fertilization, possibly by
regulating mitochondrial gene expression (Yu et al., 2010). These shared expressions could also
suggest other specific functions of floral interaction mechanisms - in this case at the level of the
petal tissue - but the function of this gene is still not clear in this sense. This situation in which
two genes expressed in male and female gametophytes, which are involved in the genetic and
molecular processes of interaction and recognition between the two, and which are
simultaneously reflected in the expression in calyptra, could suggest a hypothetical third actor,
the calyptra precisely, which is strictly interconnected to the fertilization mechanisms due to the
containing function it plays, which in many cases ensures cleistogamy in grapevines. For this
reason, a synchronization at the molecular level of the cap fall is reasonably conceivable, which
is chronologically subordinated to the occurred fertilization of the ovule by the pollen grain, and
that consequently the ovule-pollen grain communication actually could also include petal

tissues.
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Figure 46.3. WRKY22 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)
DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 47.3. Individuation of WRKY22 High Confidence Targets. (A) Shared genes between DAP-
Seq and Calyptra_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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2

. GTCAA

Figure 48.3. De novo motif discovery analysis on the whole cistrome of WRKY22 discovered with
DAP-Seq. The sequence represents the top-ranking TF binding motif identified based on the
detection of overrepresented oligonucleotides. The overall height of each letter stack indicates
the sequence conservation at that position, and the height of symbols within the stack reflects
the relative frequency of the corresponding nucleic acid at that position.

bits

3.3.16 WRKY15

WRKY15 highlighted 25096 distinct binding events, 35% of them falls upstream the assigned
gene, 3% showed a localization nearby the transcription initiation point, 41% was observed
along the gene length, 1% in correspondence of gene end and downstream the related gene
20% of the total peaks (Fig. 49.3B). The related HCTs network outlined 39 members and it was
compiled by crossing the cluster of Calyptra_BA of HSG and WGCNA green module with WRKY15
DAP-Seq (Fig. 50.3A). Interestingly, 14 out of 39 are shared with WRKY22, TF Calyptra_BA linked
too, empowering the consistency of our analysis workflow. Among these shared targets, some
genes deserve to be pointed out, such as CYP87A3-like (VIT_18s0122g01480) clearly expressed
in calyptra of Corvina (Fasoli et al.,, 2012). Moreover, since VIT_12s0134g00390 and
VIT_01s0127g00470 — a protein-kinase and a hexosyl transferase, respectively — appear in the
regulative webs of two different TFs calyptra-related and, as before reported, are turned on
during berry veraison and ripening, it therefore seems clear that these findings are not the result
of chance and their involvement in petals identity definition appear to be more realistic.
Anyway, further insights are needed better to understand this putative involvement in the
specific floral whorl molecular mechanisms. Finally, the last shared target of pivotal mention is
VIT_18s0001g01630. It is the calcium-binding protein which ortholog was found expressed in
pre-anthesis petals and ovules of Arabidopsis (Winter et al., 2007), and was described to act as
potential calcium sensor required for pollen tube attraction in ovule fertilization process
(Pagnussat et al.,, 2005). The presence of this gene in WRKY22 and WRKY15 networks
corroborates the proposed hypothesis of molecular communication of grapevine calyptra with
male and female gametophytes in order to establish a correct timing of the cap fall subordinated
to the occurred fertilization (as proposed at the end of “3.3.15 WRKY22" paragraph). In addition,
this theory appears to be consistent if we consider the WRKY15 HCT VIT_17s0000g08760 that

clearly appears accumulated in grapevine cap (Fasoli et al., 2012). GSO2 (LRR receptor-like
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serine/threonine-protein kinase; At5g44700) is the putative ortholog for which - during
embryogenesis - the expression was observed to be uniform from the globular embryo to the
mature cotyledonary embryo stages, except in the suspensor tissue. It was proposed an
involvement in the nuclear division phase of megagametogenesis, specifically in epidermal
surface development in embryos, even if its expression -again- was detected in pollen grain
(Tsuwamoto et al., 2007; Pagnussat et al., 2005). Similar expression pattern was highlighted in
VIT_18s0001g15650, being intensely expressed in calyptra and in developing embryos (Fasoli et
al.,, 2012). Its ortholog At1g78780 is hugely accumulated in ovules, ovary, and stigma of
Arabidopsis (Winter et al., 2007). Curiously, among the HCTs there are two WRKY proteins:
VIT_04s0069g00980, namely WRKY12, and VIT_06s0004g00230 that is WRKY15 itself. The
analysis of the most enriched binding motif of WRKY15 cistrome (Fig. 51.3B) pointed out
consistency with the strict molecular biology of WRKYs family, indeed it was evidenced high
similarity (E value = 1,2309E-06) with the W-boxes of other previously described TF of this group
in several plant species, like WBBOXPCWRKY1, WRKY710S, WBOXATNPR1, WBOXNTERF3 and
ELRECOREPCRP1 (Nishiuchi et al., 2004; Zhang et al., 2004; Chen et al., 2002; Eulgem et al., 2000;
Ishiguro and Nakamura, 1994).
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Figure 49.3. WRKY15 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)

DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 50.3. Individuation of WRKY15 High Confidence Targets. (A) Shared genes between DAP-
Seq and Calyptra_BA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 51.3. (A) GO enrichment analysis performed on WRKY15 HCTs: all available gene sets. (B)
De novo motif discovery analysis on the whole cistrome of WRKY15 discovered with DAP-Seq.
The sequence represents the top-ranking TF binding motif identified based on the detection of
overrepresented oligonucleotides. The overall height of each letter stack indicates the sequence
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conservation at that position, and the height of symbols within the stack reflects the relative
frequency of the corresponding nucleic acid at that position.

3.3.17 WRKY42

A total amount of 51 independent peaks were called following the DAP-Seq analysis of WRKY42,
with 35% of them belonging to the upstream region of the gene assigned, 43% rests within the
gene, 22% stands downstream the related gene and no binding events were individuated neither
in the TSS nor at the gene end (Fig. 51.3B). Since the scarcity in DAP-Seq detected peaks did not
allowed to identify a subset of HCTs, the attention was focused on the 3 genes obtained with
the single crossing of DAP-Seq results with Embryo_AA clusters, defining 1 gene through the
intersection with HSG and 2 with that of midnightblue module of WGCNA (Fig. 52.3A).
VIT_07s0005g01430 encodes for the DNA replication licensing factor MCM7 that acts as
component of the mecm2-7 complex (mcm complex), the putative replicative helicase essential
for 'once per cell cycle' DNA replication initiation and elongation in eukaryotic cells (UniProt). In
grapevine variety Touriga Nacional, it was seen to be highly expressed from the floral bud
swelling up to the moment in which inflorescence is well developed and the single flowers are
compact in group (Ramos et al., 2014; Coombe, 1995). Moreover, the same trend was observed
in Corvina, where indeed the expression improves from the bud swelling to the young flower
featured inflorescence stage — as well as in Pinot noir (Rossmann et al., 2020), then stop in
flowering moment and resumes it course in embryo and pericarp during the fruit-set (Fasoli et
al., 2012). This last, seems to find support from what reported by Bian et al. (2022), study in
which seems to be involved in molecular mechanisms of cytokinin interaction with other
hormones in the early berry development, being induced from N-(2-chloro-4-pyridyl)-N'-
phenylurea CPPU treatment and more softly also by hydrogen peroxide treatment (Guo et al.,
2019). The stop in flowering moment is interestingly coherent with what observed in Pinot
Meunier, where the expression was very intense in immature inflorescences positioned at first
node under the meristematic apex and progressively decreases moving to the inflorescences of
the inferior nodes (Bio Project PRINA 149111), thus defining a gradual shutdown of the
expression of this gene as the actual flowering approaches. This relieved expression pattern in
grapevine is consistent with the studied function of its ortholog At4g02060 which is involved in
DNA replication initiation. The related transcript is abundant in proliferating and endocycling
tissues, indeed it was specifically described featuring shoot apex and floral bud tissues (Schultz
et al., 2004). Moreover, it is inferable - basing on sequence similarity — a requirement of this

protein for megagametophyte and embryo development (UniProt) and its specific expression in
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Arabidopsis carpel during anthesis and in ovules after that moment (Klepikova et al., 2016) could
confirm this assertion. Very interestingly, VIT_07s0005g01430 was reported to be expressed in
E-L 27 (young berries enlarging; Coombe, 1995) both in Sangiovese grapevine variety and in its
spontaneous seedless somatic variant (Nwafor et al., 2014), opening the possibility that this
gene is not dependent on the presence of the seed as sink for the storage in berry of nutrients
and metabolites during ripening process. Finally, the expression of VIT_17s0053g00360 — which
encodes for a DYW-deaminase domain-containing protein — finds match with the pattern of
Corvina, in which the transcript levels are high in developing seed from fruit set to mid-ripening
stages and in berry pulp and skin, featuring these tissues from the fruit-set up to the very last

phase of post-harvest withering (Fasoli et al., 2012).

Peak Position
Downstream
Inside
Qverlap End
Overlap Start

Number of peaks
s

Upstream

o R T T T T T

-25,000 25,000 50,00

Distance to TSS (bp)
Figure 52.3. WRKY42 DAP-Seq derived cistrome landscapes in V. vinifera cultivar ‘PN40024’. (A)

DNA-binding events with respect to all transcription start sites (TSS) of assigned genes. (B) The
proportions of binding peaks represented within the pie-charts.
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Figure 53.3. Individuation of WRKY42 High Confidence Targets. (A) Shared genes between DAP-
Seq and Embryo_AA cluster of WGCNA and HSG analysis. (B) HCTs expression across all the
samples of floral expression atlas defined in Chapter II.
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Figure 54.3. (A) GO enrichment analysis performed on WRKY42HCTs: all available gene sets. (B)
De novo motif discovery analysis on the whole cistrome of WRKY42 discovered with DAP-Seq.
The sequence represents the top-ranking TF binding motif identified based on the detection of
overrepresented oligonucleotides. The overall height of each letter stack indicates the sequence
conservation at that position, and the height of symbols within the stack reflects the relative
frequency of the corresponding nucleic acid at that position.
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3.4 Conclusions

In the present study, we took advantage of this approach to shed light on the role of 17 whorl
specific TFs selected based on a grapevine floral expression atlas reported in Chapter Il. Based
on the proximity to the peaks we identified candidate gene targets for each of the selected TFs,
and, to give strength to our investigation and to results, we crossed the lists of putative targets
with results obtained from the WGCNA and tau analyses reported in Chapter Il. The ultimate
aim was to define a subset of target genes characterized by a similar expression profile, highly
specificity for a determined whorl and, putatively regulated by the same TF. We defined these
genes as High Confidence Targets (HCTs). Altogether, results indicated that this approach is
effective and can be extremely useful to clarify the genetic relationships characterizing the
various organs, indeed the biological meaning encountered analysing one by one the HCTs
within the different networks is unquestionably relevant. The reading key for the HCTs regulative
webs is that the diverse function defined by the targets are mutually interconnected — being in
the network of the same TF - and at the same time are highly related to the peculiar mechanisms
of a whorl. At this regard, it is pivotal to evidence the case of the TFs related to the stigma tissue,
namely MYB143, MYB145, MYB148, MYB150, MYB154, MYBA7 and MYBPA?7. These regulators
share a conspicuous number of targets. This point suggests a remarkable reliability of the
proposed method to investigate the tissue-specific regulome which is evidenced by the
conservation of some HCTs among TFs specific for the same organ. Finally, the regulative
network of each TF was enriched with a de novo motif discovery analysis, to individuate the most
representative sequences within the peaks population for a given TF that can be considered a
sort of molecular signature for a particular TF. Emblematic is the case of MYB108A, which was
described strictly related to the anther (Chapter Il). The regulative HCTs network of this TF
highlighted a considerable number of genes showing a specific role in pollen and anther
development at different stages of growth, suggesting its regulative control in various molecular
mechanisms, like PCD of tapetum cells, the formation of exine in pollen wall, the correct
germination of the grain, the synthesis of the pollen tube components, its development and its
efficient direction of the growth to the ovule (Meng et al., 2020; Zhang et al., 2014; Xia et al.,
2014; Papuga et al., 2010; Dong et al., 2005; Golovkin and Reddy, 2003). Moreover, the most
representative binding motif of its cistrome revealed a previously characterized sequence, which
showed specificity for processes characterizing pollen and anther development (Filichkin et al.,
2004; Bate and Twell, 1998; Eyal et al., 1995). Wrapping up, we deem that the workflow used in
this analysis could be useful not only to draw TF-centred regulative maps, but also to combine
each of these to achieve a unique and integrate regulative network describing the molecular

relationships occurring among different TFs that characterize a given tissue as in our case, but
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also describing other situations, like phenological phases, different organs and specific

treatments.
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ID

Annotation

Tissue

TF

DAP-Seq p-value

WGCNA module

tau

Tissue Expression

(TPM)
VIT_02s0025g03170 ERF052 Ovary_AA | MYB91A 6,01 NA 0,889 2,28
VIT_09s0002g03820 RPS5 Ovary_AA | MYB91A 4,04 NA 0,889 1,2
VIT_14s0068g00900 NA Ovary_AA | MYB91A 3,68 NA 0,889 2,58
VIT_1350084g00630 NA Ovary_AA | MYB91A 4,25 lightcyan NA 26,6
VIT_05s0029g01080 Ribosome biogenesis protein Bms1 Ovary_AA | MYB192 5,18 lightcyan NA 18,18
VIT_13s0067g00990 Heat shock protein-related Ovary_AA | MYB192 4,83 lightcyan NA 24,15
VIT_13s0084g00630 NA Ovary_AA | MYB192 4,61 lightcyan NA 26,6
VIT_04s0008g05430 RDR6 (RNA-dependent RNA polymerase 6) Ovary_AA | MYB192 4,24 lightcyan NA 18,39
VIT_13s0019g00310 ABC transporter B member 20 Ovary_AA | MYB192 4,02 lightcyan NA 21,24
VIT_11s0016g00100 Adapter protein SPIKE1 (SPK1) Ovary_AA | MYB192 3,87 lightcyan NA 32,47
VIT_15s0107g00090 Gag-pol polyprotein Ovary_AA MYB192 4,02 NA 1 1,5
VIT_05s0020g01350 Nuclear transcription factor Y subunit B-5 Ovary_AA MYB192 3,57 NA 1 1,24
VIT_16s0013g02160 NA Sigma_AA MYBA7 15,68 brown NA 95,71
VIT_06s0004g01480 Lipoxygenase LOX1 Sigma_AA MYBA7 4,29 brown NA 33,77
VIT_07s0151g00260 NA Sigma_AA MYBA7 3,83 brown NA 65,33
VIT_13s0019g01710 Scarecrow transcription factor 14 (SCL14) Sigma_AA MYBA7 3,79 brown NA 3,51
VIT_11s0016g01060 Avr9/Cf-9 induced kinase 1 Sigma_AA MYBA7 4,53 NA 0,905 24,61
VIT_06s0004g03840 Chitinase 2 Sigma_BA MYBAS8 5 sienna3 NA 121,42
VIT_04s0008g02020 Cellulase Sigma_AA | MYBPA7 5,32 NA 1 1,57
VIT_00s0203g00010 NA Sigma_AA | MYBPA7 5,12 NA 1 1,23
VIT_18s0001g00080 LAC33 Sigma_AA | MYBPA7 3,91 NA 1 1,41
VIT_19s0027g01630 Disease resistance protein (NBS-LRR class) Sigma_AA MYBPA7 5,72 brown 0,852 5,33
VIT_13s0019g00390 F-box family protein Sigma_AA | MYBPA7 4,33 brown 0,963 5,73
VIT_1350064g00960 MYB46 Filament_BA | MYBPA9 5 NA 0,889 1,93
VIT_10s0116g01670 AD3 Embryo_AA | MYBPAL3 4 midnightblue NA 19,33
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VIT_02s0025g04520

VIT_00s1764g00020

VIT_08s0007g05410
VIT_0750005g01430
VIT_1750053g00360
VIT_1550048g01940
VIT_0450023g01390
VIT_08s0056g01350

VIT_1250028g00210

VIT_08s0007g04650
VIT_18s0001g06780
VIT_0950002g06570
VIT_0950002g06790
VIT_0950002g02260
VIT_17s0000g04290
VIT_18s0001g06450
VIT_17s0000g03660
VIT_0650004g05240
VIT_1550048g01080
VIT_08s0032g00710
VIT_1250059g00370
VIT_01s0137g00680
VIT_08s0040g00960
VIT_06s0009g03380
VIT_0150146g00320
VIT_1950027g01630

Calcium-dependent protein kinase 1 CDPK
protein kinase
Leucine-rich repeat transmembrane protein
kinase

Cystathionine beta-lyase
PROLIFERA protein
Pentatricopeptide (PPR) repeat
Generic methyltransferase

Cupin family protein

Prenylcysteine alpha-carboxyl
methyltransferase
Thaumatin

Protein kinase CRK1
Rhomboid ATRBL1
Small heat shock protein
H(+)-ATPase 9 AHA9
Phosphoprotein NtEPc
NA
NACO06
ETR2
NA
CXE carboxylesterase
EF hand
NA
CXE carboxylesterase
ABC transporter G member 14
NA

Disease resistance protein (NBS-LRR class)

Embryo_AA

Embryo_AA

Embryo_AA
Embryo_AA
Embryo_AA
Anther_BA
Anther_BA
Anther_BA

Anther_BA

Anther_BA
Anther_BA
Anther_BA
Anther_BA
Anther_BA
Anther_BA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA

MYBPAL3

MYBPAL3

WRKY42
WRKY42
WRKY42
MYB108A
MYB108A
MYB108A

MYB108A

MYB108A
MYB108A
MYB108A
MYB108A
MYB108A
MYB108A
MYB143
MYB143
MYB143
MYB143
MYB143
MYB143
MYB143
MYB143
MYB143
MYB143
MYB145

5,34
5,19
4,36

4,25

4,25
4,06
4,04
4,02
3,83
3,81
9,1
7,14
6,66
5,15
4,98
4,94
4,48
4,11
4,01
4,01
8,34

midnightblue

midnightblue

midnightblue
midnightblue
NA
blue
blue

blue
blue

blue
blue
blue
blue
blue
blue
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown

brown

NA

NA

NA
NA
0,889
0,873
0,889

0,938

0,933
0,963
0,901

0,956
0,963
0,968

0,889

0,889
0,852
0,852
0,963
0,878
0,852

13,41

24,26

20,17
24,29
1,15
23,05
841,51
20,29

58,64

13,22
9,57
88,35
67,9
15,45
449,06
7,18
26,44
3,73
35,76
4,64
3,23
6,33
6,99
5,72
141,37
5,33
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VIT_0450008g02070
VIT_18s0075g01030
VIT_1450066g02470
VIT_0150137g00680
VIT_1550021g01390
VIT_08s0007g04680
VIT_0150026g00010
VIT_18s0001g14810
VIT_17s0000g00200
VIT_0550020g03280
VIT_08s0007g04680
VIT_08s0032g00710
VIT_17s0000g04360
VIT_08s0058g00970
VIT_1650013g00590
VIT_1550045g01130
VIT_1250055g00250
VIT_1250057g00320
VIT_01s0146g00320
VIT_1650013g00590
VIT_08s0007g04680
VIT_1550048g01080
VIT_1850166g00090
VIT_10s0003g05550
VIT_1250055g00250
VIT_0450008g06210
VIT_0550020g03270
VIT_1850001g14420

Avr9/Cf-9 induced kinase 1
Laccase
NA
NA
Uclacyanin 3
EXPA9
NA
Lipase 3 (EXL3) family Il extracellular
ERF114
Copper amine oxidase
EXPA9
CXE carboxylesterase
WAK?2
Cationic peroxidase
Plastocyanin domain-containing protein
DNA-binding protein
UDP-glucose glucosyltransferase
Exopolygalacturonase
NA
Plastocyanin domain-containing protein
EXPA9
NA
VQ motif-containing protein
Carbohydrate oxidase
UDP-glucose glucosyltransferase
Nodulin
S-receptor kinase
NA

Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA

MYB145
MYB145
MYB145
MYB145
MYB145
MYB145
MYB145
MYB145
MYB145
MYB148
MYB148
MYB148
MYB148
MYB148
MYB148
MYB148
MYB148
MYB148
MYB148
MYB150
MYB150
MYB150
MYB150
MYB150
MYB150
MYB150
MYB150
MYB150

4,02
3,81
3,62
3,51
3,39
3,31
2,95
2,78
2,77
4,95
3,87
3,69
3,52
3,33
3,18
2,98
2,98
2,92
2,77
7,79
7,43
6,01
5,91
5,09
4,68
4,46
4,15
4,11

brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown

0,926

0,889
0,852
0,856
0,944
0,926
0,917
0,873
0,968
0,944

0,861
0,864

0,889
0,972
0,878
0,864
0,944
0,889
0,944
0,986
0,889
0,944
0,852

17,16
7,27
5,01
6,33

139,8

48,67
18,1

8,4

30,85

29,41

48,67
4,64
6,71
51,2

86,01
4,39
7,52
9,51

141,37

86,01

48,67

35,76
4,53

37,28
7,57

11,48

17,42
4,03
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VIT_1950014g04240
VIT_1950027g01630
VIT_0650004g05240
VIT_0750151g00700
VIT_0350088g01240
VIT_0550051g00110
VIT_14s0081g00550
VIT_0250025g01060
VIT_01s0010g01090
VIT_1150052g01110
VIT_0150026g00010
VIT_08s0007g04300
VIT_0850040g03120
VIT_18s0164g00050

VIT_10s0042g00940

VIT_0650004g00150
VIT_0650009g00320
VIT_1250028g03640
VIT_1150016g01250
VIT_1750053g00070
VIT_0450023g01590
VIT_18s0001g08840
VIT_0450023g00560
VIT_1850122g01480
VIT_1550048g01530
VIT_08s0007g01270
VIT_0950002g03730

S-locus protein kinase
Disease resistance protein (NBS-LRR class)
ETR2
EDA4
bHLH
GSTU8
Metal ion binding
Phytocyanin
Peroxidase ATP23a
4-coumarate-CoA ligase 1
NA
Lipase GDSL
APRR7
NA
Hydroxyproline-rich glycoprotein family
protein
MYR1

NA

Ripening induced protein

Growth-regulating factor 6
Metal-nicotianamine transporter YSL5
NA
Serine carboxypeptidase S10
Auxin responsive SAUR protein
CYP87A2
Geraniol 10-hydroxylase
Dynein light chain LC6, flagellar outer arm

NA

Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Stigma_AA
Ovary_BA
Ovary_BA
Ovary_BA

Ovary_BA

Ovary_BA
Ovary_BA
Ovary_BA
Ovary_BA
Ovary_BA
Ovary_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA

MYB150
MYB154
MYB154
MYB154
MYB154
MYB154
MYB154
MYB154
MYB154
MYB154
MYB154
NAC62
NAC62
NAC62

NAC62

NAC62
NAC62
NAC62
NAC62
NAC62
NAC62
WRKY15
WRKY15
WRKY15
WRKY15
WRKY15
WRKY15

2,93
10,84
6,22
4,53
4,46
4,35
4,04
3,75
3,63
3,57
3,44
2,89
2,48
2,44

2,42

2,23
2,07
1,87
1,58
1,5
1,45
199
74
48
35
19
18

brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
brown
plum1l
plum1l
pluml

pluml

plum1l
pluml
plum1l
pluml
plum1l
pluml
cyan
cyan
cyan
cyan
cyan
cyan

0,852

0,852
0,963
0,963

0,968
0,903

0,926

0,856
0,864

0,978

0,861
0,889
0,861
0,963
0,944

0,984
0,889

0,889
0,968
0,944

3,86
5,33
3,37
78,4
6,2
4,89
51
27,14
51,18
18,78
18,01
14,85
125,74
54,9

13,18

39,97
15,21
11,23
6,86
9,58
4,08
27,92
10,85
8,35
5,2
30,56
10,3
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VIT_17s0000g08760
VIT_0650004g00230
VIT_0650061g00120
VIT_08s0007g04580
VIT_0650004g01450
VIT_18s0001g08840
VIT_08s0040g00790
VIT_18s0001g01630
VIT_04s0008g00130
VIT_1450068g02190
VIT_1850122g01480

VIT_19s0015g01720

VIT_1250134g00390
VIT_1350019g03530

Receptor kinase TRKa
WRKY48
Beta-1,3-glucanase [Vitis riparia]
UGT73C2
LOX2
Serine carboxypeptidase S10
FK506-binding protein 4/5
Calcium-binding protein CML
Avr9/Cf-9 rapidly elicited protein 146
Chloride channel protein B

CYP87A2
fructose-bisphosphate aldolase, cytoplasmic
isozyme 1
S-locus lectin protein kinase family
NA

Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA
Calyptra_BA

Calyptra_BA

Calyptra_BA
Calyptra_BA

Table S1.3. Top 10 HCTs for each TF, ranked basing on DAP-Seq peak p value

WRKY15
WRKY15
WRKY15
WRKY15
WRKY22
WRKY22
WRKY22
WRKY22
WRKY22
WRKY22
WRKY22

WRKY22

WRKY22
WRKY22

cyan
cyan
cyan
cyan
cyan
cyan
cyan
cyan
cyan
cyan

cyan
cyan

cyan

cyan

0,861
0,944
0,889
0,956
0,864
0,984
0,944
0,914

0,861

0,889
0,963

8,69
3,76
12,7
15,39
66,23
27,92
8,1
98,22
8,24
7,65
8,35

9,35

3,86
18,96
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4.1 Abstract

The stilbenoid pathway is responsible for the production of resveratrol in grapevine (Vitis
vinifera L.). A few transcription factors (TFs) have been identified as regulators of this pathway
but the extent of this control has not been deeply studied. Here we show how DNA affinity
purification sequencing (DAP-Seq) allows for the genome-wide TF-binding site interrogation in
grape. We obtained 5190 and 4443 binding events assigned to 4041 and 3626 genes for MYB14
and MYB15, respectively (approximately 40% of peaks located within -10 kb of transcription start
sites). DAP-Seq of MYB14/MYB15 was combined with aggregate gene co-expression networks
(GCNs) built from more than 1400 transcriptomic datasets from leaves, fruits, and flowers to
narrow down bound genes to a set of high confidence targets. The analysis of MYB14, MYB15,
and MYB13, a third uncharacterized member of Subgroup 2 (S2), showed that in addition to the
few previously known stilbene synthase (STS) targets, these regulators bind to 30 of 47 STS
family genes. Moreover, all three MYBs bind to several PAL, C4H, and 4CL genes, in addition to

shikimate pathway genes, the WRKYO03 stilbenoid co-regulator and resveratrol-modifying gene
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candidates among which ROMT2-3 were validated enzymatically. A high proportion of DAP-Seq
bound genes were induced in the activated transcriptomes of transient MYB15-overexpressing
grapevine leaves, validating our methodological approach for delimiting TF targets. Overall,
Subgroup 2 R2R3-MYBs appear to play a key role in binding and directly regulating several
primary and secondary metabolic steps leading to an increased flux towards stilbenoid
production. The integration of DAP-Seq and reciprocal GCNs offers a rapid framework for gene
function characterization using genome-wide approaches in the context of non-model plant
species and stands up as a valid first approach for identifying gene regulatory networks of

specialized metabolism.

Keywords: secondary metabolism, regulatory networks, transcription factors, transcriptional

regulation, DNA affinity purification sequencing

179



CHAPTER IV

4.2 Introduction

The evolved complexity of plant specialized metabolism can be traced back to the colonization
of dry land by green algal-derived ancestors (Waters, 2003). Since their origin, land plants have
been accompanied by a persistent range of abiotic and biotic stresses such as ultraviolet (UV)
radiation, desiccation, or unfavorable microbial communities that have led to the selective
emergence of novel protective metabolites derived from primary metabolism (Kenrick & Crane,
1997). A clear example of this is the phenylpropanoid pathway (PPP), a major source of aromatic
secondary metabolites in plants, with many of their roles related to tolerance and adaptation to
the abovementioned stresses (Davies et al., 2020). While some branches of the pathway are
ubiquitous in the plant kingdom (such as those producing flavonoids), others such as the stilbene
pathway are restricted to a small number of species across at least 10 unrelated families,
including Vitaceae (e.g. Vitis vinifera L.) and Moraceae (e.g. Morus alba) (Dubrovina & Kiselev,
2017). Grapevine is not only an important crop species but an interesting model to study the
complexity of the stilbene pathway given the remarkable expansion of the stilbene synthase
(STS) family in its genome through segmental and tandem gene duplications, reaching up to, in
total, 47 genes (Parage et al., 2012; Vannozzi et al., 2012), albeit 12 of these are considered
pseudogenes. Stilbenes are phytoalexins, which are small, lipophilic compounds with key roles
in plant defense, and they accumulate in response to a range of abiotic and biotic stresses. In
recent years, the grapevine STS gene family has been studied to reveal a high degree of
responsiveness and effectiveness against different biotic or abiotic stresses. For instance,
ectopic expression of VqSTS36 from the Chinese wild species Vitis quinquangularis, in both
Arabidopsis and tomato, enhanced resistance to powdery mildew and osmotic stress (Huang et
al., 2018), while the expression of VqSTS29 in Arabidopsis also led to powdery mildew resistance
(Xu et al., 2019). Moreover, the induction of STS gene expression in different V. vinifera tissues
has been observed in response to fungal infection, UVC, or heat treatments (Lecourieux et al.,
2017; Vannozzi et al., 2012; Yin et al., 2016). STS enzymes are direct competitors of chalcone
synthases for pathway precursors. Both proteins are closely related type Il polyketide
synthases, generating a tetraketide intermediate from the condensation of p-
coumaroylcoenzyme A with three molecules of malonyl-coenzyme A, which depending on
STS/chalcone synthase activity, will generate resveratrol or naringenin chalcone, respectively,
thus defining the entry point of the stilbene and flavonoid branches. The main and first stilbene
produced in grape tissues is resveratrol, a well-known nutraceutical with many characterized
properties ranging from antioxidant to antiviral activities (e.g. it has been recently shown to
inhibit SARSCoV-2 in vitro replication in human lung cells; Pasquereau et al., 2021). Resveratrol

is derivatized into a broad range of stilbenes such as pterostilbene, viniferins, piceid, and
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piceatannol, which involve methoxylation, oligomerization, glucosylation, and hydroxylation,
respectively. The enzymes catalysing these reactions are mostly uncharacterized in grapevine
except for a resveratrol Omethyltransferase (ROMT1) responsible for the production of
pterostilbene (Schmidlin et al., 2008) and a resveratrol glucosyl transferase in Vitis labrusca,
leading to the production of piceid (Hall & De Luca, 2007). Hydroxylation of resveratrol into
piceatannol could be carried out by cytochrome P450 oxidoreductases but no candidates have
yet been identified in grape. The stilbene pathway in grapevine is mainly regulated at the
transcriptional level through transcription factors (TFs). In particular, the R2R3-type MYB14 and
MYB15 [members from Subgroup 2 (S2)] have been shown to activate a few STS promoters
specifically (STS29 and STS41) in transient reporter assays (Holl et al., 2013), but modulation of
other stilbenoid branch enzymes remains unexplored. Furthermore, gene co-expression
networks (GCNs) and further correlation with stilbene accumulation have pointed out MYB13 as
an additional putative regulator of stilbene accumulation (Wong et al., 2016) although it has not
yet been validated in planta. We have initially explored TF regulatory networks interrogated by
the use of GCNs, leading to the identification of members of the AP2/ERF, bZIP, and WRKY gene
families as potential regulators of STS expression (Wong & Matus, 2017); however, experimental
evidence of binding is necessary to prove regulatory causality. Nevertheless, systems biology
approaches initially conducted in Wong et al. (2016), applied to the regulation of transcription
in grapevine, have paved the way for the functional characterization of additional stilbene
pathway regulators such as bZIP1, ERF114, MYB35A, and WRKY53 in recent years (Vannozzi et
al., 2018; Wang et al., 2019; Wang & Wang, 2019), proving their efficacy in hypothesis-driven
research for TF discovery. Interestingly, one of the newly identified stilbene regulators, WRKY53,
binds to a subset of STS genes (STS32 and STS41) and it is thought to form a regulatory complex
with MYB14 and MYB15, probably increasing its activity (Wang et al., 2020). Moreover, WRKY03
has also been shown to work in synergy with MYB14 in the upregulation of STS29 expression
(Vannozzi et al., 2018). Among the identified STS regulators, MYB14 and MYB15 have been
proposed as upstream TFs in the regulatory cascade governing stilbenoid accumulation mainly
due to their rapid activation response. However, this high hierarchy has no experimental
validation to date. MYB14 and MYB15 have been shown to be differentially expressed under
biotic and abiotic stresses in different Vitis species and cultivars with varying stilbene
accumulation levels. For instance, the higher stilbene content of V. labrusca cv. ‘Concord’, in
response to UVC and Al3+, compared with V. vinifera cv. ‘Cabernet Sauvignon’ has been directly
linked to a greater MYB14 promoter activity (Bai et al., 2019). The detailed characterization of
these two potential regulators is hence of great importance. In addition, no other processes

controlled by these TFs have been identified. This study combines genome-wide TF binding-site
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interrogation using DNA affinity purification sequencing (DAP-Seq), and aggregate whole
genome co-expression networks to lay out MYB14 and MYB15 cistrome landscapes and identify
their complete repertoire of target genes. We have also analyzed the yet uncharacterized
MYB13. Our results suggest that these three MYBs bind to regulatory elements in most members
of the STS gene family, other shikimate and early phenylpropanoid genes as well as bind to WRKY
regulators of stilbene synthesis, representing major regulators of this specialized metabolic

pathway.
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4.3 Results

4.3.1 MYB14 and MYB15 bind proximal upstream regions of a large set of STS
genes

Our DAP-Seq analysis reported 5190 and 4443 TF-binding events, i.e. peaks (Fig. 1.4A and
Dataset S1), which were assigned to 4041 and 3626 different genes for MYB14 and MYB15,
respectively. An initial inspection of all binding events showed that 73% and 75% of the peaks
are present between 10 kb upstream of transcription start sites (TSSs) and 2 kb downstream of
annotated gene ends for MYB14 and MYB15, respectively. In total, 30% and 32% of MYB14 and
MYB15 peaks, respectively, are found within 5 kb upstream of TSSs. MYB14 and MYB15 shared,
in total, 2709 bound genes as well as an almost identical DNA-binding motif obtained from the
enrichment analysis of the top 600 most significant peaks sequences (Fig. 1.4B). The cistromes
of MYB14 and MYB15 Arabidopsis orthologues have not been previously studied. A closer look
at the STS gene family revealed that 22 of the 47 family members have MYB14/MYB15 DAP-Seq
peaks associated to them (including five of 13 pseudogenes). Examining the STS genomic regions
revealed clear DNA-binding signals upstream of TSSs for both MYB14 and MYB15 TFs, which was
not observed in the pIX-HALO non-specific DNA binding control (Fig. 2.4). A selection of
housekeeping genes was used as a negative control with no specific DNA binding of MYB14 or
MYB15 TFs around their TSSs. Interestingly, many DNA bound genes belong to the shikimate
pathway or even to the first committed steps of the PPP. In addition to STS, other enzyme
categories such as O-methyltransferases and glucosyltransferases are also represented among

bound genes.

4.3.2 Inspection of MYB14 and MYB15 gene-centered co-expression networks

We generated condition-dependent leaf and fruit aggregate whole genome co-expression
networks using public data uploaded in Sequence Read Archive (SRA), composed of >1400 runs
belonging to >70 independent experiments (Dataset S2). Network performance was assessed
through the area under the receiver operator characteristic curve (AUROC) measurement of the
final aggregate network, obtaining AUROC values of approximately 0.75. The final fruit/flower
network consisted of 31.723 genes as individual nodes and 13.323.660 co-expression
connections as directed edges (weighted by frequency of coexpression across the selected SRA
studies). The leaf network consisted of 31.759 genes and 13.338.780 edges. The two networks
share, in total, 1.795.970 common interactions, showing a great number of tissue-specific co-
expression connections. GCNs centered on individual genes were extracted from the final

aggregate leaf and fruit/ flower networks in the form of the top 420 interactions for each
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particular gene (corresponding to the top 1% of all grapevine genes according to the V.Cost
annotation). All network data as well as a range of visualization tools are publicly available at
VitViz (https://tomsbiolab.com/vitviz). As MYB14 and MYB15 have very low expression in flower
tissues, any detected co-expression relationship with other genes in the whole genome network
are most surely attributable to fruit samples, therefore, fruit/flower GCNs are referred from
here on as fruit GCNs. Individual MYB14- and MYB15-gene centered fruit GCNs revealed that
both TFs shared 146 genes of the 420 GCN members. In addition, MYB14 is present in the GCN
of MYB15 and vice versa. We found 13 STS genes present in both fruit GCNs. In addition, 28 STS
genes are exclusively present in the fruit GCN of MYB14 meaning that almost all known STS
genes in the grapevine genome (41 of 47) are present in any one of the fruit GCNs. The six STS
genes, which are not present in either TF-centered GCN, are STS4/ 11/33/34/44, all of which are
putative pseudogenes. Interestingly, MYB15 does not have any exclusive STSs in its fruit GCN,
suggesting a more direct relationship of MYB14 with this gene family. Other notable genes that
are common to both GCNs are PALs, WRKYs, and other genes related to secondary metabolism.
There are five PALs shared by both fruit GCNs, while the MYB14 and MYB15 fruit GCNs have two
and one exclusive PAL gene, respectively. A comparison of MYB14 and MYB15 leaf GCNs
revealed 180 common genes of 420, with MYB14 and MYB15 again being present in each other’s
GCNs. Regarding STS genes, 28 of 47 are present in both MYB GCNs, while four and eight are
exclusive for MYB14 and MYB15, respectively. The presence of other notable genes of the
secondary metabolism pathways in both GCNs, such as PALs and WRKYs, is also remarkable.
Results in both leaf and fruit GCNs greatly overlap with DAP-Seq data, providing transcriptional
regulation evidence for many co-expression relationships (Fig. 3.4). In total, the number of co-
expressed genes in both fruit GCNs is of 694, of which 23% were identified as MYB-bound genes
by DAP-Seq. A similar tendency is observed for the comparison between leaf GCNs and DAP-Seq
data. Moreover, among these are genes of interest coding for TFs such as WRKYs, NACs, or
enzymes within the shikimate, early phenylpropanoid or stilbenoid pathways. Most of the genes
identified both by DAP-Seq and co-expression analyses had the MYB binding motifs identified
within 5 kb upstream of TSSs. An overlap of these data with the grapevine reference gene
catalogue v1.1 (Navarro-Paya et al., 2022) available at Integrape (http://www.integrape.
eu/index.php/resources/genomes/) revealed a considerable representation of secondary
metabolism genes (all the provided gene symbols in this study are in accordance with the

reference gene catalogue, vi1.1).
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Figure 1.4. MYB14 and MYB15 DAP-Seq derived cistrome landscapes in Vitis vinifera cultivar
‘PN40024’. (A) DNA-binding events with respect to all transcription start sites of assigned genes.
The proportion of binding peaks 10 kb upstream of transcription start sites, inside genes or 2 kb
downstream of genes are represented within the pie-charts in green, orange, and blue,
respectively. (B) De novo binding motifs, forward and reverse, obtained from the top 600
scoring peaks of MYB14 and MYB15 using MEME suite.

4.3.3 Integrating GCNs and DAP-Seq data to identify high confidence targets

Bearing in mind that MYB14 and MYB15 may be major regulators and hence be co-expressed
with a large number of genes, a fraction of biologically relevant co-expressed genes is expected
to be absent in their GCNs, which have a 420-gene cut-off. Therefore, in addition to the MYB14
and MYB15 GCNs, the GCNs of MYB-bound genes were also inspected to interrogate the
presence of either MYB14 or MYB15. These ‘reciprocal’ gene co-expression relationships
allowed further prediction of a reliable list of targets. Gene-centered GCNs were extracted for
each DAP-Seq identified gene from the whole genome co-expression network (4041 and 3626

for MYB14 and MYB15 respectively). This allowed for further integration of co-expression and
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TF-binding results by overlapping DAP-Seq results with the reciprocal GCNs. For this overlap,
only MYB-bound genes with peaks within 10 kb upstream of the TSS and 2 kb downstream of
the end of their gene feature were considered. Bound genes with a co-expression relationship
present in at least one of the two GCNs (i.e. MYB14 being present in a MYB14-bound gene GCN
and/or vice versa) were considered high confidence targets (HCTs). This integration of gene-
centered GCNs increased the number of MYB-bound genes supported by network data. For
instance, in fruit HCTs an increase from 76 to 145 and from 56 to 127 was observed for MYB14
and MYB15, respectively. The different tissues used for the aggregate networks did not affect
the total number of MYB HCTs, obtaining 146 and 145 MYB14 HCTs in leaf and fruit, respectively.
Gene enrichment analysis conducted for each MYB HCT list, using either Gene Ontology (GO) or
Kyoto Encyclopedia of Genes and Genomes (KEGG), show trihydroxystilbene synthase activity as
the most significant term (Fig. S1A and Dataset S2). Moreover, there are a number of interesting
terms such as shikimate 3-dehydrogenase activity, phenylalanine ammonia-lyase activity, and
other shikimate/early phenylpropanoid related terms. Many of the 57 common fruit HCTs in fact
correspond to PAL and STS genes. Although gene set enrichment analyses offer similar results
for both tissue specific HCTs, the defense response term was exclusive to leaf. Common
MYB14/MYB15 fruit HCTs show the presence of at least one known co-regulator of the
stilbenoid pathway, i.e. WRKY03, as well as specific shikimate pathway enzymes, such as DAHPS3
and SDH4, and key early phenylpropanoid enzymes such as 4CL8 and C4H1-3. Common fruit
HCTs also contain 12 STS genes while individual fruit HCTs contain seven exclusive STS genes in
the case of MYB14 and one in the case of MYB15. Common MYB14/ 15 leaf HCTs show similar
composition to fruit HCTs, with the presence of WRKY03, 4CL8, C4H2, and 17 different STS
genes. Eight STS genes appear as HCTs for fruit and leaf in both MYB14 and MYB15. Only one
STS bound gene, the pseudogene STS3, is not an HCT (Fig. S1B). MYB-bound genes are
distributed among the three PPP branches (stilbenoid, lignin, and flavonoid); however, a lack of
HCTs is observed among the lignin or flavonoid branches in both fruit and leaf HCTs (Fig. S2 and

Dataset S2). To corroborate MYB targets further, we overexpressed MYB15 in grapevine leaves.
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Figure 2.4. MYB14 and MYB15 DNA-binding events in the promoter regions of stilbene synthase
(STS) genes. DAP-Seq binding signal for MYB14 and MYB15 at 2 kb and +2 kb from the
transcription start site (TSS) of STS genes is high when compared with background housekeeping
genes both in the density plots, which show the average binding signal, and the heatmaps
showing individual gene profiles. STS and housekeeping genes used for this figure are listed in
Dataset S1. The figures were generated using the Deeptools suite v.3.3.2, computing and
normalizing the coverage for each BAM file with a BinSize = 10 and RPKM normalization. RPKM
value for each bin is the average between the 10 positions that define each bin. BigWig files for
the individual replicates for each transcription factor were merged using bigWigMerge v.2 and
bedGraphToBigWig v.4.

4.3.4 Transient MYB15 overexpression in grapevine confirms many fruit and
leaf predicted targets

We validated MYB15 HCTs by transiently overexpressing it in grapevine leaves from 10-week-
old plants and monitoring gene expression changes through microarrays. Endogenous and total
MYB15 expression showed a short-term increase at the initial time-points probably due to the
agroinfiltration per se (i.e. wounding stress). Nonetheless, a greater and longer-lasting increase
in expression was observed thereafter in the MYB15-agroinfiltrated samples, which can be fully

attributed to the overexpression of the transgene (Fig. 4.4A and S3). WGCNA analysis resulted
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in 18 modules (Fig. 4.4B, left panel). We found the MYB15 probe in module eigengene 5 (ME5),
which is nearly identical to ME14, ME2, and ME4, all showing a higher expression in 355:MYB15
leaves compared with controls at all time-points. These four modules also clustered closely with
ME12 and ME16, which still showed similar Z-score patterns across the different samples. We
determined that these four modules (ME5, ME2, ME4, and ME14) hold most of MYB15 targets
(Fig. 4.4B). The average gene expression of these four modules is indeed higher in MYB15-
overexpressed samples with respect to control time-points (Figure 4C). GO and KEGG
enrichment analyses on each module (Fig. S4) revealed interesting enrichment terms such as
the expected trihydroxystilbene synthase term (MES5). In addition, other terms were O-
methyltransferase activity (ME5), other shikimate/early phenylpropanoid enzymatic terms, and
defense response terms such as ‘response to stress’, ‘response to fungus’, and ‘chitin metabolic
process’. Probe-associated genes with positive fold changes cluster together and they mostly
belong to the four modules of interest. Moreover, the probe representing ROMT1- 6 shows a
strong fold induction across all time-points (Fig. 4.4D). A similar induction dynamic is observed
for other phenylpropanoid-related enzymes (e.g. 4CL8) and TFs (e.g. WRKY03, WRKYO0S, or
WRKY34).
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Figure 3.4. MYB14 and MYB15 leaf and fruit gene co-expression networks (GCNs) share many
co-expressed genes, many of which are also detected with DNA affinity purification sequencing
(DAP-Seq). MYB14 and MYB15 GCNs consist of their top 420 co-expressed genes. The color of
each node (i.e. gene) depicts the different distance filters met by the closest DAP-Seq peaks.
When genes are bound by both MYB14 and MYB15 the distance filters are only indicated if both
transcription factors (TFs) have peaks within them. The shape of each node determines the
metabolic pathway or TF family it belongs to. (A) Leaf GCNs. (B) Fruit GCNs.
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4.3.5 VviMYB13 shares a high proportion of bound genes with its two S2 co-
members

R2R3-MYB S2 is composed of MYB13/14/15 in grapevine and Arabidopsis. Alignments and
phylogenetic analyses of this subfamily in these and other plant species show that this close
evolutionary relationship is in part explained by the conservation of the R2/R3 repeats and their
C-terminal FW1 and FW2 domains (Fig. S5). The closest grape MYBs to S2 have lost at least one
of these domains (i.e. VviMYB135-138). Thus, we additionally checked the potential contribution
of VviMYB13 to the regulation of secondary metabolism in grapevine. Our VviMYB13 DAP-Seq
analysis reported 17.019 binding events assigned to 10.624 different genes (Fig. S6 and Dataset
S1). Most VviMYB14/15 bound genes are contained within VviMYB13 bound genes (Figure S6B).
Approximately 74% of peaks are present between 10 kb upstream of TSSs and 2 kb downstream
of the annotated gene ends. VviMYB13 binds to STS promoter regions in a similar manner to
VWiMYB14/15 (Fig. 5.4B and S7). The DNA-binding motif obtained for VwviMYB13 is practically
identical to that of VviMYB14/15 (Fig. 1.4A) and even to the binding motif identified for AtMYB13
by (O’Malley et al., 2016) (Fig. 5.4A). Interestingly, VviMYB13 was observed to bind at 2.3 kb
from the TSSs of both VviMYB13 itself and VviMYB14. Gene set enrichment analyses for
AtMYB13 and VviMYB13/14/15 bound genes illustrate the functional relatedness of grape S2
MYBs with an Arabidopsis homologue (Fig. 5.4C and Dataset S1). Surprisingly, AtMYB13 also
presents shikimate- and early phenylpropanoid-related terms as its V. vinifera homologues. As
Arabidopsis thaliana does not produce stilbenes, the trihydroxystilbene synthase activity term
is only significantly enriched for VwiMYB13/14/15. An interesting term that is only present for
AtMYB13 is lignin biosynthesis suggesting a potential regulatory diversification between
Arabidopsis and grape homologues. Despite the similarities of VWiMYB13/14/15 through DAP-
Seq analysis, an overall lack of expression of VviMYB13 across the SRA experiments used in the
aggregate whole genome co-expression networks meant that no valuable co-expression data
could be extracted for VviMYB13 (Fig. 5.4D). Transient overexpression of VviMYB13 in
grapevine, or further inspection of datasets where MYB13 is induced could be used to narrow
down its bound genes to a list of HCTs. As shown previously, VviMYB13/14/15 bound genes
include many members of the shikimate pathway, early PPP, and stilbenoid pathways (Fig. S8).
Surprisingly, we also found bound genes among the lignin and flavonoid branches, many of
which are known to be oppositely expressed compared with STS and MYB14/15 genes; as an
example, chalcone synthase genes have been shown to be strongly repressed under UVC or
fungal stress conditions, which in turn largely activate MYB14/15 and STS gene expression

(Blanco-Ulate et al., 2015; Vannozzi et al., 2012). This observation and the fact that these
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additional bound genes are not HCTs (Fig. S1) may suggest that they are negatively regulated by

the interaction of other proteins with R2ZR3-MYBs from S2.

4.3.6 Characterization of new stilbenoid-pathway genes identified as S2 MYB
targets

Several MYB14-15 HCTs and MYB13-bound genes encode different types of functionally
uncharacterized enzymes. Among those potentially producing stilbene derivatives, we found
several O-methyltransferases, laccases, hydroxylases (cytochrome P450s), and
glycosyltransferases, all representing interesting cases for further functional validation, which
would position DAP-Seq as a tool for novel enzyme identification. As a first approach to study
these potentially new enzymes of the stilbenoid pathway, we conducted a 7-day time-course
experiment of grapevine (cv. ‘Gamay Freaux’) cell cultures, elicited with methyl-jasmonate and
cyclodextrins (MeJA + CD) that are known to activate, largely and specifically, the expression of
MYB/14/15 (Almagro et al., 2014). As cell suspensions from this teinturier (i.e. red fleshed)
cultivar accumulate anthocyanins ectopically in the presence of light, we grew and subcultured
the cells for several passes in dark conditions to avoid the premature commitment of the PPP
for flavonoid production of flavonoids in detriment of stilbenoids. Anthocyanin-devoid (i.e.
white) cells were elicited for the quantification of secondary metabolites at 4 and 7 days. An
accumulation of resveratrol was observed only inside MelA-treated cells at both time-points
while anthocyanin content was greatly reduced compared with the control at day 7 (Fig. 6.4 and
S9). Anthocyanins show an increasing tendency only in the control due to the effect of sugar
replenishment (conducted at the beginning of the time-course) while in the elicited cells
jasmonate seems to direct preferentially the flux of the PPP for stilbene accumulation rather
than flavonoids despite the effect of the sugars. Moreover, there was an increase of piceatannol
and viniferin (particularly on day 7), while piceid accumulation did not present significant
changes across treatment and time-points. We compared the accumulation of metabolites with
the expression of the shikimate, early phenylpropanoid, and stilbene pathway genes (including
the potentially new pathway genes) by reanalysing the previously published microarray study of
Almagro et al., (2014) of 24 h MelA + CD-treated cv. ‘Gamay Freaux’ cells (Fig. 6.4). We first
manually curated and improved the current MapMan grapevine ontology with the complete list
of genes within the newly created stilbene pathway terms, among which we created ‘Trans-
resveratrol di-Omethyltransferase activity’ and ‘Resveratrol Glycosyltransferase activity’
(Dataset S3). The combined DAP-Seq results of MYB13/14/15 were included in the context of
these pathways, highlighting those genes that are bound by the S2 MYBs. The metabolite profile

observed in our experiment correlates with the activation of MYB15 and almost all its bound
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genes (no probe available for MYB14/ MYB13), including resveratrol-modifying candidate genes.
Production of viniferin and piceatannol also matched the upregulation of their putative related
enzymes. In particular, LAC59 and several cytochrome P450 CYP76C4 genes, identified as
MYB14/15 HCTs, could be directly responsible for the enzymatic reactions producing these
compounds in our elicited grape cells. The microarray data also support the lack of pterostilbene
accumulation, as no upregulation of ROMT1 or ROMT-like genes was observed. We inspected
additional public RNA-Seq datasets to see if MYB15/14 targets with potential resveratrol-
modifying activity were co-expressed with their corresponding stilbenoid metabolites. For
instance, by reanalysing the transcriptome responses upon Botrytis infection stage 2 in cv.
‘Semillon’ (Blanco-Ulate et al., 2015) we see a large group of potential resveratrol glycosyl-
transferase (RsGTs), CYP450 and laccases, many of which were identified as HCT, being highly
induced (Fig. S10). In this case, the expression of laccases and RsGTs matched the differential
accumulation of viniferins and piceid in response to infection. As both ROMT transcripts and
pterostilbene were undetected in the elicited-grape cells or in the Botrytis-infected samples, we
further inspected their expression in other transcriptomics datasets to look for their condition-
specific induction. The cv. ‘Corvina’ atlas (Fasoli et al., 2012) represents a suitable dataset with
>50 samples corresponding to all types of vegetative and reproductive tissues and green-to-
mature stages. The stilbenoid pathway and the regulators WRKY03 and MYB14/15 show high
expression in leaf and berry development, in particular at senescent or mature stages for both
types of organs. For the case of ROMT1 and ROMT-like genes, we see an almost specific
upregulation in senescent leaves (Fig. S11). Thus, we extracted RNA from these senescent
grapevine organs and amplified two ROMT-like genes, here named ROMT2 and ROMT3.
Together with the previously characterized ROMT1 gene used as a positive control, we
transiently overexpressed them in Nicotiana benthamiana leaves in combination with STS48
that is also an MYB14/MYB15 HCT. All these three ROMT genes, which show several MYB-
binding events upstream of their TSSs, were able to promote pterostilbene accumulation in
tobacco leaves as seen by liquid chromatography (LC)—-mass spectrometry (MS) analysis (Fig.
7.4). On the contrary, the sole overexpression of STS48 only produced piceid accumulation while
the agroinfiltrated empty vector did not produce any stilbenes. Overall, the DAP-Seq data
presented here allowed us to select candidate pathways genes for their enzymatic

characterization in planta.
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Figure 4.4. Secondary metabolism genes are induced upon overexpression of MYB15 in
grapevine leaves. (A) Increase in MYB15 and STS expression as well as in trans-piceid content
expressed as fold induction compared with non-infiltrated leaves for both 35S::VviMYB15 and
empty vector control transformations (blue and red, respectively). (B) Clustered mean Z-scores
across each time-point for modules obtained by WGCNA from log2(RMA + 1) expression data.
Bar plots for every module show: (i) number of probes per module, (ii) number of probes with
at least one MYB15 leaf or fruit high confidence target (HCT) assigned, and (iii) number of probes
with at least one MYB15 DNA affinity purification sequencing bound gene assigned. Percentages
are provided for the four cluster modules of interest (marked in blue). ME, module eigengene.
(C) Mean Z-scores across different leaf samples grouped by agroinfiltration treatment and time-
point for the four modules of interest. (D) Temporal gene expression changes in response to
MYB15 overexpression for MYB15-bound genes (as well as MYB14) present in the grapevine
reference gene catalogue (v1.1) with a Log2 FC greater than 0,53 or smaller than -0,53 in at least
one time-point. Log2 FC values between -0,53 and 0,53 are greyed out. FC, fold change.
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Figure 5.4. VWiMYB13-binding features are similar to both VviMYB14 and VviMYB15 despite its
different tissue-specific gene expression patterns. (A) AtMYB13 (O’Malley et al., 2016) and
VviMYB13 DNA-binding motifs identified using MEME suite. (B) VviMYB13 DNA affinity
purification sequencing (DAP-Seq) binding peaks events with respect to 2 kb upstream and
downstream of stilbene synthase (STS) transcription start sites. The figure was generated using
the Deeptools suite v.3.3.2, computing and normalizing the coverage for each BAM file with a
BinSize = 10 and RPKM normalization. RPKM value for each bin is the average between the 10
positions that define each bin. BigWig files for the individual replicates for the transcription
factors were merged using bigWigMerge v.2 and bedGraphToBigWig v.4. TSS, transcription start
site. (C) Selection of significantly enriched terms from Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) ontologies is shown for AtMYB13 and
VviMYB13/14/15 bound genes. A -log10pval scale is provided where a higher value represents
a greater statistical significance on a continuous color scale from orange to purple. Number of
bound genes intersecting with each ontology term is represented by point size. GO levels are
indicated as GO: MF (molecular function) and GO:BP (biological process). (d) A continuous color
scale from blue to red represents the In(x) of FPKM + 1 for VviMYB13/14/15 across different SRA
runs for every experiment used to build the fruit/flower and leaf aggregate networks.
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Figure 6.4. MYB13/14/15 DNA binding of shikimate, early phenylpropanoid and stilbenoid
pathway genes shown together with microarray gene expression of methyljasmonate and
cyclodextrins (MelA + CD) elicited cells (Almagro et al., 2014). Left panel: genes are ordered from
left to right and top to bottom. Genes that are surrounded by a black box correspond to MYB-
bound genes (within -10 kb of the transcription start site, the gene body itself, or +2 kb from the
end of the gene). Significant (0.05 P-value threshold) positive log2 fold-changes are shown in red
and negative changes in blue. Genes with no associated microarray probe are greyed out while
white boxes mark genes with no significant differential gene expression. WRKYO03 is included as
it has been shown to cooperate with R2R3-MYBs for inducing STS gene expression (Vannozzi et
al., 2018). Right panel, top: grape cell suspensions at the beginning of the elicitation experiment
(Day 0) and 7 days after (Day 7). Bottom: anthocyanin content, measured by spectrophotometry,
and stilbenoid quantification by liquid chromatography—mass spectrometry (i.e. resveratrol,
piceatannol, pterostilbene, piceid and viniferin in the grape cells at Days 0, 4, and 7. An
additional sample, corresponding to non-elicited grape cells subcultured in the old same growth
media (i.e. with no sugar replenishment) was taken at Day 7.
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Figure 7.4. MYB13/14/15 DNA-binding events in close proximity to ROMT genes. Peaks are
shown in comparison with pHALO up to 5 kb upstream of ROMT1-3 transcription start sites
(TSSs). Detected peaks, marked by arrows, are found at about 4.5 and 2 kb upstream of TSSs.
Agroinfiltration of both STS48 and ROMT1-3 leads to the accumulation of pterostilbene with
respect to the empty vector control. Chromatograms and mass spectrometry-detected
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4. 4 Discussion

4.4.1 DNA binding and gene co-expression as a proxy for gene regulatory
networks

GCNs are based on the ‘guilt-by-association’ principle whereby correlation in expression implies
biological association (Wolfe et al., 2005). This results in a promising tool for predicting gene
regulatory networks, in particular to identify gene targets and their regulators. Network
aggregation has been shown to improve performance with the use of microarray grapevine
datasets (Wong, 2020), and here it has been applied to all the publicly available leaf and fruit
RNA-Seq data for grapevine. The resulting network performance, estimated through the AUROC
measurement (using MapMan BIN categories) was in our case approximately 0,75, which is an
improvement over previously published RNA-Seq aggregate networks (Wong, 2020). Although
network performance was high, a co-expression relationship does not necessarily indicate a
biological connection (Gillis & Pavlidis, 2012) and the overlap with other datasets of
experimental origin is required. This study represents a successful application of genome-wide
DNA binding site interrogation in combination with reciprocal GCNs used to draw the gene
regulatory networks of TFs controlling specialized metabolism. The three MYBs studied here
belong to S2 of the R2R3- MYB subfamily. Some members of this clade have been functionally
characterized in other species. For instance, in A. thaliana AtMYB13 is involved in response to
UVB (Qian et al., 2020), AtMYB14 is related to cold tolerance (Chen et al., 2013) and AtMYB15 is
involved in the lignin biosynthesis and immune responses (Kim et al., 2020). In this study, we
show that the grape members of this subgroup are all tightly connected to the shikimate
pathway and PPP, particularly the early steps of the latter and most of the stilbenoid branch
within this pathway. We show that not only STS genes are S2 MYB targets but also resveratrol-
modifying enzymes such as glycosyltransferases and O-methyltransferases, characterized here.
We also suggest laccases and CYP450 hydroxylases as potential viniferin- and piceatannol-
producing enzymes based on DAP-Seq, co-expression networks, and the inspection of large
transcriptomic datasets where these genes are expressed in correlation with stilbenoid
accumulation. In this work, we show considerable overlap between MYB-related GCNs and their
cistrome data, validating the use of co-expression relationships as a predictor of regulation. In
addition, many of the HCTs identified by the overlap of these datasets was also confirmed by
the transcriptomic analysis of transient overexpressing plants. Most of the statistically
significant induced genes upon MYB15 overexpression are indeed HCTs (Fig. 5.4). This highlights
the power of combining both DAP-Seq and reciprocal GCN data as a similar biological meaning

is drawn from this approach when compared with the overexpression analysis. However, in the
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case of MYB13, due to its low expression in both leaf and fruit SRA experiments, we could not
generate it, as it would not have been very informative. Beyond target identification, GCNs can
also point to MYB-interacting partners such as WRKY03 or WRKY43, which interact with MYB14
to increase STS expression (Vannozzi et al., 2018). Our GCNs also show a high co-expression of
S2 MYBs with MYB154 from S14, which has been recently shown to activate a few STS gene

promoters in V. quinquangularis (Jiang et al., 2021).

4.4.2 Shared and exclusive regulatory features of S2 MYB TFs

MYB13, MYB14, and MYB15 share a high proportion of bound genes as well as identical DNA-
binding motifs suggesting a partial overlap of their regulatory roles. This conserved motif has
already been described as a MYB cis-regulatory element; in particular, the AC-element motif
(CACCI[T/A]ACC) previously identified for AtMYB15 in A. thaliana (Romero et al., 1998). As
described in Kelemen et al. (2015), Arabidopsis S2 R2R3-MYBs, as well as other subgroups such
as S1, S3, S13, and S24, show a high degree of specificity towards the AC-element motif. Within
the stilbenoid pathway, we found that MYB-binding patterns, i.e. in terms of their sequence and
positions, across individual STS genes were remarkably similar for these three R2R3-MYBs,
providing strong evidence that the recent tandem duplications observed for the STS gene family
involved upstream regions to a certain length extension. MYB13/14/15 TFs bind in two distinct
STS promoter elements; the first at 400 bp from the TSS that is present in most STSs, and a
second at 2000 bp, which is only present for a subgroup of them. This observation suggests that
STSs may possess gene-specific differences in their regulation. The presence of two binding sites
in some of them also offers the possibility of synergistic or dual regulation. MYB TFs regulating
other specialized metabolic pathways have been known to interact with other proteins from
different TF families such as bHLHs or WDRs as well as other MYBs. According to Holl et al. (2013)
MYB15 and MYB14 lack a bHLH-interacting motif within their R3 repeat, which is present in other
bHLH-interacting MYBs (e.g. those from S5 and S6) but it is unclear if they have dimerization
domains. Further studies could address if MYB14 and MYB15 homo- or heterodimerize. If this is
the case, the idea of simultaneous binding at different regions of the promoter gains strength.
Our GCNs may help to point out in vivo regulatory differences between TFs with otherwise
identical in vitro DNA-binding profiles. This appears to be the case for MYB14/15 as the exclusive
presence of 28 STS genes in the MYB14 fruit network points to a very interesting MYB14-specific
relationship for a subset of STS genes. This observed contrast in MYB14 and MYB15 co-expressed
genes could be explained by promoter differences in MYB14/15 leading to separate regulation
by upstream TFs. On the other hand, structural changes between the TFs, leading to distinct
interactions with other co-regulators, could also explain this observation. Most STSs are also
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MYB14 and MYB15 fruit HCTs. The two previously reported STS targets of MYB14/MYB15 (Holl
et al., 2013) were either HCTs (STS41) or present in the MYB14/15 GCNs (STS29). STS29 was not
defined as a fruit or leaf HCT as no binding events were automatically called by the peak
detection software. However, a potential peak is observed for the three MYBs when examining
the mapped sequencing reads in the promoter region of the gene. The enrichment analyses of
leaf and fruit HCTs, resulting from the overlap of GCNs and DAP-Seq data, corroborate the newly
found connections of MYB13/14/15 with shikimate and early phenylpropanoid genes. Several
PAL genes appear as HCTs in addition to STSs, supporting the idea that MYB14 and MYB15 may
have the ability to increase and favor the activity of the PPP for the formation of stilbenes, in
detriment of lignins or flavonoids. In fact, we may suggest that MYB14/15 might be involved in
the repression, direct or not, of chalcone synthases, which are direct competitors of STSs
activity. We also suggest that these MYB TFs may rewire the whole metabolic grid of the cell and
favor the increase of carbon flux into the PPP by activating the shikimate pathway. Direct DNA-
binding observed for at least one isoenzyme of every shikimate and early PPP step highlights the
central character of the studied R2R3-MYB regulators in activating stilbenoid metabolism.
Despite not being able to perform leaf or fruit GCNs for MYB13, we suggest that these three
proteins are highly redundant in their regulatory potential. This redundancy is still partial as
GCNs also suggest differences between these two TFs. TFs act in a hierarchical manner and
based on our data, MYB14 and MYB15 appear to be near the top of this hierarchy, not only
because they are able to control a large portion of the shikimate/early phenylpropanoid and
stilbene pathways but also because approximately 21% of their targets are TFs, respectively. In
fact, at least nine WRKY TF genes are present among the common MYB14/15 HCTs. WRKY TFs
have been suggested as MYB co-regulators in the control of STS expression (Wang et al., 2020;
Xi et al., 2014; Xu et al., 2019) and in many defense responses to pathogens. In particular,
WRKYO03 is bound by both TFs and present in MYB14 and MYB15 leaf and fruit GCNs. This
observation adds one more layer of complexity to the hierarchical regulation of MYB14, which
requires WRKYO03 to increase STS gene expression (Vannozzi et al., 2018). The data presented
here suggest that grapevine S2 members act mainly as positive regulators of transcription;
however, based on the reduction of gene expression of some bound genes upon MYB15
induction, S2 MYBs could also be involved in negative regulation possibly requiring other co-
repressors. An alternative hypothesis could be that MYB15 may be competing for promoter
space with other stronger transcriptional activators that recognize the same target motifs, as
suggested by Tamagnone et al. (1998). An interesting example of this repression is observed
among circadian rhythm-related genes. Given the known circadian behavior of STS gene

expression (Carbonell-Bejerano et al., 2014), we further explored the potential relationship of
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MYB15 with the core molecular components of the circadian clock. MYB15 leaf overexpression
led to a strong downregulation of LHY (Dataset S3), one of the two components of the main
oscillator within the system. Moreover, different components of the clock such as LHY itself,
PPR7a/b, TOC-like, Gl, and ELF4 are bound by either of MYB13/14/15 (Dataset S1), which further
suggest a direct connection with the circadian rhythm. RVE8-type MYBs have been previously
shown to have roles regarding the control of the circadian rhythm in A. thaliana (Shalit-Kaneh

et al., 2018); however, the involvement of R2R3-MYBs has not been previously described.

4.4.3 Integration of DAP-Seq and expression data as a tool for the identification
of putative secondary metabolic pathway enzymes

By overlapping the different datasets generated in this work, we were able to identify putative
stilbenoid genes among MYB targets, such as laccases (i.e. multicopper oxidases potentially
involved in resveratrol oligomerization), resveratrol hydroxylases, resveratrol O-
methyltransferases (ROMTs) and resveratrol glycosyltransferases (RsGTs). Within O-
methyltransferases, ROMT1 has been the only gene described to date as involved in the
synthesis of pterostilbene (Schmidlin et al., 2008), and here we show that MYB13 and MYB15
bind within its 5-kb upstream region. In addition, we show that the three S2 MYBs bind in a
similar region with respect to ROMT2 and ROMT10 promoters. Despite none of these ROMTs
appearing in MYB14 or MYB15 fruit GCNs, some of them do appear in leaf GCNs. This is in line
with the lack of expression of ROMT genes in fruit or flower tissues (Figure S11), highlighting the
importance of tissue-specificity when dealing with coexpression networks. In fact, the transient
overexpression of MYB15 led to an upregulation of all ROMT1-6 enzymes recognized by the
microarray probes. Clustering of microarray data (Figure 4) also showed that the expression
profiles of the ROMT enzymes was very similar to MYB15 and hence the gene set enrichment
analysis of cluster module ME5, where MYB15 is found, showed enrichment of the O-
methyltransferase activity ontology term. We also identified cytochrome P450 and laccase
(multicopper oxidases) among MYB targets. Both of these enzyme classes are suggested to take
part in the hydroxylation and oligomerization of resveratrol. This has not been shown
experimentally except for the production of piceatannol by a transiently expressed human
cytochrome P450 in Nicotiana bethamiana (Martinez-Marquez et al., 2016). We identify
particular genes from these two families, which are highly induced in stilbenoid accumulating
conditions such as Botrytis infection (e.g. at Stage 2 of the infection; Figure $10) as well as being
present in S2 MYB GCNs or HCT lists. Nevertheless, further studies are required for their
functional demonstration. The approach of integrating DAP-Seq data and reciprocal GCNs is

particularly relevant in non-model species; however, it needs sufficient public transcriptomic
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data for a given species. Online tools for the inspection of DAP-Seq data would certainly help in
the identification of novel TF targets for their selection and further characterization. Therefore,
we developed a public grapevine DAP-Seq visualization application named DAP-Browse, present

in the Vitis Visualization Platform (Figure S13; VitViz; available at https://tomsbiolab.com/vitviz).
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4.5 Experimental Procedures

4.5.1 DNA affinity purification sequencing

Genomic DNA (gDNA) was purified from young grapevine leaves of cv. ‘Pinot Noir’ (clone PN-94)
according to Chin et al. (2016). gDNA library construction, DAP-Seq, peak calling, and motif
analysis were performed as described in Bartlett et al. (2017) with the following modifications.
The gDNA samples (800 ng/library) were sonicated into 200-bp fragments on a focused
ultrasonicator (Covaris, Woburn, MA, USA). The gDNA library then underwent end-repair, A-
tailing, and adapter ligation for subsequent Illumina-compatible sequencing. Successful library
construction was verified by gel electrophoresis of sonicated gDNA and qPCR of adapter ligated
fragments. MYB14, MYB15, and MYB13 were amplified from cv. ‘Pinot Noir’ and cloned into the
pIX-HALO expression plasmid (TAIR Vector: 6530264275) with the HALO-tag at the N-terminal.
Clones were verified by Xhol digestion. The MYB-expression vectors were used in a coupled
transcription/translation system (Promega, Madison, WI, USA) to produce MYB Halo tagged
proteins. Protein production was confirmed by western blot using an anti-HaloTag antibody
(Promega). HaloTag-ligand conjugated magnetic beads (Promega) were used to pull down the
HaloTag-fused TFs. Pulled-down TFs were exposed to DAP-Seq gDNA libraries for MYB-DNA
binding. Four hundred nanograms of gDNA library was used per DAP-Seq reaction. The bound
DNA was then eluted and sequencing libraries were generated by PCR amplification. Sequencing
was carried out using lllumina NextSeq 500 set up to obtain 30 million 1 x 75 bp single end reads.
An empty pIX-HALO expression vector was used as a negative control to account for non-specific
DNA binding as well as copy number variation at specific genomic loci. Two replicates (individual
and independent gDNA-TF interaction samples) were used for all experiments including the
control. The latest published genome assembly for V. vinifera cv. ‘PN40024’ is the 12X.v2, which
is associated to V1 and VCost.v3 annotations, containing 29.971 and 42.414 gene models,
respectively (Canaguier et al., 2017; Jaillon et al., 2007). Although the VCost.v3 annotation has
been manually curated for the STS family, it also contains non-protein coding genes (such as
IncRNAs and miRNAs) most of which have only been automatically annotated. As the main focus
of this work was to study the regulation of protein-coding genes in secondary metabolism
(stilbenoid pathway in particular), a new annotation file combining all V1 gene models with the
updated STS VCost.v3 gene models was created. The merged gff3 annotation file is available at
http:// tomsbiolab.com/scriptsandfiles. DAP-Seq reads were mapped to the ‘PN40024’ 12X.v2
reference genome using bowtie2 (Langmead & Salzberg, 2012), version 2.0- beta7, with default
parameters and post-processing to remove reads that have MAPQ scores lower than 30. Peak

detection was performed using GEM peak caller (Guo et al., 2012) version 3.4 with the 12X.v2
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genome assembly using the following parameters: ‘-q 1 -t 1 -k_min 6 -kmax 20 -k_seqgs 600 -
k_neg_dinu_shuffle’, limited to nuclear chromosomes. The replicates were analyzed as multi-
replicates with the GEM replicate mode. Peak summits called by GEM were associated with the
closest gene model in the custom annotation file using the BioConductor package ChIPpeakAnno
(Zhu et al., 2010) with default parameters (i.e. NearestLocation). De novo motif discovery was
performed by retrieving 200- bp sequences centered at GEM-identified binding events for the
600 most enriched peaks and running the meme-chip tool (Machanick & Bailey, 2011) in MEME
suite 4.10.1 with default parameters. Gene set enrichment analysis were conducted for the
three analyzed MYB-bound gene lists (Dataset S1). DAP-Seq replicate reproducibility was
assessed using Deeptools suite v.3.3.2 (Fig. S14). Briefly, for each TF, genomic regions where
peaks had been detected were extracted and divided into bins. The DAP-Seq binding ‘signal’
(read counts normalized by library size) was extracted in all the bins and averaged to create an
overall binding signal for each peak. This was done independently for replicate 1 (y-axis) and
replicate 2 (x-axis) for all peaks, computing the Spearman correlation coefficient for each TF.
This analysis allowed us to demonstrate the high reproducibility between TF replicates, with
correlations over 0,8. We computed the same plots for the pIXHALO replicates across the peaks
detected for each TF, resulting in low correlation, as expected, because the reads sequenced in
these experiments are mostly random noise. We thus corroborate the robustness of the results
derived from using two replicates, as in shown in O’Malley et al. (2016) (Figure S1B), improved

compared with ChIP-seq, where replicate correlation ranges between 0.6 and 0.7).

4.5.2 Generation of condition-dependent aggregate whole genome co-
expression networks and extraction of gene-centered co-expression networks

Transcriptomic RNA-Seq SRA studies (lllumina sequencing) from fruit/flower and leaf tissue
samples were downloaded. SRA studies were manually inspected and filtered to keep those that
were correctly annotated and contained four or more data sets (i.e. runs) while also excluding
SRA studies concerning microRNAs, small RNAs and non-coding RNAs. In total, 35 and 42 SRA
studies were obtained, encompassing 807 and 670 runs from fruit/flower and leaf samples,
respectively (Dataset S2). Reads were trimmed with fastp (Chen et al., 2018), version 0.20.0 with
the following parameters: ‘-detect_adapter_for_pe -n_ base_limit 5 cut_front_window_size 1
cut_front_mean_quality 30 - cut_front cut_tail window_size 1 cut_tail_mean_quality 30 -
cut_tail -120’. After trimming, the runs are aligned with STAR (Dobin et al., 2012), version 2.7.3a,
using default parameters. Raw counts were computed using FeatureCounts (Liao et al., 2013),
version 2.0.0, and the VCost.v3_27.gff3 gene models (available at http:// www.integrape.eu/).

Each SRA study was analyzed individually to build a highest reciprocal rank (HRR) matrix (Mutwil
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et al., 2011). Each raw counts matrix was normalized to FPKMs, and genes with less than 0.5
FPKMs in every run of the SRA study were removed. The Pearson’s correlation coefficients of
each gene against the remaining genes was then calculated for each SRA study (across all run
matrices) and ranked in descending order. Ranked Pearson’s correlation coefficient values were
used to compute HRRs among the top 420 ranked genes (420 roughly equals 1% of all VCost.v3
gene models), using the following formula: HRR(A,B) = max(rank (A,B), rank(B,A)), generating a
HRR matrix for each SRA study. To construct the aggregate whole genome co-expression
network, the frequency of co-expression interaction(s) across individual HRR matrices was used
as edge weights, and after ranking in descending order, the top 420 frequency values for each
gene were chosen to build the final aggregate networks. The top 420 most highly co-expressed
genes for any gene of interest, was used to generate individual GCNs. Network functional
connectivity (i.e. performance) across all given annotations and genes was assessed as in Wong
(2020) by neighbor-voting, a machine learning algorithm based on the guilt-by-association
principle, which states that genes sharing common functions are often co-ordinately regulated
across multiple experiments (Verleyen et al., 2014). The evaluation was performed using the
EGAD R package (Ballouz et al., 2016) with default settings. The network was scored by the
AUROC across MapMan V4 BIN functional categories associated to the VCost.v3 annotation
(Dataset S2) using threefold cross-validation. MapMan BIN ontology annotations were limited
to groups containing 20— 1000 genes to ensure robustness and stable performance when using

the neighbor-voting algorithm.

4.5.3 Prediction of HCTs in grape reproductive and vegetative organs

To identify MYB14 and MYB15 HCTs, TF-bound genes identified with DAP-Seq were overlapped
with data extracted from the aggregate whole genome co-expression network derived from
fruit/flower and leaf transcriptomic data. Individual GCNs were extracted from the whole
genome network for each MYB14/15 bound gene and for both MYBs to check if a particular
MYB-to-target gene pair had at least one co-expression relationship. This relationship was
considered positive if either the DNA bound gene was present in the MYB GCN or the respective
MYB gene was present in the GCN of the candidate gene. Thus, bound genes for each MYB TF
with a positive co-expression relationship with their respective MYB TF were considered as
fruit/flower or leaf HCTs. GO and KEGG enrichment analyses for HCTs were performed using the
gprofiler2 R package (Kolberg et al., 2020) with default settings. A significance threshold of 0,05
was chosen for P-values adjusted with the Benjamini—-Hochberg correction procedure

(Benjamini & Hochberg, 1995).
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4.5.4 Transient MYB15 overexpression, microarray time-course, and trans-
piceid quantification in leaves

Vitis vinifera cv. ‘Shiraz’ leaves from 10-week-old plants were transformed via Agrobacterium-
mediated infiltration as in Merz et al. (2015) with MYB15 (35S::VviMYB15) or an empty vector
control. A green fluorescent protein vector (35S, GFP-GUS) was used in each agroinfiltration to
estimate transformation efficiency. Samples were subsequently collected at five different time-
points (8, 24, 48, 72, and 96 h) in separate replicate pools (L1 and L2) consisting of three leaves
from independent plants per time-point (n = 2 biological replicates). Microarray analysis, using
the Affymetrix V. vinifera Grape Array (A-AFFY-78), was carried out on extracted leaf RNA from
three of the time-points described for both control and MYB15 infiltrated samples. Microarray
data are available at Dataset S3 (Microarray dataset sheet). Affymetrix probe-to-gene
associations were reassigned as here explained. Affymetrix probe sequences (originally
associated to V1) were realigned using bowtie with default parameters against the ‘PN40024’
transcriptome derived from the VCost.v3 annotation to improve V1 probe-to-gene assignments
(Dataset S3). As each Affymetrix probe has a different number of sequences associated to it
(ranging from 8 to 20), a probe-to-gene association was accepted when more than 40% of the
probe’s sequences matched the same gene with no mismatches. The percentage was increased
to 60% for hits with one mismatch, 70% with two mismatches and 80% with three mismatches.
From, in total, 16 602 probes, 59.8% were assigned to a VCost.v3 gene model. The LIMMA R
package (Ritchie et al., 2015) was used for RMA normalization of fluorescence values after which
they were log2- transformed. Normalized probes were analyzed with the NOISeq R package
(Tarazona et al., 2011). Briefly, batch effect was corrected using the ARSyNseq function with
default parameters, and then differentially expressed genes were obtained comparing the two
MYB15 overexpression lines against the two control lines for each time-point using the
NOISeqBIO function. Genes were considered as differentially expressed when posterior
probability >0,95 and |log2FC|>0.53 in at least one time-point, obtaining 2297 probes
corresponding to differentially expressed genes. RMA values of the filtered probes were
clustered applying the weighted GCN analysis (WGCNA) R package (Langfelder & Horvath, 2008)
generating 18 modules for the signed network. Briefly, WGCNA R package blockwiseModules
function was used with a soft-threshold power value of 18 (as no free-scale topology was
reached), a deepSplit of 4 and a mergeCutHeight of 0,1, obtaining, in total, 18 modules for the
signed network (i.e. considering the sign of correlation). Microarray analysis results are available
at Dataset S3 (MA analysis sheet). The pheatmap R package was used to represent the modules
using the calculated Z-scores across samples. The probe-assigned genes in each module were

used for GO and KEGG enrichment analyses as described for HCTs. Quantitative expression
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analysis of MYB15 or STS genes and trans-piceid quantification were conducted using L2 leaf
pools across the different samples. Trans-piceid was quantified on a reverse phase high-
performance LC (HPLC) instrument (Kronton, Reno, NV, USA). Quantitative PCR was run in
triplicate per time-point and treatment using primers against the endogenous (aligning to the
UTR) and transgenic MYB15, STS25/27/29, and STS41/45. Transcript levels were corrected using
the housekeeping gene Ubiquitinl. All used primers are shown in Dataset S3. The fold of
induction reported for both microRNAs and metabolites were calculated relative to background

levels in non-infiltrated leaves.

4.4.5 Grapevine cell culture elicitation time-course

MelA-CD elicitation of cell suspensions was carried out as described in Bru et al. (2006) with the
following modifications. Liquid cell suspensions were initiated by transferring solid calli into 250-
ml flasks containing liquid culture media (with Gamborg basal salts and Morel vitamins)
described in Bru et al. (2006) and grown in an orbital shaker at 120 rpm. Liquid cell cultures were
maintained in dark conditions for 2 months, with subcultures being performed every 2 weeks by
moving half of the extracellular volume to a new flask and restoring the original volume with
fresh media (half medium replenishment). For the elicitation time-course, four flasks of cell
suspensions were mixed together, and three-quarters of the suspension was filtered using a
sterile glass filter (90— 150 Im pore size) and a vacuum filtration system to separate the cells
from the media. In total, 15 100 ml flasks were prepared with three biological replicates for each
time-point and treatment. Day 0 cells were immediately collected after filtering and frozen in
liquid nitrogen. For day 4 and day 7 samples, 8 g of filtered cells and 32 g of new liquid media
were added in each flask (complete medium replenishment). Treated (elicited) cells were grown
in the liquid media with 50 mM methyl-beta-cyclodextrin (CAS no. 128446-36-6) and 84 |l of 47.5
mM MelJA dissolved in 100% MeOH while untreated (control) cell suspensions were grown in
liguid media with 84 Il of 100% MeOH. The rest of the original suspension (one-quarter) was
subcultured as usual and kept growing at dark for being used as an additional control for half
medium replenishment at day 7. All the biological replicates were grown by orbital shaking at
120 rpm in the conditions described above. Cell cultures were sampled at their corresponding
time-point, filtered using a vacuum-aided system, and then washed with cold sterile water
before freezing liquid nitrogen. Cells were lyophilized at -52°C and 0,63 mbar for 48 h and then

transferred to -80°C.
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4.4.6 STS and ROMT overexpression in tobacco leaves

ROMT2-3 were amplified using TOPO-D (Invitrogen, Waltham, MA, USA) compatible primers
from cDNA derived from grapevine senescent leaves. RNA extraction and cDNA synthesis were
performed using the SpectrumTM Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA) and
NZY First-Strand cDNA Synthesis Kit, respectively. The final ROMT2/3-containing pENTR/D-TOPO
plasmids were verified by Sanger sequencing. ROMT2 and ROMT3 were transferred into the
binary destination vector pB2GW?7 including Cauliflower mosaic virus (CaMV) 35S promoter
through Gateway LR clonase recombination (Invitrogen). Together with ROMT1 and STS48
constructs (Santos-Rosa et al., 2008; Schmidlin et al., 2008) all these were chemically
transformed in Agrobacterium tumefaciens strain C58 for subsequent agroinfiltration of N.
benthamiana leaves. The bacterial suspension was kept at an OD600 of 0,2 for each construct
before infiltration of leaves on their abaxial side (three leaves of one plant for each experimental
combination) using a 1 ml syringe without a needle. Agroinfiltration was conducted with the
individual empty vector-, STS-, or combined STS- and ROMT-containing bacterial cultures. After
72 h, leaf-tissue samples were collected by dissection to avoid leaf nerves. Collected samples

were frozen at -80°C.

4.6.7 Stilbenoid and anthocyanin quantification of grape cell cultures and
Nicotiana agroinfiltrated leaves

Stilbenoid and anthocyanin quantification of grape cell cultures and Nicotiana agroinfiltrated
leaves was performed as in Martinez-Marquez et al. (2016) and Nakata and Ohme-Takagi (2014),
respectively, with modifications. Stilbenoid metabolites were extracted using 10 mg of cells in 1
ml of 80% methanol with 220 rpm overnight shaking at 4°C. The extracted solution was
centrifuged at 14 000 g for 10 min and collected in another tube for HPLC—MS detection and
guantification, as described in Hurtado-Gaitan et al. (2017). For the case of tobacco samples,
leaves were weighed and grounded in liquid nitrogen. Extraction using 100% MeOH was carried
out keeping a ratio of 8 ml of MeOH per 1 g of fresh tissue with 220 rpm overnight shaking at
4°C as described in Martinez-Marquez et al. (2016). After centrifuging at 14 000 g for 10 min the
supernatant was used for HPLC—MS determination and quantification, as described in Hurtado-
Gaitan et al. (2017). Anthocyanin quantification was performed as described in Nakata and
Ohme-Takagi (2014). Briefly, lyophilized cells (0,2 ml) were treated with 1 ml of extraction buffer
(45% MeOH and 5% HCL). After a 10 min vortex and centrifugation at 12 000 g for 5 min, the
supernatant was collected into a new tube and centrifuged again under the same conditions.
Supernatant absorbance was measured at 530 nm and 637 nm and the anthocyanin relative
levels were calculated using the formula: (Abs530 — (0.25 9 Abs637)) 9 5/(mg of cells).
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4.6.8 Re-annotation of the grapevine MapMan ontology and representation of
previously published microarray and RNA-Seq data

MapMan v4 (Schwacke et al., 2019) annotation was generated based on EGAD, resulting in high-
quality annotations for 13.318 of 41.413 VCost.v3 genes (32%) (Dataset S3). A pathway image
for shikimate, phenylpropanoid, and stilbenoid pathway was created and annotated using the
MapMan tool (Thimm et al.,, 2004) for both Vcost.v3 and V1 of the grapevine genome
annotations. This image includes the DAP-Seq results whether a gene bound by MYB14, MYB15,
and MYB13 is shown in black squares. All files are available for download from the GoMapMan
exports page (Ramsak et al.,, 2014) (gomapman.nib.si/export). Significant log2 fold-change
values from a microarray study involving jasmonate elicitation of cv. ‘Gamay Freaux’ cell cultures
(Almagro et al., 2014) and from an RNA-Seq study of Botrytis-infected berries of cv. ‘Semillon’
(Blanco-Ulate et al., 2015) were represented within the newly generated MapMan pathway

image.

ACKNOWLEDGEMENTS

This work was supported by Grant PGC2018-099449-A-100 and by the Ramon y Cajal program
(grant RYC-2017-23 645), both awarded to JTM, and to the FPI scholarship (PRE2019-088044)
granted to LO from the Ministerio de Ciencia, Innovacion y Universidades (MCIU, Spain), Agencia
Estatal de Investigacion (AEl, Spain), and Fondo Europeo de Desarrollo Regional (FEDER,
European Union). CZ is supported by China Scholarship Council (CSC; no. 201906300087). KG
and ZR were supported by the Slovenian Research Agency (grants P4-0165 and Z7-1888). SCH is
partially supported by the National Science Foundation (grant PGRP 10S-1916804). This article
is based upon work from COST Action CA 17111 INTEGRAPE, supported by COST (European
Cooperation in Science and Technology). Data have been treated and uploaded in public
repositories according to the FAIR principles, in accordance with the guidelines found at
INTEGRAPE. The genomic data presented here will be re-analyzed and associated to the
PN40024.v4 assembly and its structural annotation upon its release. Grapevine cell cultures in
solid media were kindly provided by Roque Bru (Universidad de Alicante). Special thanks to Pere
Mestre and Philippe Hugueney (INRAE Colmar) for providing the 355:STS48 construct and the
355:ROMT1 positive control used for agroinfiltration, to Anne-Francoise Adam-Blondon and
Nicolas Francillonne (URGI INRAE Versailles) for guidance in the adaptation of JBrowse during
an INTEGRAPE Short-Term Scientific Mission of LO, and to Susana Selles-Marchart, for her help

with stilbenoid quantification.

220



CHAPTER IV

AUTHOR CONTRIBUTIONS

LO, DN-P, and JTM designed the research; ML, JH, PM, GM, PR, and CZ collected plant material
and performed the experiments; LO, AS, DN-P, S-sCH, ZR, and DW conducted all bioinformatic
analyses; LO, DN-P, and JTM wrote the paper. JH, PM, JB, AV, and DC contributed with reagents.

All authors contributed to interpretations and revisions of the manuscripts.
CONFLICT OF INTERESTS

The authors declare that they have no competing interests.

221



CHAPTER IV

4.7 Supplementary Information

Additional supporting information too big to be displayed here, please consult at the following

link: https://doi.org/10.1111/tpj.15686

Figure S11. Microarray expression of shikimate, early phenylpropanoid, and stilbenoid pathway
genes across the Vitis vinifera cv. ‘Corvina’ expression atlas (Fasoli et al., 2012). Too big to be

displayed here, please consult this figure at the indicated link.

Dataset S1. \WviMYB13/14/15 DAP-Seq peaks, Gene Set Enrichment Analysis (GSEA) tables, STS

genes and housekeeping genes.

Dataset S2. RNA-Seq SRA runs for network construction, MYB14 and MYB15 GCNs, HCTs, GSEA

tables, and VCost.v3 to MapMan Bin associations.

Dataset S3. Primers, MYB15 overexpression cluster modules, affymetrix microarray dataset,
microarray analysis (affymetrix probe-to-gene assighments and log2 fold-changes) and updated

MapMan ontology.
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CHAPTER V

CHAPTER V: Functional characterization of VwiMYB108A and
VviMYB108B

5.1 Introduction

Taking advantage from the results obtained from the grapevine floral expression atlas (Chapter Il)
and from the DAP-Seq analysis of whorls-specific TFs (Chapter Ill), we focused on a specific floral
whorl: the anther. We decided to concentrate on this particular tissue for several reasons: (i) among
all the reproductive organs, the anther, together with the ovule, is one of the two major players in
the process of fertilization stricto sensu. In this regard, a malfunctioning of the biogenetic process
which specifically characterizes the anther would lead to a lack or reduced production of pollen, or
in any case to a drastic decrease in plant fertility, with consequent absence or sub-efficiency in
fecundation, from which would derive a loss in the final production, i.e. the berry. Knowing the
genetic-molecular mechanisms that underlie microgametogenesis and the close relationships
between pollen and anther, means being able to directly control the fertilization process and
therefore having the possibility of qualitatively and quantitatively implementing the final
production, acting in a targeted manner on the individual actors of the entire process, knowing
exactly the metabolic pathways on which to interfere. The second main reason why our attention
was focused on that organ is because the main regeneration procedures and in vitro tissue culture
protocols for grapevine start from anthers and filament tissues explants (Gambino et al., 2007;
Kikkert et al., 2005; Perrin et al., 2004; Stamp and Meredith, 1988). For these purposes, it was
decided to consider the TF VWviMYB108A, which — basing on our results — was observed to be specific
of anther whorl (Chapter Il) and the achievement of the high confidence regulative network gave
back results well consistent with the putative biological function, also considering the De novo motif
discovery analysis as further corroboration (Chapter Ill). Better to understand the role of this TF, it
was decided to consider the related ortholog in Arabidopsis thaliana, namely AtMYB108. lIts
expression was observed to be restricted to anthers (Fig. 1.5B, C and D; Mandaokar and Browse,
2009), observation perfectly coherent with the strict association between this whorl and
WiMYB108A that we described occurring in grapevine (Chapter Il). Moreover, it seems to mediate
stamens and pollen maturation in the transcriptional cascade taking place in response to jasmonate
signaling together with MYB24 (Fig. 1.5A), indeed three different myb108 mutant lines showed

reduced male fertility (Fig. 2.5) associated with delayed anther dehiscence, reduced pollen viability
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(Fig. 3.5) and a global decreased fecundity compared to the wild type (Mandaokar and Browse,
2009). In addition, the first time when AtMYB108 was isolated, it was named BOTRYTIS SUSCEPTIBLE
1(B0OS1) due to its involvement in Botrytis cinerea response, observing the mutants (generated with
T-DNA insertion by McElver et al., 2001) exhibiting enhanced disease symptoms. In this case, it was
also proposed for the first time its putative involvement in jasmonate signaling pathway (Mengiste
eta., 2003). Subsequent studies on the same bos1 mutants — initially considered of "loss of function"
type - have highlighted an uncontrolled PCD (programmed cell death) starting from the margins of
a wound artificially inflicted on the Arabidopsis leaf surface, which propagates throughout the leaf
up to reach the healthy tissues and to cause the death of the entire plant after a few weeks, with an
independent effect from light and humidity (Fig. 4.5). After 5 days from the infliction of injury, bos1
mutants showed a high accumulation of ROS in the tissues immediately surrounding the wounds.
Furthermore, the exogenous application of SA, JA and ethylene did not have any influence on the
progression of cell death (Cui et al., 2013). Incredibly, what subsequent studies show is totally the
opposite of what was initially believed. Indeed, it was shown that BOS1 promotes, rather than
inhibits, the propagation of cell death. The previous studies used a single Arabidopsis mutant (bos1-
1), which contains a T-DNA insertion in the 5’-untranslated region. This T-DNA insertion did not
disrupt BOS1 as expected, but instead, it altered the activation of BOS1 upon wounding and
pathogen attack due to sequences in the T-DNA that regulate gene activation (Cui et al., 2022).
Summarizing all the observations expressed so far, there are strong elements that empower the
hypothesis that MYB108 is therefore an intrinsic factor of susceptibility to Botrytis. At this point,
better to understand the applicability to Vitis vinifera of the role of MYB108 observed in A. thaliana,
it was decided to have a look at the phylogenetic relationships between Arabidopsis and grapevine
R2R3-MYB families and from that, it was realized that what in the first case is a single ortholog gene,
in Vitis it gave rise to two paralogue genes, namely WiMYB108A and WiMYB108B (Fig. 5.5; Wong
et al., 2016). For this reason and better to understand the effect of the gene duplication and
differentiation event in terms of functions repartition, mutual interaction and difference among the
two paralogues, we proceeded with the functional characterization of both. In this regard, it was
decided to express these two grapevine TFs in several heterologous systems. To this aim, the
subcellular localization was investigated by means of a transient overexpression of the two
paralogues in N. benthamiana leaves. Parallelly, stable overexpressing lines of tomato (Lycopersicon
esculentum var. “Micro Tom”) and A. thaliana were produced. Finally, the complementation of the
mutants used in Mandaokar and Browse (2009) and in Cui et al. (2013) (SALK lines: SALK_056061
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and SALK_024059) was performed. Due to the long timings required for obtaining transformed
plants using the previously described techniques, even though the transformed material has been
already collected, analyses has not been conducted by the end of the PhD activities. For this reason,
except for the subcellular localization, only activities carried out to gather the biological material
that will be analyzed in a very near future are reported . All the work described in this chapter was
performed during an abroad research period at TOMSBiolab, based in the Institute for Integrative

Systems Biology (12SysBio), CSIC — Universitat de Valencia, in Spain.
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Figure 1.5. (A) AtMYB108 transcript levels in the jasmonate-synthesis mutant opr3 stamens
following treatment with jasmonate (JA) or OPDA (12-oxo-phytodienoic acid, a precursor of JA).
(From B to D) GUS expression in the MYB108 gene-trap line. (B) Overview of the apical bud cluster.
(C) Cross section of an anther from stage 13. Abbreviations: E, epidermis; En, endodermis; PG, pollen
grain; V, vascular bundle. Bar = 50 um. (D) Flowers from stages 12 to 15 (figure taken from
Mandaokar and Browse, 2009).
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Figure 2.5. Stamen height is reduced in the myb108 myb24 mutant. (A) Average length of filament
plus anther measured for 12 long stamens from wild type (WT), myb108, and myb108 myb24 plants
at stages 1 to 4. (B) The ratio of stamen length to carpel length in WT, myb108, and myb108 myb24
flowers. (C) Deposition of pollen on the carpels of WT and myb108 myb24 flowers (figure taken from
Mandaokar and Browse, 2009).
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Figure 3.5. Reduced pollen viability and germination in myb108 and myb108 myb24 mutants. (A)
Pollen from wild-type (WT) and mutant lines was stained with fluorescein diacetate and propidium
iodide. This protocol stains viable pollen blue-green and inviable pollen red-brown. (B) Pollen
harvested from mature open flowers was incubated on germination medium for 10 h (figure taken
from Mandaokar and Browse, 2009).
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Figure 4.5. Cell death spread from wound sites in the Arabidopsis thaliana mutant bos1. Cell death
spreading from a scalpel blade inflicted wound, measured at the indicated time in days post
wounding (dpw) measured by: (A) photographs taken at 1, 3 and 5 dpw. (B) Chlorophyll retention
assay. (C) Cell death quantified as ion leakage. Letters above error bars (+ SE of means, n=6)
represent statistical significance (Student's t-test, P <0.01). (D) Cell death spread from forceps
pinching inflicted wound in bos1 leaves also occurred when leaves were placed in the dark or under
high humidity conditions immediately after wounding and remained there continuously until
photographed. (E) Cell death spread from the wounding sites from the excision of four leaves
advances through rosette core into unwounded leaves. This process takes 3—5 wk post-wounding
(wpw), photograph taken at 4 wpw. (F) Photograph depicting cell death spread into petioles 7 days
after leaf excision: Col-0 (wild type) petioles remain healthy (left; with six leaves removed) while

Col-(

232



CHAPTER V

bos1 exhibited cell death from leaf excisions wounds had spread into the petioles (right; with five
leaves removed). Bars, 1 cm. (Figure taken from Cui et al., 2013).
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(figure taken from Wong et al., 2016).
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5.2 Material and methods

5.2.1 Plasmid preparation

The ORFs of WiMYB108A and ViMYB108B were retrieved as described in Chap. Ill, Section “3.2
Material and methods”, paragraph “3.2.1 Allele frequencies screening”, synthesized directly in
pDONR221 vector by ordering to GeneArt service (Thermo Fisher) and recombined in the
overexpression vector pMpGWBA406 (Fig. 6.5; Ishizaki et al., 2015) by using Gateway LR Clonase Il

Enzyme Mix (Thermo Fisher) setting up the following protocol as provided by manufacturer:

I 50 ul reaction setup:

e 1-7 ul of entry clone (total amount of 150 ng of pPDONR221_ORF)
e 1 plof empty pMpGWB406 (150 ng)

e Up to 8 ul of TE buffer

e 2 ul of LR Clonase Il enzyme mix

I. Incubate at 25°C for 1 hour

Ill.  Add 1 pl of Proteinase K and incubate at 37°C for 10 minutes to inactivate the reaction

MYB108A-GFP —— 35S GFP | M

MYB108B-GFP —— 35S GFP —

Figure 6.5. Highlight on the structure of pMpGWB406-0ORFs plasmids: the yellow arrows represent
the strong promoter CaMV 35S, the light blue rectangles are WiMYB108A and B ORFs and the green
rectangles stand for the green fluorescent protein fused immediately after TF ORFs.
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5.2.2 Escherichia coli culture transformation and plasmid collection

PROTOCOL

VI.
VII.

VIII.

Add 5 pl of LR reaction obtained as described in previous paragraph to 40 ul of chemically
competent (prepared as described in Chapter lll, Section “3.2 Material and methods”,
paragraph “3.2.3 Preparation of chemically competent Escherichia coli strain TOP10 cells”)
Escherichia coli cells and mix gently not by pipetting up and down

Incubate on ice for 30 minutes

Heat-shock in 42°C bath for 30 seconds and back in in ice for 2 minutes

Add 200 pl of LB and incubate at 37°C for 1 hour with constant shaking at 200 rpm

Plate on a 1.5% agarose LB Petri + Spectinomycin (100 mg/ml)

Incubate overnight at 37°C

Assess the presence of the plasmid with a colony-PCR. In our case, specific primers were
used to confirm the presence of the predicted size amplicon. In particular, the forward
primer was designed to match the CaMV 35S promoter of the pMpGWB406 plasmid (for
this reason is the same for both MYB108A and MYB108B) and the reverse is gene-specific
for the end of the ORF (Forward: 5’- CTTCGCAAGACCCTTCC -3’; MYB108A reverse: 5'-
TCAGATGTTGGTGAACTGCGTCTGTACG -3’; MYB108B: 5'- CTAGAAGTCGTCAAAGAACTGTT -
3')

Pick up a single transformed colony, put in 5 ml of LB + Kanamycin (50 mg/ml) and incubate
overnight at 37°C with constant shaking at 200 rpm

Plasmid purification miniprep using PureLink Quick Plasmid Miniprep Kit (Thermo Fisher)

and sequencing to assess the correctness of the vector

5.2.3 Preparation of chemically competent Agrobacterium tumefaciens strain C58
and C58C1 (modified from Xu and Qingshun, 2008)

REAGENTS

Luria-Bertani broth (LB, pH7)

Reagent Concentration (g/L)

Triptone 10
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NaCl 10
Yeast Extract 5
milliQ H,0 up to volume

e 100 mM CaCl, + 15% glycerol
PROTOCOL

Grow a colony of Agrobacterium tumefaciens strains C58 and C58C1 (suitable for transient
and stable overexpression, respectively) in 2 ml LB liquid media + Rifampicin (100 mg/ml;
intrinsic resistance of C58 and C58C1 strains) by incubating at 28°C overnight with constant

shaking (250 rpm)

Il.  Transfer the cells to 50 ml LB liquid media and incubate for 3 - 4 hours with constant shaking

until it is reached an ODggo = 0.5 - 1.0
ll.  Chill the culture on ice for 5 minutes
Iv. Centrifuge at 4000 rpm for 5 minutes at 4°C and discard the supernatant
V. Rinse the cell pellet with 10 ml of 100 mM ice-cold CaCl, and spin briefly again
VI.  Add 1 ml of 100 mM ice-cold CaCl, + 15% glycerol to resuspend the cells gently on ice

VIl.  Aliquot 40 pl into 1.5 ml Eppendorf tubes and store at -80°C

5.2.4 Agrobacterium tumefaciens transformation

REAGENTS

Liquid MS medium with sucrose

Reagent Concentration
Murashige and Skoog basal 43g/L
medium
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Sucrose 30g/L
Acetosyringone (ACS)* 200 uM
milliQ H,0 up to volume

*Add just before use

PROTOCOL

VI.

VILI.

VIII.

Xl

XIl.

XI.

XIV.

Let thaw on ice a 40 ul aliquot of competent Agrobacterium tumefaciens

Put 1 pl of plasmid into the thawed aliquot and mix gently not by pipetting up and down
Incubate on ice for 30 minutes

Put the tube in liquid nitrogen for 1 minute and then transfer it into an incubator for 5
minutes at 37 °C

Add 400 pl of liquid LB and incubate at 28 °C for 3-4 hours with constant shaking at 200 rpm
Plate on a 1.5% agarose LB Petri + Rifampicin and Spectinomycin (100 mg/ml)

Incubate at 28 °C for 2-3 days

Assess the presence of the plasmid with a colony-PCR (primer reported at point VII of
paragraph “5.2.2 Escherichia coli culture transformation and plasmid collection”)

Pick up a single transformed colony, put in 3 ml of LB + Rifampicin and Spectinomycin (100
mg/ml) and incubate overnight at 37°C with constant shaking at 200 rpom

Inoculate 20 pul of the overnight grown culture in 20 ml of LB + Rifampicin and Spectinomycin
(100 mg/ml) and incubate again overnight at 37°C with constant shaking at 200 rpm
Centrifuge at 6000 rpm for 10 minutes and discard supernatant

Resuspend cellular pellet in 15 ml of Liquid MS medium with sucrose and incubate at 28 °C
for 3-4 hours with constant shaking at 200 rpm

Measure the ODggoand dilute the culture with Liquid MS medium with sucrose to obtain 0.1-
0.2 values

Agrobacterium culture is now ready to be used for plant transformation

5.2.5 Wild type tomato preparation

REAGENTS
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Solid MS medium (pH 5.8-6.0)

Reagent Concentration (g/L)
Murashige and Skoog basal 4.3
medium
Sucrose 20
Agarose 7
milliQ H,0 up to volume

PROTOCOL

VI.

VILI.

Vil

Work under a biological flow chamber in order to maintain the absolute sterility

Use medical gauze to prepare some packets of approximately 50 viable seeds each

Prepare a jar with a solution 50% bleach and add a few drops of polysorbate 20 (Tween-20)
Prepare 3 jars with sterile water

Put the seed bags into the mixture prepared in step Il and shake it gently for 30 minutes
Transfer the bags into the first jar of sterile water and shake it gently for 5 minutes
Transfer the bags into the second jar of sterile water and shake it gently for 10 minutes
Transfer the bags into the third jar of sterile water and shake it gently for 15 minutes
Remove the packets from the jar and transfer the seeds into a Petri plate with sterile
bibulous paper moistened with sterile water. Close the plate with parafilm in order to
maintain sterility and incubate at 28 °C for 2-3 days with darkness

Transfer the seedlings on Solid MS medium and let them grow for 2-3 weeks with long

photoperiod (16 hours of light and 8 hours of dark)

5.2.6 Cotyledons cut and infection

REAGENTS

Solid Pre- and Co-cultivation medium (pH 5.8-6.0)
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Reagent Concentration
Murashige and Skoog basal 43g/L
medium
Sucrose 20g/L
Indole-3-acetic acid (IAA)* 0.2 mg/L
Zeatin (ZT)* 2 mg/L
Acetosyringone (ACS)* 200 uM
Agarose 7g/L
milliQ H,0 up to volume

*Add just before use

PROTOCOL

VI.

VILI.

Work under a biological flow chamber in order to maintain the absolute sterility

When seedlings show well outspread cotyledons, it is the correct time to cut them

By picking the seedlings one by one, collect the cotyledons by cutting with a scalpel and
remove the ends of the leaf surface with two cuts perpendicular to the longitudinal axis of
the leaf (the point of insertion of the petiole and the exact opposite, where the leaf ends in
a tip)

Put the explants in plates with Solid Pre- and Co-cultivation medium, positioning the
superior surface facing down in contact with the medium

Incubate at 25 °C in darkness for 3 days

Dip the cotyledons into a C58C1 recombinant Agrobacterium suspension obtained as
reported in step XIV of the paragraph “5.2.4 Agrobacterium tumefaciens transformation”
and mix gently for 10 minutes

Take out the cotyledons and put on sterilized filter paper to absorb the suspension, having

care not to over dry
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VIIL Put the cotyledons in plates with Solid Pre- and Co-cultivation medium having previously
positioned a circle of sterilized filter paper on the medium surface, positioning the superior
surface of the cotyledons facing down in contact with the medium (Fig. 7.5A)

IX. Incubate at 25 °C in darkness for 48 hours

5.2.7 Washing Agrobacterium from infected cotyledons

REAGENTS

Liquid MS medium

Reagent Concentration
Murashige and Skoog basal 43g/L
medium
Timentin* 300 mg/L
milliQ H,0 up to volume

Solid Differential medium (pH 5.8-6.0)

Reagent Concentration
Murashige and Skoog basal
43g/L
medium
Sucrose 20g/L
Indole-3-acetic acid (IAA)* 0.2 mg/L
Zeatin (ZT)* 2 mg/L
Timentin* 300 mg/L
Agarose 7g/L
milliQ H,0 up to volume
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Solid Selective medium (pH 5.8-6.0)

Reagent Concentration
Murashige and Skoog basal 43g/L
medium
Sucrose 20g/L
Indole-3-acetic acid (IAA)* 0.2 mg/L
Zeatin (ZT)* 2 mg/L
Timentin* 300 mg/L
Kanamycin 80 mg/L
Agarose 7 g/L
milliQ H,0 up to volume

*Add just before use

PROTOCOL

VL.

VII.

VIII.

Work under a biological flow chamber in order to maintain the absolute sterility

Dip the cotyledons in 30 ml of Liquid MS medium in a 50 ml Falcon tube and shake it softly
for 4 minutes

Remove the Liquid MS medium, add 40 ml of sterile water, shake it softly for 2 minutes and
remove the water

Repeat steps | and Il for two times

Take out the cotyledons and put on sterilized filter paper to absorb the suspension, having
care not to over dry

Put the cotyledons in plates with Solid differential medium positioning the superior surface
of the facing down in contact with the medium (Fig. 7.5B)

Leave the plates in long photoperiod conditions for 10 days

Transfer the cotyledons on Solid selective medium and reposition the plates in long

photoperiod conditions
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IX. Every 20 days, transfer the cotyledons into new Solid selective medium

5.2.8 Transformant whole plant regeneration

REAGENTS

Solid Rooting medium (pH 5.8-6.0)

Reagent Concentration
Murashige and Skoog basal 43g/L
medium
Sucrose 20 g/L
Indole-3-acetic acid (IAA)* 0.5 mg/L
Timentin* 200 mg/L
Agarose 7g/L
milliQ H,0 up to volume

*Add just before use
PROTOCOL

I.  Work under a biological flow chamber in order to maintain the absolute sterility

II.  When a resistant bud appears (Fig. 7.5C), cut it and place on Solid rooting medium keeping
long photoperiodic conditions (Fig. 7.5D)

M. When the bud develops into a complete plantlet with a well expanded root system (Fig.
7.5E), cut the stem and put it into a new Solid rooting medium in order to conserve a copy
of the plantlet, also by having care to leave at least one meristem in both the original plantlet
and the copy, which allows them to regrow

V. Put the plantlets in long photoperiod conditions

V.  When a plantlet is completely regenerated again, take it off from the medium and carefully
clean the roots under a water flow, having care of removing all the medium residues which

— if not wiped away - would provoke the growth of fungal infestation due to their sucrose
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VI.

VII.

VIIL.

content, and thus put it in a balanced growth substrate placed in a pot. Due to the in vitro
growth conditions, the stomatal openings of the plant are wide opened, for this reason it is
necessary to proceed with a gradual acclimatation of the plantlet, firstly by positioning a
transparent cup covering all the epigeal apparatus in order to maintain high humidity levels
(Fig. 8.5A). Let the plantlet with long photoperiod conditions and water abundantly

After a week, replace the transparent cup with a suitably perforated one to further
encourage the closure of stomata (Fig. 8.5B)

After another week, remove completely the transparent cup and let pass 1 hour, then
reposition the cup above the plant for another hour and take off it another time, proceeding
in this way until the plant can remain with no coverage without assuming a patent bearing
due to excessive evapotranspiration. After a week passed without evident stress, it is
possible to collect a leaf sample for the plant, extract gDNA and test the presence of the
insert with a PCR by using the primers reported in step VII of paragraph “5.2.2 Escherichia
coli culture transformation and plasmid collection”

Let the plant grow in long photoperiod condition till the end of its cycle, hence gather the

berry and from that the seeds
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Figure 7.5. Tomato in vitro regeneration procedure. (A) Infected cotyledons in Pre- and Co-
cultivation media with filter paper (as described in step VIII of the paragraph “5.2.6 Cotyledons cut
and infection”). (B) Disinfected transformed cotyledons in Solid Differential media (as described in
step VI of the paragraph “5.2.7 Washing Agrobacterium from infected cotyledons”). As can be seen,
cotyledons have a well-developed callus cells cluster if compared to panel A. (C) Cotyledons in Solid
Selective medium with some buds in the right stage to be cut and transplanted in Rooting medium.
As can be seen from the zoom of a cotyledon, a bud can be transplanted when it shows visibly
differentiated anatomical structures which make it appearing like a miniatured plant. (D) A
transformant bud while regenerating in Solid Rooting medium. Pivotal is the size of the container

244



CHAPTER V

that allows the correct growth of the epigeal apparatus and the root system of the plant. (E) A well
regenerated plantlet ready to be transplanted to a pot with containing some balanced substrate for
tomato.

Figure 8.5. (A)Two plantlets just positioned in pots and covered with a transparent jar ready to start
the acclimatation process. (B) A plantlet in a phytotron with holed coverage in the middle of the
acclimatation procedure

5.2.9 Arabidopsis thaliana floral dip (modified from Zhang et al., 2006)

REAGENTS

Infection buffer

Reagent Concentration
MgCl, 10 mM
Sucrose 5%
Silwet L-77* 0.02 %
milliQ H,0 up to volume

*Add just before use
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PROTOCOL

VI.
VII.
VIII.

XI.

XIl.

XMl.

Sow Arabidopsis thaliana wild type in a pot with soil surface covered by a cheesecloth to
retain the substrate but with sufficiently large meshes to let the seedlings emerge and
develop without constraints (Fig. 9.5). Let grow with long photoperiod conditions

When the primary inflorescence is completely issued (Fig. 10.5), cut it at the basis to
stimulate the emission of the secondary ones which are more susceptible to the
transformation than the principal

Once the secondary inflorescences are well developed and the flowers are still closed, the
plants are ready to be transformed

On the same day of the transformation, remove with a tweezer the precociously opened
flowers eventually present

With the same procedure and proportions reported in the paragraph “5.2.4 Agrobacterium
tumefaciens transformation”, grow a recombinant Agrobacterium C58C1 suspension of 500
ml of final volume. Always check the culture with a colony PCR before to use

Centrifuge at 4000 rpm for 10 minutes and discard supernatant

Resuspend the pellet in 200 ml of Infection buffer

Measure the ODggo and dilute the culture with infection buffer to obtain 0.8-0.9 values
Pour the suspension in a wide mouth container

Dip the inflorescence of Arabidopsis in the suspension for 20-30 seconds and let it drain off
from excess of adhered suspension

Wrap the plant with transparent film in order to maintain high humidity levels and position
laying on the side for 24 in darkness

Uncover the plant and let it grow with long photoperiod conditions till the siliques are totally
dry and it is possible to easy collect seeds

Sterilize transformant seeds as described in paragraph “5.2.5 Wild type tomato preparation”

and sow them in Solid MS medium + Kanamycin (80 mg/L) as selection factor (Fig. 11.5)
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Figure 9.5. Pot with soil surface covered by a cheesecloth to retain the substrate but with sufficiently
large meshes to let the seedlings emerge and correctly develop without constraints
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Figure 10.5 Arabidopsis thaliana plant with principal inflorescence axis in the correct stage to be cut
in order to stimulate the emission of secondary floral stems
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Figure 11.5. Transformant seedlings of Arabidopsis thaliana germination on Kanamycin selective
Solid MS medium

5.2.10 Arabidopsis mutant lines complementation

The seeds of mutant lines of Arabidopsis thaliana SALK_056061 and SALK_024059 were ordered at

Nottingham Arabidopsis Stock Centre (NASC; https://arabidopsis.info/BasicForm). As reported in

user guide, before to proceed with the complementation, it was necessary to genotype the lines in
order to be sure to use only homozygous individuals with an insertion in both the chromosomes. To
this purpose, it was necessary to design a genomic-specific couple of primers (LP and RP) for each
line and a T-DNA insertion specific forward primer (LB1.3). In this regard, for SALK 056061 line the
primers are LP: 5-TGTCTATTCCCTTCATCGCAC-3’ and RP: 5'-CAGGGCGGAGATAGTTTAACC-3'. For
SALK_024059 line, the primers are LP: 5-ATTGTGCGATTTTTGACCATC-3 and RP: 5'-
AGGTCGCTGGAACTCTCTTTC-3'. The forward primer specific for the T-DNA insertion is LBb1.3: 5'-
ATTTTGCCGATTTCGGAAC-3’ and it is suitable for both the lines (Fig. 12.5). Primers were designed

by using the SIGNAL primer design online tool (http://signal.salk.edu/tdnaprimers.2.html). To

distinguish wild type, homozygous insertions and heterozygous ones, for each individual, it was

necessary to extract gDNA and to set up two paired PCR reactions: one with LP + RP primers and the
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other with LBb1.3 + RP. For wild type or heterozygous individual, it is expected a PCR product in the
LP + RP reaction or a blank for homozygous, while it is expected a band in the LBb1.3 + RP for
homozygous or heterozygous plants. Taking advantage of the SIGNAL online tool, it was possible to
predict the sizes of the PCR fragments. SALK_056061: LP + RP = 1218 bp and LBb1.3 + RP = 607-907
bp. SALK_024059: LP + RP = 1271 bp and LBb1.3 + RP = 583-883 bp. Some results of this procedure
are shown in Fig. 13.5. After this genotyping analysis, it was proceeded with the complementation
of the mutants by using only the homozygous individuals, following again the floral dip method as

described in paragraph “5.2.9 Arabidopsis thaliana floral dip”.

T-DNA

Genome [ gseq !

Figure 12.5. Localization of LP, RP and LBb1.3 primers along the genomic region in which is supposed
to be the T-DNA insertion (picture modified from SIGNAL website)
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RP + RP + RP + RP + RP + RP + RP +
RP RP RP RP RP RP RP

SALK_024059

Figure 13.5. Electrophoretic agarose gel showing some of the results achieved with genotyping
analysis on SALK_024059 line. The samples are named with a code composed by “P” (for “plant”)
and a progressive number from 1 to 16. Each sample includes two wells, one for LP + RP PCR product
and the other for LBb1.3 + RP. Taking advantages of what explained in paragraph “5.2.10 Arabidopsis
mutant lines complementation”, from this picture it is evincible that the plants P1, P2, P3, P4, P5,
P7,P10, P12 and P14 are homozygous and can be used for complementation purposes. On the other
hand, the plants P11 and P13 are heterozygous, and the plants P6, P8, P9, P15 and P16 are wild

type.

5.2.11 Transient overexpression in Nicotiana benthamiana (modified from Espley
et al., 2007)

REAGENTS

Infiltration buffer (pH 5.6)

Reagent Concentration
MES 10 mM
MgCl, 10 mM
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Acetosyringone (ACS)* 200 uM

milliQ H,0 up to volume

*Add just before use

PROTOCOL

VI.
VII.
VIII.

Grow Nicotiana benthamiana with long photoperiod conditions for 5 weeks: the best
developmental stage for the agroinfiltration od the plant is the 5-6 leaves one (Fig. 14.5)
Following the paragraph “5.2.4 Agrobacterium tumefaciens transformation”, grow a
recombinant Agrobacterium C58 suspension. Always check the culture with a colony PCR
before to use

Centrifuge the suspension at 4000 rpm for 10 minutes

Remove supernatant and resuspend the cellular pellet in 1 ml of Infiltration buffer
Measure the ODggo and dilute the culture with Infiltration buffer to obtain 0.2 values
Incubate the suspension at room temperature for 2 hours without shaking

With a needle, lightly scratch the lower leaf surface

Place the needleless tip of an insulin syringe on the scratch and inject the Agrobacterium
suspension until all the leaf mesophyll is completely impregnated (Fig. 15.5)

Put the plants for 48 hours in long photoperiod conditions

Sample the infiltrated leaves and put a piece of it on a microscope slide to investigate the

subcellular localization with a confocal microscopy approach
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Figure 14.5. Optimal growth stage of Nicotiana benthamiana for agroinfiltration purposes
(Photograph property: TOMSBiolab)

Figure 15.5. A just infiltrated leaf of Nicotiana benthamiana
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5.3 Results

5.3.1 Subcellular localization

To investigate the localization of WiMYB108A and ViMYB108B in cells, we fused GFP to the N-
terminus of the ORFs of both the TFs, and the construct was agroinfiltrated into leaves of wild type
N. benthamiana. The expression of the GFP:VWiMYB108A-B in leaf epidermal cells was examined by
confocal microscopy by exciting with a laser line at 488 nm. Results showed that the
GFP:WiMYB108A-B localized exclusively to the nucleus. The green fluorescent signal from the
GFP:WiMYB108A-B was overlapped with the red fluorescent signal from the chloroplasts and the

bright field picture in order to give back a complete overview of the cell (Fig. 16.5).

Chlorophyll Bright field Merge

L"

Figure 16.5. Subcellular localization of green fluorescent protein (GFP) fused to VWiMYB108A and B
ORFs under the control of strong promoter CaMV 35S, transiently overexpressed in Nicotiana
benthamiana leaves (as shown in Fig. 1.5). Images in the first column show cells with GFP signal.
Images in the second column show the same cells but with the red signal naturally emitted by
chlorophyll at 488 nm wavelength. Images in the third column show the bright-field view of the
same cells and the images in the fourth column are the overlays of the bright-filed and fluorescent
images.

MYB108B-GFP

GFP
o .
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5.4 Future developments

Since the time for plant growth ad regeneration was not compatible with the established duration
of PhD activities, here the results of the several functional characterization assays performed have
not been presented, apart from the subcellular localization and a few concerning the
complementation of the mutant lines of Arabidopsis thaliana. The subsequent activities will regard
the phenotyping analysis of the stable overexpressing lines of tomato and Arabidopsis, and of this
last also considering the complemented mutants. Since the mutant lines in first instance seemed of
loss-of-function type (Cui et al., 2013) and exactly in the middle of our functional characterization
analysis it was finally assessed the opposite (Cui et al., 2022), the expected results should be
different from the previously predicted. In this regard, if a gain-of-function mutation showed
reduced male fertility associated with delayed anther dehiscence, reduced pollen viability and a
global decreased fecundity compared to the wild type (Mandaokar and Browse, 2009), these
phenotypic traits — nevertheless at theorical level - are expected to be exacerbated in the
complemented mutants, which more than “complemented mutants” are most suitably definable
“double overexpressing lines”. A middle situation between these “double overexpressing lines” and
the wild type should be observable in the stable overexpressing transformant lines of tomato and
Arabidopsis, theoretically the most similar to what reported for the gain-of-function mutants
described by Mandaokar and Browse (2009). To be honest, the situation is more complex. Indeed —
for completeness — is necessary to evaluate the cooccurrence of both the overexpression of the
endogenous AtMYB108 and of the heterologous ViMYB108A and B, also considering the possibility
of plant endogenous (trans-) gene silencing mechanisms (Fagard and Vaucheret, 2000) that would
make harder the study of a direct and linear relationship between an overexpression level and a
given phenotype. The same reasoning could be extended also to the Botrytis cinerea susceptibility
issue. Pathogenicity infection tests with Botrytis cinerea are already planned and, from a speculative
point of view, the “double overexpressing lines” are expected to be the most susceptible to the
fungus - showing the highest level of uncontrolled PCD - if compared to the wild type and to the
stable transformant lines, which supposedly are going to be like the ones described by Cui et al.
(2013). But — again — there are other mechanisms affecting the system that are needed to be
considered for the global evaluation. Certainly, a transcriptomic approach - together with a qPCR

directed on the overexpressed target — would greatly help to make clearness on this nested and
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partially imbricated landscape, but also avoiding in the future the risk of confusion in the definition

of the mutant lines as instead happened for the considered case.
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6.1 Abstract

The production of high-quality wines is strictly related to the correct management of the vineyard,
which guarantees good yields and grapes with the right characteristics required for subsequent
vinification. Winegrowers face a variety of challenges during the grapevine cultivation cycle: the
most notorious are fungal and oomycete diseases such as downy mildew, powdery mildew, and gray
mold. If not properly addressed, these diseases can irremediably compromise the harvest, with
disastrous consequences for the production and wine economy. Conventional defense methods
used in the past involved the use of chemical pesticides. However, such approaches are in conflict
with the growing attention on environmental sustainability and shifts from the uncontrolled use of
chemicals to the use of integrated approaches for crop protection. Improvements in genetic
knowledge and the availability of novel biotechnologies have created new scenarios for possibly
producing grapes with a reduced, if not almost zero, impact. Here, the main approaches used to
protect grapevines from fungal and oomycete diseases are reviewed, starting from conventional
breeding, which allowed the establishment of new resistant varieties, followed by biotechnological

methods, such as transgenesis, cisgenesis, intragenesis and genome editing, and ending with more
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recent perspectives concerning the application of new products based on RNA interference (RNAI)
technology. Evidence of their effectiveness, as well as potential risks and limitations based on the

current legislative situation, are critically discussed.

Keywords: Cisgenesis, Downy mildew, dsRNA, Genome editing, Gray mold, Powdery mildew, Vitis.
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6.2 Introduction

Currently, grapevine cultivation has become enormously important both at economic and food
production levels on a global scale. In 2019, according to the economic note of the world wine sector
drawn up by the International Organization of Vine and Wine (OIV), the world area under vines, i.e.,
the total area planted with vineyards for all uses (wine, table grapes and raisins), was estimated at
7.4 million hectares. In the following year, the area covered by grapes for use in worldwide wine
production was estimated at approximately 258 million hectoliters (OIV, 2020), with approximately
159 million hectoliters produced in Europe and 99 million in the rest of the world. Italy is the world's
leading wine producer, with a share of 18%, equal to 47.2 million hectoliters. Wine, understood as
the main product of vine cultivation, is inextricably linked to the complex interactions of the vine
with the surrounding environment. Moreover, the high quality and excellence of a wine often reflect
the genetic characteristics typical of a single genotype, making it necessary to avoid the
recombination of characters and therefore sexual reproduction. The vine, consequently, is identified
as a static genetic entity, basically represented by one or a few genotypes perfectly adapted to a
territory and multiplied vegetatively by means of cuttings or clones. The large global cultivation area
and the need for genetic standardization within one or more territories make the vine particularly
susceptible to attack by pathogens and abiotic stresses. In addition, the threat of pathogens in a
purposely static genetic context can be intensified with the phenomenon of climate change, leaving
room for emerging phytosanitary problems, as well as increasingly frequent and highly unfavorable
atmospheric extremes affecting crop fitness. Next-generation viticulture will need to consider
environmental trends toward high temperature. In addition to reviewing the traditional "suitability"
of different territories, the geographical redistribution of the vines and their adaptation to
cultivation techniques, it will be necessary to intensify the contribution that genetics and
biotechnologies can provide to solve phytosanitary and qualitative problems linked to defense. At
the end of the nineteenth century, mildews and phylloxera (Daktulosphaira vitifoliae) from North
America put the entire European supply chain in jeopardy. Still today, some of the most disruptive
grape diseases in the Eurasian region are downy mildew caused by the oomycete Plasmopara
viticola and powdery mildew , and gray mold caused by the ascomycetes Erysiphe necator and
Botrytis cinerea, respectively (Elad et al., 2016; Buonassisi et al., 2017; Pirrello et al., 2019). Genetic
systems have already been widely exploited to confer desired characteristics and to counter
impending problems. The most emblematic example is the development and use of rootstocks. The

root system of the European grapevine, in fact, was found to be highly vulnerable to infestation by
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phylloxera, while the wild species of American grapevine showed resistance to aphid attacks
(Forneck et al., 2001). Initially, attempts were made to combat the insect by hybridizing European
and American species to obtain varieties resistant to phylloxera. However, the obtained hybrids did
not offer total resistance and did not adapt well to the calcareous, poor, and dry soils that
characterize viticulture. Furthermore, the product obtained from these hybrids showed a lower
organoleptic quality compared to European varieties. Therefore, the best solution was to select
rootstocks derived from interspecific crosses between some non-vinifera species, mainly V.
berlandieri, V. riparia and V. rupestris, or between these and V. vinifera. This intense hybridization
work led to the selection of many rootstocks that are still used today and guarantee resistance of
the root system to phylloxera as well as greater adaptability to all soil and climatic conditions. The
fight against phylloxera represented, in the context of vine cultivation, the trigger toward a growing
importance in the selection of rootstocks, which had to confer resistance not only to the aphid but
also to the main biotic agents, especially nematodes (Wilcox et al., 2015) and related viruses (Walker
et al., 1994), and also needed to show good adaptability to stressful abiotic conditions, such as
deficiencies in the absorption and transport of water and mineral elements (Marguerit et al., 2012;
Meggio et al., 2014; Corso and Bonghi, 2014; Vannozzi et al., 2017). The need for rootstocks, and
more generally for resistant cultivars, also stemmed from a problem directly related to
phytosanitary defense or to improvements in plant fitness, i.e., the use of insecticides, nematicides,
soil fumigants and chemical fertilizers, the indiscriminate use of which can lead to water
contamination and environmental toxicity. For these reasons, chemical strategies for disease
management are increasingly regulated by the EU to alleviate the potential negative effects of
pesticides on workers’ health and field biodiversity and to promote initiatives that fall within the
broader framework of integrated pest management (IPM; Pertot et al., 2017).

In this regard, grapevine breeding remains a valuable tool aimed not only at scavenging and
exploiting natural resistance traits but also at coupling them with the market-dictated fruit quality
and agronomical characteristics of elite varieties (Topfer et al., 2011). In fact, the cultivation of
disease-resistance genotypes has made it possible to limit the number of pesticide treatments in
viticulture in many areas of the world (Topfer and Hausmann, 2021). Nonetheless, the increasingly
widespread development of these cultivars raises several important issues related to their
qualitative potential and marketing and, more importantly, to the management of the durability of
resistance, with several cases of the erosion or breakdown of resistance already reported in Europe
(Guimier et al., 2019). In recent decades, the development of new biotechnological approaches such
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as cisgenesis, genome editing, and RNA interference has expanded the range of tools that can be
used to improve the tolerance to pathogens in difficult crops such as grapevine. However, it should
be noted that, similar to conventional breeding, these new biotechnological techniques also have
advantages and disadvantages that must be taken into consideration. In 2017, the EU Explanatory
Note (EU Commission and Directorate-General for Research and Innovation, 2017) introduced the
definition of conventional breeding technologies, consisting of traditional breeding and marker
(MAB) and genomic assisted breeding (GAB), to be considered separate from these new breeding
biotechnologies (NBTSs).

This study aims to review the contribution of conventional and new breeding techniques to the
genetic improvement of grapevine, starting with MAB, moving on to the use of transgenesis,
cisgenesis, and posttranscriptional silencing mechanisms and ending with genome editing. Parallel
to the description of the main results obtained from the research in this area, an attempt was also

made to provide the regulatory framework at a national and European level.

6.3 Conventional genetic improvement of grapevine for fungal and
oomycete diseases

Cross breeding exploits the genetic segregation that occurs through controlled sexual reproduction
to obtain progeny with broad genetic diversity. It was first used in grapevine in the 18™ century,
when unsuccessful attempts to cultivate V. vinifera subsp. Vinifera in America finally resulted in the
development of “American hybrids” adapted to local climatic conditions with better characteristics
for winemaking than the local wild species (Topfer et al., 2011). In Europe, cross breeding for
resistance started at the beginning of the 20" century to cope with emerging pests coming from the
New World, such as downy mildew, powdery mildew, and gray mold. The first interspecific cross
attempts were conducted by private French breeders leading to so-called “first-generation hybrids”
or “direct producers” that were ungrafted. Given their process of coevolution with pathogens,
American wild species were considered resistant sources (Toffolatti et al., 2018), but unfortunately,
they were not suitable for wine production in terms of quality (Eibach et al., 2010) (Box 1). In fact,
although this technique proved effective for rootstocks, the unsatisfactory viticultural properties of
the French hybrids forced the breeding programs in France to stop and led to the advent of laws
that still rigorously regulate hybrids in the EU wine market today (Meloni and Swinnen, 2013).
Nonetheless, subsequent breeding activities in other countries resulted in cultivars being

successfully grown and vinified throughout Europe (Topfer et al., 2011).
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Given the need to make the most of genetic resources for resistance from wild species, gene
introgression has been employed. This process consists of an interspecific hybridization between a
wild individual carrying the resistance trait (donor plant) and an individual from a commercial variety
(recipient plant). The recipient plant is then used for subsequent backcrosses coupled with the
recurrent selection of the resistance trait. Unfortunately, as described by Dalla Costa et al. (2017),
this strategy is labor- and time-consuming for a woody crop with a long juvenile phase such as
grapevine, without the guarantee of a satisfactory result in agronomical terms.

MAB can partially overcome the aforementioned drawbacks and accelerate the process of selection
of resistant cultivars obtained from interspecific crosses by tracing the introgression of the loci of
interest (Di Gaspero and Cattonaro, 2010). In the ‘00s, a large collection of molecular markers
associated with quantitative trait loci (QTLs) was developed to allow the construction of genetic
maps (Hvarleva et al., 2009). The first to be used were the simple sequence repeats (SSRs), which,
despite their high mutation rate, are still the best selective markers for their stability and
codominance (Adam-Blondon et al., 2004). Over the years, many other highly polymorphic markers
have been exploited (Vezzulli et al., 2019a), such as random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP; Fischer et al., 2004) and sequence characterized
amplified regions (SCAR; Welter et al., 2007). Given their ease of use, reproducibility, and abundance
in the grapevine genome (Velasco et al., 2007), single nucleotide polymorphisms (SNPs) have been
used as integration tools for SSRs (Emanuelli et al., 2013) and to create dense genetic maps (Vezzulli
et al., 2008).

As a consequence of the development and application of new molecular markers, in recent years,
there has been a significant increase in the number of identified R loci as dominant sources of
resistance. In this regard, North American species have contributed most to the collection of R loci
thus far (Table 1). In recent years, the investigation of QTLs for resistance has expanded from
Muscadinia through new American and Asian Vitis species up to V. vinifera. However, despite the
large updated list of R loci (Table 1) against downy mildew, powdery mildew and gray mold, the
exploitation of resistance traits in unexplored wild species is rapidly proceeding, but the search for
new resistance genes is also needed in cultivated resistant varieties (e.g., Rpv27 identified in Norton
by Sapkota et al., 2019). Moreover, the recent loosening of the regulation on the cultivation of
hybrids, which now allows them to be classified with a Protected Geographical Indication (PGl;
Council Regulation (EC), 2009), has given a new impetus to the development of resistant species
from interspecific crossbreeding. These new cultivars are considered V. vinifera varieties and are
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defined as pilzwiderstandsfahig (PIWI), meaning “fungal disease resistant”. The same definition is
used by an international working group aimed at the promotion of fungus-resistant grape varieties
via different breeding programs in Europe and North America (PIWI International). Currently,
resistant varieties are widely cultivated in many regions of the world (Figure 1, Table S1). Among
the top 30 resistant wine grape varieties, Concord is the most widespread and covers 0.24% of the
worldwide area cultivated with vines; it is mostly cultivated in Brazil, the USA, and Japan. Similarly,
Bianca covers 0.22% and is concentrated in Russia, Hungary, and Moldova. Seyval Blanc, Regent,
Chambourcin, Villard Noir and Baco Noir follow with 0.06-0.02% of the worldwide share and
covering countries on all five continents (Anderson and Nelgen, 2020) (Figure 1, Table S1, Table 2).
Not much is known about the genetic traits that determine resistance in these cultivars. While
Norton and Golden Muscat have only one R locus against P. viticola, Seyval blanc, Regent and Solaris
carry five Rpv and Ren loci. Four loci for resistance to E. necator and P. viticola are carried by
Cabernet Cortis, with three by Phoenix and Johanniter, and two by Bianca and Chambourcin (Table
2); no data are available for the other cultivars.

Regarding the wild and cultivated sources of resistance, one of the main issues of their investigation
is that not all individuals belonging to a species show the same resistant phenotype, raising the need
to test every single germplasm with local strains of the pathogen (Dry et al., 2019). Moreover, as
proven by Peressotti et al. (2010), resistance conferred by major QTLs cannot be considered a long-
term solution since it is highly race-specific and can be overcome by more virulent strains of the
pathogen; on the other hand, partial resistance is the result of an additive effect of many genes and
is more durable but still prone to erosion (Stuthman et al., 2007). The ability and time to overcome
resistance by a pathogen are determined by several factors, such as its morphological and
reproductive characteristics and the permanence of the crop in the field (Dry et al., 2019). Stam and
McDonald, (2018) calculated the combination of four R genes as a minimum to guarantee total
impermeability of the resistance barrier in herbaceous crops, but it is not yet possible to establish
whether these data are also valid for perennial crops such as grapevine and how much they should
be combined with other control strategies (Feechan et al., 2015; Zini et al., 2019). In this regard,
gene stacking (pyramiding) is proposed to improve breeding efficiency because it takes advantage
of known resistance QTLs to downy mildew and powdery mildew (Miedaner, 2016; Mundt, 2018).
Grapevine breeding programs aimed at stacking R loci are widespread throughout the world. In
Europe, the collaboration between INRAE, Julius Kihn-Institut (JKI), Staatliches Weinbauinstitut
(WBI) and Agroscope in the INRA-ResDur program (Merdinoglu et al., 2018) made it possible to
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release the four ResDurl cultivars ‘Voltis’, ‘Artaban’, ‘Vidoc’, and ‘Floreal’, carrying Runl, Ren3,
Rpv1, and Rpv3. This collaboration is still working on ResDur2 (with Run1, Ren3.2, Rpv1, and Rpv10)
to reach ResDur3 cultivars with six R loci. Moreover, the Fondazione Edmund Mach (FEM) recently
registered four new varieties (‘Termantis’, ‘Nermantis’, ‘Valnosia’, and ‘Charvir’) in the Italian
grapevine variety catalog (Pecile and Zavaglia), and its breeding program produced progeny with
individuals carrying from two to seven R loci to downy mildew and powdery mildew (Vezzulli et al.,
2019c¢). Furthermore, Foria et al. (2019), at the University of Udine, were able to combine two Rpv
and two Ren/Run loci into “elite” parenting offspring, releasing ‘Cabernet Volos’, ‘Fleurtai’, ‘Merlot
Kanthus’ and ‘Soreli’. Overseas, Riaz et al. (2019) are working on combining up to three Ren/Run loci
to develop advanced lines with a V. vinifera background. In Chile, Agurto et al. (2017) obtained
Ren1RunlRpv1 table grape cultivars, and Saifert et al. ( 2018) were able to stack Rpv1 and Rpv3.1in
elite genetic material through a collaboration between Ecuadorian and Brazilian universities.

The ability to move from a genetic map to a genetic sequence was certainly provided by the many
genome sequencing works on Vitis cultivars (Velasco et al., 2007; Jaillon et al., 2007; Carrier et al.,
2012; Gambino et al., 2017; Roach et al., 2018; Minio et al., 2019; Magris et al., 2021; Foria et al.,
2022) and American species (Girollet et al., 2019; Cochetel et al., 2021). Since the first SNP detection
in grapevine (Owens, 2003), the harnessing of SNPs in breeding has been inevitably coupled with
systematically increasing the genetic information obtained through next-generation sequencing
(NGS), third-generation sequencing (TGS; Varshney et al., 2009; Kumar et al., 2012), and cost-
efficient amplicon sequencing (AmpSeq; Yang et al., 2016; Pirrello et al., 2021). The advent of
genome wide association studies (GWAS) based on grouping shared genetic variants led to the
development of 9K and 18K SNP chips (Myles et al., 2010; Le Paslier et al., 2013), which allowed
extensive studies on population genomics, germplasm genetic diversity and linkage mapping (Myles
et al.,, 2011; Mercati et al., 2016; Riaz et al., 2018). Later, the more genetic diversity-focused
restriction-site-associated DNA sequencing (RAD-seq) and genotyping by sequencing (GBS; Peterson
et al., 2014; Campbell et al., 2015) techniques were established to separate the analysis from the
bias of using a predetermined set of point markers, resulting in high-resolution maps with a large

density of detected variant sites (Barba et al., 2014; Hyma et al., 2015; Marrano et al., 2017).
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6.4 Cisgenesis, intragenesis and transgenesis approaches for fungal and
oomycete pathogen resistance in grapevine

Despite the availability of several resistance genes isolated within Vitis spp. (Table 3), the lack of
efficient promoters and selection markers made the application of cisgenesis (Box 2) in this genus
very difficult (Limera et al., 2017). This would explain why cisgenesis attempts aimed at improving
fungal and oomycete tolerance in V. vinifera are rare. Based on our literature, only Dhekney et al.
(2011) claimed the successful application of cisgenesis approaches in grapevine through the transfer
of the WTL-1 gene (encoding a thaumatin-like protein with broad spectrum antifungal activity) from
Chardonnay to Thompson. Some cisgenic lines regenerated from somatic embryos showed a delay
of 7-10 days in the development of powdery mildew symptoms in greenhouse conditions. However,
although the authors recognize it as the first report of a cisgenic approach for fungal and oomycete
disease resistance, the resulting engineered plants were known to contain viral promoters as well
as reporter/marker genes. In reality, based on the strictest definitions, no study has successfully
developed fungal-resistant cisgenic or intragenic grapevines, and the aforementioned study could
be placed halfway between cisgenesis and transgenesis. Similarly, other studies have used a hybrid
approach based on both stable and transient transformation with genes derived from the same
species or sexually compatible taxa, as well as viral promoters (i.e., CaMV35S), bacterial selection
markers (i.e., nptll and hptll) and reporter genes (i.e., GFP).

For example, full or increased tolerance to powdery mildew was observed by transferring genes
isolated from V. quinquangularis, V. vinifera and V. pseudoreticulata into V. vinifera. These genes
belong either to the stilbene synthase family (VpSTSgDNA2 and VqSTS6; Dai et al., 2015; Cheng et
al., 2016) or to the pathogenesis-related (PR) protein pathway (VpPR4-1, VWNPR1.1 and VpEIFP1; Le
Henanff et al., 2011; Dai et al., 2016; Wang et al., 2017).

Stilbenes represent phenolic compounds that accumulate at the infection site of the main fungal
and oomycete pathogens and show antimycotic activity by inhibiting conidial germination (Hasan
and Bae, 2017), while PR proteins are a class of soluble proteins that are generally expressed
following abiotic and biotic stresses (Ali et al., 2018). PR proteins are also involved in increased
resistance to P. viticola, as observed by engineering V. vinifera with genes isolated from V.
pseudoreticulata (VpPR10.1; Su et al., 2018). Improved resistance to P. viticola was also observed in
V. vinifera transformed with VaHAESA, a gene isolated from V. amurensis that is highly similar to
pattern recognition receptor (PRR)-like kinase 5 (RLK5; Liu et al., 2018). Finally, the only hybrid

approach (i.e., combining cisgenesis and transgenesis elements) aimed at reducing the susceptibility
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of grapevine to Botrytis cinerea included transforming 41B rootstock and cv. Sugraone, with the
stilbene synthase coding gene VST1 under the control of the alfalfa PR 10 and 35S promoters,
respectively. A strong reduction in symptoms was linked in both cases to the accumulation of
resveratrol (Coutos-Thévenot et al., 2001; Dabauza et al., 2015).

Regarding transgenic approaches, the chitinase family has aroused enormous interest due to its
involvement in the response to E. necator. Two rice chitinase genes (Chill and RCC2) were effective
in reducing the effects of this pathogen in transgenic lines of V. vinifera (Yamamoto et al., 2000;
Nirala et al., 2010). Acquired resistance to the abovementioned fungus was also obtained by
engineering grapevine with both an ech42-nag70 double gene construct (i.e., a 42 kDa extracellular
endochitinase combined with an N-acetyl-B-D-hexosaminidase) isolated from Trichoderma spp. and
the RESISTANCE TO POWDERY MILDEW 8 (RPWS.2) gene isolated from Arabidopsis thaliana (Rubio
et al., 2015; Hu et al., 2018). Reduced rates of lesion expansion caused by B. cinerea were observed
by transforming V. vinifera with a gene isolated from Pyrus spp. and coding for a polygalacturonase-
inhibiting protein (pPGIP; Aglero et al., 2005). Finally, a chitinase gene isolated from scab-infected
Sumai-3 wheat and introduced into cv. Crimson Seedless produced enhanced tolerance to P. viticola
infection (Nookaraju and Agrawal, 2012). The development and application of transgenesis and
cisgenesis strategies are linked to several technical and biological advantages and disadvantages.
Moreover, these strategies often give rise to biosafety issues and public concerns. All these aspects

are summarized in Box 5.

6.5 Application of CRISPR/Cas9 to improve tolerance to the main fungal
pathogens in grapevine

A first example of the application of the CRISPR/Cas9 system (Box 3) in grapevine involved the
Agrobacterium-mediated transformation of Chardonnay cell suspensions with a single plasmid
containing a specific sgRNA able to target the L-idonate dehydrogenase (ldnDH) gene to alter the
biosynthetic pathway of tartaric acid (Ren et al., 2016). Later, the gene encoding phytoene
desaturase (VvPDS) was effectively knocked out in embryogenic calli of Neo Muscat (Nakajima et
al., 2017), Chardonnay and 41B rootstock by means of CRISPR/Cas9 binary vectors (Ren et al., 2019).
The first attempt to edit the grapevine genome to increase resistance against B. cinerea was
performed on the Thompson Seedless variety, targeting the transcription factor (TF) WWRKY52.
Induced mutations in this gene led to a significant reduction in the development of fungal colonies,

especially in biallelic mutant lines (Wang et al., 2018). In further studies, CRISPR/Cas9 technology
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was used to obtain different mutant lines of V. vinifera characterized by a lack of expression of
Downy Mildew Resistance 6 (DMR6) and Mildew Locus O (MLO). DMR6 and MLO represent
susceptibility (S) genes toward P. viticola and E. necator, and their knockout led to a significant
increase in resistance to these fungal and oomycete pathogens (Giacomelli et al., 2019, 2022). The
efficiency of CRISPR/Cas9-mediated mutagenesis in grapevine depends on factors common to other
genetic transformation methods (technical methods, plant genotype, target gene, in vitro
regeneration, and selective conditions) and on factors specific to this particular type of approach,
such as the choice of the upstream Cas9 promoter and the sgRNA sequence (Ma et al., 2015). With
reference to this last point, CRISPR/Cas9-mediated genome editing in grape was first reported in
2016 (Ren et al., 2016), and since then, the Arabidopsis AtU6 or AtU3 promoters have been used to
regulate the expression of sgRNAs (Ren et al., 2016; Nakajima et al., 2017; Wang et al., 2018;
Osakabe et al., 2018; Giacomelli et al., 2019). Recently, Ren et al. (2021) identified four VvU3 and
VvU6 promoters and two ubiquitin (UBQ) promoters in grapevine and demonstrated that the use of
the identified VvU3/U6 and UBQ2 promoters could significantly increase the editing efficiency in
grape by improving the expression of sgRNA and Cas9, respectively. CRISPR components can be
delivered within the cell in different ways: (i) in the form of nucleic acids, with genes coding for Cas9
and gRNA delivered using vectors, (ii) with genes coding for gRNA cloned within vectors and a
recombinant Cas9 protein, and (iii) in the form of a ribonucleoprotein complex (RNP), constituted in
vitro with Cas9 protein and an in vitro/in vivo transcribed gRNA (Glass et al., 2018). The major
bottleneck in grapevine editing is that all the applications described thus far still exploit
Agrobacterium-mediated genetic transformation using nucleic acids (i.e., DNA/mRNA coding for the
entire system). Consequently, these obtained varieties would not overcome the limits highlighted
for transgenic varieties (Capriotti et al.,, 2020) (for a more detailed description of the
advantages/disadvantages of genome editing see Box 5). Clearly, a delivery strategy based on the
use of the RNP complex represents a valid methodology to edit the genome without the
introgression of exogenous DNA. At the same time, however, an approach of this type cannot be
accompanied by an Agrobacterium-mediated transformation, hence the need to develop or
implement new methods to associate the use of RNP, which does not involve integration of nonhost
DNA into the edited species, into an efficient, inexpensive, and fast transformation system. Among
the best candidate delivery systems are particle gun or polyethylene glycol (PEG)-mediated
transfection. A first example of the direct delivery of CRISPR-Cas9 ribonucleoproteins (RNPs) in
grapevine protoplasts to obtain efficient DNA-free targeted mutations was achieved by Malnoy et
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al. (2016) in Chardonnay. In this study, protoplasts obtained from embryogenic calli were edited,
and a site-specific mutation was determined at the level of the MLO7 gene locus, which is one of
the susceptibility factors to E. necator. A detailed protocol adapting the CRISPR—Cas9 system to
grapevine plants using the direct delivery of CRISPR—Cas9 ribonucleoproteins (RNPs) to achieve
efficient DNA-free targeted mutations in grapevine protoplasts was described two years later by
Osakabe et al. (Osakabe et al., 2018). Clearly, one of the major impediments to the use of
protoplasts/RNPs in genome editing approaches lies precisely in the difficulty encountered in the
regeneration of plants starting from single cells. Numerous efforts are being made in this field to
alleviate this bottleneck to applying genome editing successes to plants. Recently, a successful DNA-
free methodology was used to obtain fully edited grapevine plants regenerated from protoplasts
obtained from a V. vinifera cv. Crimson seedless L. embryogenic callus. The transfected protoplasts
were edited on the downy mildew susceptibility gene WWDMRG6-2 (Scintilla et al., 2021). Excluding
the protoplast-based approach, in all other cases, the RNP complex needs to cross a substantial
barrier, the cell wall, whose structure and composition are complex and tissue-specific and can vary
over time, making it a complicated structure to be crossed. Nanoparticles were shown to deliver
different molecules (DNA, RNA, and protein) to mammalian cells. Interestingly, increased interest
into their use in agriculture occurred with relative success in delivering different molecules to
normal plant cells with cell walls. The scientific community currently pays much attention to a
particular class of nanoparticles, the cell-wall penetrating peptide (CPP), which seems to be less
cytotoxic to plants than other nanoparticles, such as gold or silicone nanoparticles. CPPs consist of
short peptide sequences (5 to 30 amino acid residues) that facilitate cargo penetration through the
cell membrane. Recent studies have demonstrated their efficacy in penetrating intact plant cells,
and they can help deliver large cargo molecules such as proteins, DNA, and RNA (Numata et al.,
2018). The development of a methodology for CPP-mediated delivery of a CRISPR/Cas9 system to a
regenerable grapevine plant material will be a game changer because it will align with the pursuit

of generating edited grapevine material that is GMO-free.

6.6 RNA interference mechanisms and potential applications in grapevine
defense

To date, conventional RNAi approaches (Box 4) have relied on the use of weakened recombinant
plant viruses (the so-called virus-induced gene silencing, VIGS), Agrobacterium-mediated transiently

expressed transgenes, and stably transformed transgenic plants that express dsRNAs to silence

270



CHAPTER VI

specific genes that control target traits (known as host-induced gene silencing, HIGS). Despite their
evident success, the use and trading of RNAi-based transgenic crops as genetically modified
organisms (GMOs) has aroused widespread concern and criticism from the public surrounding their
long-term consequences on human health and the environment. In this regard, the development of
low- or nonpathogenic virus expression vectors for the application of VIGS in crops poses technical
and safety challenges. The PTGS mechanism is still poorly explored in grapevine compared to other
crops; however, these silencing mechanisms have been applied to different sides of the host-
pathogen interaction, targeting both host and pathogen sequences. At the pathogen level, B.
cinerea was observed to silence immune response genes in V. labrusca producing sRNAs through
the DCL system to establish infection. In this regard, a PTGS strategy was developed based on
BcDCL1 and BcDCL2 as pathogen target genes, obtaining a “silencing of the silencing”, which showed
reduced growth of the fungi with consequent pathogenicity mitigation (Wang et al.). A similar
approach was used for downy mildew management by targeting PvDCL1 and PvDCL2, the genes

responsible for the silencing machinery of P. viticola during grapevine infection (Brilli et al., 2018).

In addition to the host—pathogen relationship determinants, an infection can also be contained by
directly leveraging the molecular mechanisms underlying the vital processes of the pathogenic
organism. Indeed, an emblematic case is the one carried out by Nerva et al. (2020) in V. vinifera cv.
Moscato, in which three B. cinerea target genes were identified: BcCYP51 (or erg11), Bcchs1 and
BcEF2b. ergll encodes a lanosterol l1l4a-demethylase belonging to the cytochrome P450
monooxygenase (CYP) superfamily that which controls a key step in the ergosterol biosynthetic
pathway; it is a fungi-specific compound and the target of the main antifungal triazole-based
products. Chitin synthase 1 is involved in chitin accumulation in the fungal cell wall, and its
inactivation in B. cinerea results in stunted growth due to a weakened fungal cell wall (Soulié et al.,
2003). Finally, elongation factor 2 catalyzes ribosomal translocation and is the target gene of
sordarin-derived commercial products. Independent of the application modality used, a collapse of
B. cinerea virulence was observed in all the treatments compared to the control. From the host plant
point of view, the MLO family contains the S genes to E. necator (Jorgensen, 1992). In monocots,
the S genes phylogenetically belong to the IV clade (Reinstaddler et al., 2010) of the MLO family,
whereas in dicots, they belong to the V clade (Feechan et al., 2008). MLO S genes seem to negatively
regulate the vesicle-associated and actin-dependent defense pathways at the E. necator

penetration site (Panstruga, 2005). Of the four S genes identified in V. vinifera (WWMLO6, WMLQO?7,
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VMLO11 and WMLO13), only the last three are known to be upregulated during powdery mildew
(Feechan et al., 2008). A HIGS-based knockdown strategy showed a decrease in powdery mildew
symptom severity up to 77% by silencing VVMLO?7 in combination with VWMLO6 and VWWMLO11 in cv.
Brachetto, with no pleiotropic effects observed (Pessina et al., 2016). Another work on S genes
involved targeting the VWLBDIf7 grapevine gene, which encodes an LOB domain (LBD)-containing
protein (Canaguier et al., 2017). This gene is the putative ortholog of an LBD TF, a repressor of
jasmonate-mediated defense mechanisms in Arabidopsis roots during Fusarium oxysporum
infection. The disrupted function of this gene leads to enhanced resistance to pathogens (Thatcher
etal., 2012). APTGS procedure on V. vinifera (cv. Pinot noir) gave satisfying results with a significant
decrease in the growth and sporulation of P. viticola (Marciano et al., 2021).

Due to the strong restrictions on the main genetic engineering techniques, research has recently
focused on the development of methods that do not involve modification of the host genome and,
therefore, do not lead to the production of varieties considered genetically modified by the current
legislation. For these reasons, exogenous RNAi-based approaches have emerged as a widely
accepted and environmentally friendly strategy relying on the direct exogenous application of RNA
molecules (dsRNAs and/or sRNAs) to improve crop qualities, with the potential to trigger RNAI in
various plants regardless of their genetic backgrounds (for a more detailed description of the
advantages/disadvantages of this approach see Box 5). Following the results that emerged in the
application of various RNAi methods for the development of resistance by plants, the evidence of
how the exogenous application of polynucleotides can influence the mRNA levels of important
virulence-related genes of pathogens or plants has proven to be pivotal in the context of the
development of new techniques and strategies for crop protection (Dubrovina and Kiselev, 2019).
In detail, spray-induced gene silencing (SIGS) allows the absorption of dsRNA by cells and plant
tissues, with the RNAi machinery being created by the host plant or directly conveyed at the cellular
level of the pathogen, thus triggering gene silencing through the RNAi machinery of the pathogen
itself (Sang and Kim, 2020). An experimental SIGS trial demonstrated how the exogenous application
of dsRNA specific for the transcripts of the B. cinerea DCL1/2 genes, which regulate the expression
of Dicer proteins essential for the production of sRNA, on the leaf surface of V. vinifera led to
effective absorption by the necrotrophic fungus, thus enhancing plant protection. Moreover, local
application of B. cinerea vacuolar protein sorting 51 (VPS51), dynactin (DCTN1), and suppressor of
actin (SAC1)-targeted dsRNA particles to grape berries led to stunted mycelial growth and reduced
susceptibility in the plant (Qiao et al., 2021). Using SIGS, encouraging results against B. cinerea were
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observed by Nerva et al. (2020) with postharvesting berry application, as well as in the
abovementioned work on PvDCL1 and PvDCL2 (Haile et al., 2021) and on VwMLO (Marciano et al.,
2021).

However, in the development of dsRNA-based RNAi strategies, several aspects must be considered:
(i) the choice of the target gene; (ii) the delivery methods; and (iii) the formulation of the exogenous
“inoculum”. In addition to the abovementioned genes, members of different classes of transcripts
can be identified as promising RNAi targets (Table 4). Among them is the ever-growing class of plant
S genes, which are recessively inherited and less suitable for canonical breeding programs for
resistance. S genes belong to different functional classes according to the role they play in plant-
pathogen interactions (van Schie and Takken, 2014), such as TFs or genes catalyzing catabolic
reactions. The major class of secreted effectors in P. viticola are the RxLR cytoplasmic effectors,
which act inside the cell of the host plant (Toffolatti et al., 2020). Among them, a few have been
identified as PCD inhibitors shown to suppress the immune response in Nicotiana benthamiana.
Something similar was observed when investigating the role of some E. necator RNase-like effector
proteins expressed in haustoria (RALPH) effectors. Exploring these gene classes as well as those
already scavenged in RNAi-targeted research represents a promising strategy. Moreover, regarding
the target tissue, there are some variations in SIGS delivery methods, such as petiole absorption and
trunk injection, with each having different efficiencies and resistance persistence; however, they

still function and give promising results (Nerva et al., 2020).
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Figure 1.6. Distribution of the top resistant cultivated grapevine varieties. The map shows the
distribution of the eight most resistant cultivated wine grape varieties throughout the world. Data
were retrieved from Anderson and Nelgen (2020). Detailed information is provided in Table S1.
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6.7 Conclusions

The coevolutionary interaction between host and parasite is often characterized by strong
reciprocal selective pressures exerted by the two antagonists upon one another. If the interaction
is long-lasting, then it may lead to fast evolutionary change (Woolhouse et al., 2002). Although this
phenomenon is common in plant—pathogen interactions in wild populations, it is not common in
agriculture or viticulture. In fact, while the pathogen is subject to constant evolution, determined
by the selective pressure exercised by chemical defense treatments, the plant host is not exposed
to any evolutionary process due to strictly correlated commercial and propagative reasons. The
absence of coevolution in viticulture led to a phenomenon of genetic stagnation at the level of elite
cultivars, making them increasingly subject to attack by pathogens. Consequently, viticulture, while
occupying 3% of the entire cultivated area, uses approximately 65% of all fungicides applied in
agriculture, thus creating strong issues relating to the environmental, economic and social
sustainability of the wine sector. In this scenario, plant breeding for genetic improvement can be
extremely helpful for the development of new sustainable viticulture through the development of
genotypes resistant to pathogens by exploiting the existence of resistance genes or the presence of
genes for susceptibility in the cultivars of interest. However, at least for grapevine, the pursuit of
this goal cannot be approached by means of the traditional methods of hybridization and selection
alone, not only for purely technological reasons but also for commercial reasons. In fact, although
the application of conventional breeding methods has already led to the development of improved
cultivars from an oenological point of view that are sometimes characterized as having resistance
to certain plant diseases, these represent completely new genotypes that have lost their commercial
names and may possibly be subject to important existing regulations. If it is true that the expertise
of grapevine breeders and conventional breeding methods will never be totally replaced by
grapevine biotechnologists and biotechnological methods, it is also true that next-generation
technologies available for molecular selection and genetic improvement will become increasingly
important for the development of superior and resilient grapevine cultivars. The potential use of
new biotechnological approaches for either loss-of-function and gain-of-function applications, such
as cisgenesis (for conspecific gene transfer or introgression), genome editing (for endogenous gene
knockout and gene editing or replacement) and RNAi-based methodologies (for targeted gene
silencing), will assumes strong relevance in the future of viticulture, as these methods would allow
direct intervention at the genomic level in any variety without changing its genetic background. All

these genome-wide biotechnological strategies represent rapidly increasing precision breeding
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methods that are potentially useful for developing cultivars genetically improved for single traits
while preserving all other remaining traits. In addition, these methods have the benefit of reducing
the time needed to breed a certain varietal genotype coupled with the advantage of avoiding any
genetic recombination or transfer of undesirable genetic material. These are common aspects to all
tree species as well as grapevines, and such technologies have been successfully applied in woody
crops. Furthermore, in the coming years, it seems possible that biotechnological approaches could
allow not only the transfer of cisgenes or the editing of genes of interest but also the control of
whole biosynthetic pathways and regulatory networks of certain plant genomes, making the
improvement of grapevine cultivars achievable by intervening in the development or composition
of specific tissues and organs. Assuming that an accurate risk and environmental impact assessment
is carried out for each individual genetic improvement intervention implemented through the
application of new plant breeding techniques, the use of these methods in viticulture could
concretely solve specific phytosanitary problems and, therefore, guarantee the safeguarding and
competitiveness of grape-related products. To conclude, the economic and environmental
sustainability of viticulture requires the design and development of programs that include
conventional breeding and the most recently advanced breeding technologies in a synergistic way.
A fundamental step to achieve this goal is the recognition of the indispensability of new plant
breeding techniques by the national institutions responsible for information on organic farming and
competent ministerial bodies (Box 6). Since their purpose is to guarantee a productive rural network
that is less invasive from an environmental, economic, and social point of view, the potential use of

these new technologies is absolutely in line with their goals.
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6.8 Tables

Table 1. Resistance (R) loci to B. cinerea, E. necator and P. viticola in grapevine (Topfer and
Hausmann, 2021 implemented) Together with the locus name, the chromosome (Chr), the
resistance source (Source), the genotype, the associated marker, the geographical origin (NA: North
America, CA: Central Asia, CH: China) and the Type of resistance (To: total, Mj: major, Pa: partial,
Mn: minor), are listed.

Pathogen Locus Chr  Source Genotype Associated Marker Origin  Type Ref
B. cinerea  Unnamed QTL 2 V. aestivalis Norton VMC6F1, VMC3B10 NA Mj (Sapkota et al., 2019)
Renl 13 V. vinifera Kishmish vatkana ~ UDV020, VMC9h4-2, VMCNg4e10.1 CA Mj/Pa  (Hoffmann et al., 2008)
Ren2 14 V. cinerea Illinois 547-1 CS25 NA Pa (Dalbé et al., 2001)
UDVO015b, WIv67 (Welter et al., 2007)
ScORA7-760 (Akkurt et al., 2007)
Ren3 15 unknown Regent VChr15CenGen02 NA Pa (van Heerden et al., 2014)
GF15-28 / VViv67 (Zyprian et al., 2016)
GF15-42 (Zendler et al., 2017)
. C166-043 VMC7f2 ) (Riaz et al., 2012)
Ren4 18 V.romanetii g 4 SNPs cH Mi/Pa (\tahanil et al., 2012)
Ren5 14 M. rotundifolia  Regale VMC(C9cl NA Mj/To (Blancetal., 2012)
Ren6 9 V. piasezkii DVIT2027 PN9-057, PN9-068 CH Mj/To  (Pap etal., 2016)
E. necator Ren7 19 V. piasezkii DVIT2027 VVIp17.1, VMC9a2.1 CH Pa (Pap et al., 2016)
’ Ren8 18 unknown UDV117, SPS_P_SNP632GF NA Mn/Pa (Zyprian et al., 2016)
Ren9 15 unknown Regent CenGen6 NA Pa (Zendler et al., 2017)
S2_17854965
Ren10 2 unknown Seyval blanc Haploblock validation NA Mn (Tehetal., 2017)
rh_chrl5_15294725
Ren11 15 V. aestivalis Tamiami rh_chr15_13822901 NA Pa (Karn et al., 2021)
rh_chr15_13698923
s VMC4f3.1, VMC8g9 . (Barker et al., 2005)
Runil 12 M. rotundifolia  VRH3082-1-42 49MRP1L.P2, CBS3 54 NA Mj/To (Feechan et al., 2013)
- ) VMC7f2, VMCNgle3 . .
Run2.1 18 M. rotundifolia  Magnolia WIn16, VMC7£2, VMC7£2 NA Mj/Pa  (Riaz etal., 2011)
Run2.2 18 M. rotundifolia  Trayshed VMC7f2 NA Mj/Pa  (Riaz etal., 2011)
Rpv1 12 M. rotundifolia  28-8-78 VVIb32 NA Pa (Merdinoglu et al., 2003)
- ) (Wiedemann-Merdinoglu
Rpv2 18 M. rotundifolia 8624 NA Mj/To et al,, 2006)
Regent uDv112, (Welter et al., 2007)
Rpv3 18 V. rupestris Bianca UDV305. VMC7f2, NA Pa (Bellin et al., 2009)
Regent VMC7f2 (van Heerden et al., 2014)
. Seibel 4614 UDV305, UbV737 (Di Gaspero et al., 2012)
- 1299-279 , ,
Rov3.1(=Rpu3227) (18 V. rupestris villard blanc GF18-06, GF18-08 NA - Pa (Zyprian et al., 2016)
V. rupestris Munson uDV305, UDV737 (Di Gaspero et al., 2012)
=, null-297
Rpv3.2 (sRpv3™™7) 18 i cecumii  GF.GA-47-42 GF18-06 , GF18-08 NA Pa (zyprian et al., 2016)
V. labrusca Noah uDV305, UDV737 (Di Gaspero et al., 2012)
- null-271 , ,
Rov3.3 (=Rpv3™'™) 18\ inaria Merzling VVIN16, UDV737 NA - Pa (Vezzulli et al., 20195)
V. labrusca uDV305
321-312 H
P viticola Rpv3 18 V. riparia Noah UDV737 NA Pa (Di Gaspero et al., 2012)
UDV305
361-299 i i i
Rpv3 18 V. rupestris Ganzin UDV737 NA Pa (Di Gaspero et al., 2012)
UDV305
1299-314 . . X
Rpv3 18 V. rupestris Ganzin UDV737 NA Pa (Di Gaspero et al., 2012)
V. rupestris Bayard UDV305 .
null-287
Rpv3 18 labrusca (Couderc 28-112)  UDV737 NA Pa (Di Gaspero et al., 2012)
Rpv4 4 unknown Regent VMC7h3, VMCNg2el NA Mn (Welter et al., 2007)
Rpv5 9 V. riparia G. de Montpellier  VVIo52b NA Mn (Marguerit et al., 2009)
Rpv6 12 V. riparia G. de Montpellier VMC8g9 NA Mn (Marguerit et al., 2009)
Rpv7 7 unknown Bianca uDVv097 NA Mn (Bellin et al., 2009)
Rpv8 14 V. amurensis Ruprecht Chr14V015 CH Mj (Blasi et al., 2011)
Rpv9 7 V. riparia W63 CCoAOMT NA Mn (Moreira et al., 2011)
Rpv10 9 V. amurensis Solaris GF09-46 CH Pa (Schwander et al., 2012)
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Regent VVMD27 (Fischer et al., 2004)
Rpv11 5 unknown Chardonnay CS1E104J11F NA Mn (Bellin et al., 2009)

Solaris VCHRO5C (Schwander et al., 2012)
Rpvi2 14 V. amurensis 23}2'48 383(3)(1)2, rgwin180, UDV370 CH Mj (Venuti et al., 2013)
Rpv13 12 V. riparia W63 VMC1g3.2 NA Mn (Moreira et al., 2011)
Rpvi4 5 V. cinerea Borner GF05-13 NA Mn (Ochssner et al., 2016)
Rpv15 18 V. piasezkii DVIT2027 CH Mj -
Rpv16 9 V. piasezkii DVIT2027 CH Mn -
Rpv17 8 unknown Horizon NA Mn (Divilov et al., 2018)
Rpv18 11 unknown Horizon NA Mn (Divilov et al., 2018)
Rpv19 14 V. rupestris B38 NA Mn (Divilov et al., 2018)
Rpv20 6 unknown Horizon NA Mn (Divilov et al., 2018)
Rpv21 7 unknown Horizon NA Mn (Divilov et al., 2018)
Rpv22 15 V. amurensis Shuanghong CH Pa (Fu et al., 2020)
Rpv23 2 V. amurensis Shuanghong CH Mn (Fu et al., 2020)
Rpv24 18 V. amurensis Shuanghong CH Mn (Fu et al., 2020)
Rpv25 15 V. amurensis Shuangyou Marker561375, Marker549779 CH Pa (Lin et al., 2019)
Rpv26 15 V. amurensis Shuangyou Marker525926, Marker526446 CH Pa (Lin et al., 2019)
Rpv27 18 V. aestivalis Norton x\é(\j;gl-;OWHlGRl—l NA Pa (Sapkota et al., 2019)
Rpv28 10 V. rupestris B38 VVIHO1, UDV-073 NA Mj (Bhattarai et al., 2021)
Rpv29 14 V. vinifera Mgaloblishvili chrl4_21613512_C_T CA Mj (Sargolzaei et al., 2020)
Rpv30 3 V. vinifera Mgaloblishvili cn_C_T_chr3_16229046 CA Mn (Sargolzaei et al., 2020)
Rpv31 16 V. vinifera Mgaloblishvili li_T_C_chrl6_21398409 CA Mn (Sargolzaei et al., 2020)
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Table 2. List of the 30 most cultivated wine grape resistant varieties throughout the World.
Classification and distribution data were retrieved from Anderson and Nelgen (2020). Origin,
parentage, and R loci data were retrieved from Topfer and Hausmann (2021) and Maul (2022).

Rank Rank .
among among Name Country of origin  Parent 1 Parent 2 R loci Cultivated  World o
hybrids varieties area (ha) share (%)
1 64 Concord USA Catawba V. labrusca 10544 0.24
2 69 Bianca Hungary Villard Blanc Bouvier Rpv3, Rpv7 9766 0.22
Ren3, Ren9,
3 151 Seyval Blanc France Seibel 5656 Rayon D'Or Ren10, Rpv3.2, 2699 0.06
Rpv3.3
Ren3, Ren9,
4 173 Regent Germany (PIWI) Diana Chambourcin Rpv3.1, Rpv4, 1974 0.04
Rpvil
5 254 Chambourcin France (PIWI) Joanne Seyve 11369 Plantet Rpv3.1, Rpv3.2 968 0.02
6 282 Villard Noir France Chancellor Subereux 777 0.02
7 288 Baco Noir France Folle Blanche Riparia Grand Glabre + V. riparia 735 0.02
8 316 Catawba USA V. labrusca Semillon 626 0.01
9 358 Couderc 13 France V. aestivalis Couderc 162- 5 474 0.01
10 401 Norton USA V. aestivalis var. V. vinifera subsp. vinifera Rpv27 328 0.01
Lincecumii Buckley
11 441 Aurore France Seibel 788 Seibel 29 255 0.01
12 449 Vignoles France 241 0.01
13 450 Traminette USA Joannes Seyve 23416  Gewdrztraminer 239 0.01
14 456 Maréchal Foch France Millardet et Grasset Goldriesling 229 0.01
101 O.P.
15 465 Cayuga White USA Seyval blanc Schuyler 217 <0.01
16 469 Frontenac USA Riparia 89 Landot Noir 212 <0.01
17 505 Marquette USA Minnesota 1094 Ravat Noir 166 <0.01
Ren3, Ren9,
18 554 Solaris Germany (PIWI) Merzling Geisenheim 6493 Rpv3.3, Rpv10, 118 <0.01
Rpv11
19 564 Johanniter Germany (PIWI) Riesling Weiss Freiburg 589-54 2;:;1%”9’ 111 <0.01
20 576 De Chaunac France Seibel 5163 Seibel 793 102 <0.01
21 583 La Crescent USA St. Pepin Elmer Swenson 6-8-25 94 <0.01
22 594 Chardonel USA Seyval blanc Chardonnay 90 <0.01
23 604 Léon Millot France Millardet et Grasset Goldriesling 85 <0.01
101 O.P.
24 687 Rondo Germany (PIWI) Zarya Severa Saint Laurent Rpv10 51 <0.01
25 689 Golden Muscat USA (PIWI) Muscat Hamburg Diamond 50 <0.01
26 706 Phoenix Germany Bacchus Weiss Villard blanc g,e)cgthenQ, 46 <0.01
27 730 Cabernet Cortis Germany (PIWI) Cabernet Sauvignon Solaris ﬁ;c;f;?pg‘:w 38 <0.01
28 734 Chancellor France Seibel 5163 Seibel 830 38 <0.01
29 770 Rathay Austria (PIWI) Blauburger Klosterneuburg 1189-9-77 32 <0.01
30 809 La Crosse USA Minnesota 78 x Seibel ¢ | 26 <0.01
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Table 3. List of the most representative examples of Vitis genetic transformation to improve
resistance against E. necator, P. viticola and B. cinerea.
V. vinifera Selection Transformed
Target Gene Source : Protein (Gene) Promoter and reporter . Ref
host tissue
genes
V. vinifera T:::“p::;n Thaumatin-like protein 1 (Vvt/-1) CaMV 35S nptll (GFP) Leaf (Dhekney et al., 2011)
. Non-expressor of pathogenesis (Le Henanff et al.,
V. vinifera Chardonnay related 1 (VWNPRL1) CaMV 35S nptll (GFP) Anther 2011)
. Pathogenesis-related protein 4-1 .
V. pseudoreticulata Red Globe CaMV 35S nptll Anther (Dai et al., 2016)
(VpPR4-1)
. F-box/Kelch-repeat
V. pseudoreticulata Red Globe protein (VpEIFP1) CaMV 35S nptll Anther (Wang et al., 2017)
. . Anther, .
E V. pseudoreticulata  Chardonnay Stilbene synthase (VpSTSgDNA2) CaMV 35S hptll ovary, flower (Dai et al., 2015)
necator V. quinquangularis T::;z:);;n Stilbene synthase 6 (VqSTS6) CaMV 35S nptll Anther (Cheng et al., 2016)
O. sativa Pusa seedless Rice chitinase (Chil1) maize ubiquitin hptll, bar Leaf (Nirala et al., 2010)
promoter
0. sativa Neo Muscat Rice chitinase (RCC2) CaMV 35S nptll Ovule (Yamazrrz)c())toc; etal,
. Thompson Resistance to powdery mildew 8  CaMV 35, native
A. thaliana seedless locus (RPWS.2) promoter nptll Anther (Hu et al., 2018)
] Thompson Endochitinases (ech42) + N-acetyl-B- .
Trichoderma spp. Seedless d-hexosaminidase (nag70) CaMV 35S nptll Bud (Rubio et al., 2015)
. Thompson Pathogenesis-related protein 10.1
V. pseudoreticulata Seedless (VpPR10.1) CaMV 35S nptll (GFP) Anther (Su et al., 2018)
, P V. amurensis Thompson Thaumatin-like protein (VaTLP) CaMV 35S nptll Anther (He et al., 2017)
viticola Seedless
. . Crimson " . T (Nookaraju and
F. graminearium Seedless Chitinase and B-1,3-glucanase maize ubiquitin hptll, bar Leaf Agrawal, 2012)
V. vinifera T:::;'r:;“ Thaumatin-like protein (Vvtl-1) CaMV 355 nptll (GFP) Leaf (Dhekney et al., 2011)
cinirea V. vinifera Sugraone Stilbene synthase 1 (Vst1) CaMV 35S nptll (GFP) n.s. (Dabauza et al., 2015)
V. vinifera 41B (Chasselas Stilbene synthase 1 (Vst1) alfalfa PR10.1 notll Immature (Coutos-Thévenot et
’ x Berlandieri) Y promoter P embryo al., 2001)
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Table 4. List of candidate and validated (in bold) target genes for RNS interference conferring
resistance towards E. necator (PM), P. viticola (DM) and B. cinerea (GM). Together with pathogen
target genes we also reported several grapevine susceptibility target genes.

Gene Name Gene ID Organism Disease Function Ref
WiMLOG6 A Vitvil0g00509*
WIMLO7A  Vitvil3g00578* Trans-merqi?rane protein, Negative regulator of cell- (Pessina et al., 2016)
wall appositions.
WiMLO11# Vitvi08g01055* PM
COP9 signalosome complex subunit 5 (CSN5),
WiCSN5 Vitvi03g00286* o Involved in protein degradation via the ubiquitin- (Cui et al., 2021)
V. vinifera proteasome pathway.
WIDMR6-1  Vitvileg01336* (Pirrello et al., 2022)
SA 5-hydroxylase, Involved in SA catabolism.
WIiDMR6-2  Vitvil3g01119* (Giacomelli et al., 2022)
DM
VWWRKY40  Vitvil3g00189* TF, stabilized by PvRXLR111 effector. (Ma et al., 2021)
WIlLBDIf78  Vitvi13g00549* LBD protein, Repressor of JA-mediated defense. (Marciano et al., 2021)
BeCYP518 BCDW1_10539%* Lanosterol }4(1—.dern.ethylase, Prlmar.y.target of sterol
demethylation inhibitors (DMI) fungicides.
Bcchs1 8 BcDW1_7822** Chitin synthase, Contributes to cell wall composition. (Nerva et al., 2020)
BCcEF2 8 BcDW1_2938** B 1-tubulin promoter.
BcDCL1 B BcDW1_481** .
- B. cinerea GM Dicer-like (DCL) gene, Effector. (Wang et al.)
BcDCL2 B BcDW1_2215**
BcVPS51 8 BcDW1_6998**
BcDCTN18 - Vesicle-trafficking pathway genes. (Qiao et al., 2021)
BcSAC1 8 -
PvDCL1 B PVITvl_T038441***
Dicer-like (DCL) gene, Effector. (Figueiredo et al., 2021)
PvDCL2 8 PVITv1l_T003331***
PVRXLR159 - Cell death inhibitor, Effector. (Lei et al., 2019)
PVRXLR28 - P. viticola DM  Cell death inhibitor, Effector. (Xiang et al., 2016)
Cell death inhibitor through interaction with BRI1
PVRXLR131 - kinase inhibitor 1 (VWviBKI1), Effector. (Lan et al,, 2019)
PURXLRS3 i INF1-triggered prograf’nm.ed .ce.II death and defense- (Liu et al,, 2021)
related genes expression inhibitor, Effector.
EnCSEP56 -
Candidates for Secreted Effector Proteins (CSEPs)
EnCSE - YA 2021
nCSEP6S RALPH effector, plant immunity inhibitors. (zhang, 2021)
EnCSEP115 - E. necator PM
Candidates for Secreted Effector Proteins (CSEPs)
EnCSEP0O87 - RALPH effector, Targets VIADC suppressing ROS (Mu et al., 2022)
production.

AExperiment conducted by means of host-induced gene silencing (HIGS)
BExperiment conducted by means of spray-induced gene silencing (SIGS)

* Available at JBrowse https://urgi.versailles.inra.fr/jbrowse/gmod jbrowse/ (Buels et al., 2016)
** Available at Grapegenomics.com http://www.grapegenomics.com/pages/P_Bcinerea/ (Blanco-Ulate et al., 2013);
*** Available at NCBI https://www.ncbi.nlm.nih.gov/assembly/GCA 003123765.1 (Brilli et al.).
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6.9 Boxes

Box 1 The genetic diversity of the Vitis genus

The members of the Vitaceae family are classified into 5 tribes (Wen et al., 2018), consisting of 16
genera and 950 species (Lu et al., 2018). The grape genus Vitis L., with 75 species, belongs to the
Viteae tribe. The Vitis genus includes the Muscadinia [(Planch.) Rehder] (2n=40 chromosomes) and
Vitis (2n=38) subgenera, to which the V. vinifera wild subspp. sylvestris and cultivated subspp. Sativa
belong. Species belonging to the Vitis subgenus are interfertile. The genetic proximity between
sylvestris and sativa and the occurrence of intermediate genotypes corroborates the widely
accepted theory that cultivated subspecies originated from the domestication of wild individuals
(Grassi and Arroyo-Garcia, 2020). The autogamous nature of V. vinifera determines low levels of
genetic polymorphism compared to hybrids and wild species, which, however, results in
interspecific and even intervarietal genomic variations (Cardone et al., 2016). This high level of
genetic plasticity is a crucial resource for the exploitation of resistance traits to the main fungal
pathogens (Vezzulli et al., 2022). Interestingly, the recent awareness that spontaneous gene
introgression in wild species initially contributed to the establishment of resistance traits to biotic
stresses (Morales-Cruz et al., 2021) led to new studies on the ancestry of Vitis members (Foria et al.,
2022). Moreover, self-fertilization represents a primal selection tool that, on the one hand, favors
the establishment of lethal recessive alleles but, on the other hand, naturally selects surviving
homozygous individuals as “good performers”. For these reasons, several vinifera and non-vinifera
core collections have been created in the last few years (Cipriani et al., 2008; Le Cunff et al., 2008;

Emanuelli et al., 2013; Migliaro et al., 2019).

Box 2 Transgenesis, intragenesis and cisgenesis in plants

By definition, transgenesis is the genetic alteration of a plant with one (or more) gene(s) derived
from any unrelated and sexually incompatible plant taxa or even from non-plant organisms
(Schouten et al., 2006). In contrast, cisgenesis and intragenesis represent two possible alternatives
that rely on the use of genetic material from the same species or from closely related species
capable of sexual hybridization being transformed (Holme et al., 2013).

While cisgenesis involves genetic modification using a complete gene unit, including its regulatory
elements (i.e., the entire original transcriptional unit), intragenesis refers to the in vitro
recombination and transfer of elements (i.e., promotors, introns, exons, and terminators) isolated

from different genes and assembled into a chimeric construct. In both cases, the result is a product
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free of non-plant DNA sequences, and consequently, any selection markers or residual vector
sequences at the level of transformed plants are not expected (Rommens et al., 2007; Holme et al.,
2013). In contrast to intragenesis, cisgenesis events also occur spontaneously in nature or by means
of conventional breeding. However, cisgenesis has great potential to overcome the two major
bottlenecks typical of traditional breeding: much longer times and the risk of linkage drag, i.e., the

possibility to transfer genes with deleterious effects that are associated with the gene of interest.

Box 3 Genome editing and CRISPR/Cas9 in plants

The advent of the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system has been revolutionizing genome editing approaches, allowing
the modification of cellular DNA with a much higher level of versatility and precision and with a wide
extension of applications with respect to previous technologies (Ren et al., 2021). The system is
based on the recognition of a predetermined DNA target site through the action of a complementary
RNA sequence, namely, the guide RNA (gRNA), and the Cas endonuclease, followed by the DNA
double-strand break at the target site, which determines the onset of insertions, deletions, or
nucleotide substitutions (Scintilla et al., 2021). This technique is less expensive, simpler, and faster
than other enzyme-based techniques, such as zinc finger nuclease (ZFN) or transcription activator-
like effector nuclease (TALEN; Ghogare et al., 2021). Therefore, especially in the case of the genetic
improvement of elite varieties of woody plants, such as grapevine, CRISPR—Cas9 technology ensures
genotype preservation while resulting in targeted and specific genetic modifications. Although there
is enormous scientific interest in applying this technology to grape varieties, there are few examples
of successes. On the one hand, the decrease in the application of this technique could be due to the
disillusionment caused by the short-sightedness of national and international organizations that still
associate genome editing with transgenesis and with the generation of GMOs. On the other hand,
especially in grapevines, there are technical impediments to using these processes, including the
difficulty and timing of regeneration to create stable edited lines and the difficulty of creating plants
free of exogenous DNA through segregation of the induced mutation by the CRISPR/Cas transgenic

construct.

Box 4 RNA interference mechanisms in plants
RNA interference (RNAI) is one of the most important natural regulatory and defense mechanisms
that is implicated in the control of plant growth, development, and response to biotic or abiotic
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stresses. RNAI controls the expression of endogenous protein-coding genes in a sequence-specific
manner and regulates the plant response to undesired nucleic acids, transposons, and transgene
activity (Dubrovina et al., 2016). The suggested RNA silencing mechanism coordinately involves key
components, such as Dicer-Like (DCL) proteins, Argonaute (AGO) proteins, and RNA-dependent RNA
Polymerase (RDR) proteins, which are responsible for the genesis of 21-24 nucleotide (nt) small
RNAs (sRNAs) and their biological function (Vaucheret, 2006). Although a double-stranded RNA
(dsRNA) molecule serves as a precursor for subsequent sRNA production, sRNAs can be classified as
small interfering RNAs (siRNAs), microRNAs (miRNAs), or trans-acting small interfering RNAs (ta-
siRNAs) based on their origin. A number of DCL, AGO, and RDR genes have been discovered in
various plant species, detailing their roles in plant defense systems (Vaucheret, 2008; Nakasugi et
al., 2013; Liu et al., 2014). Plant AGO proteins can be divided into two main classes depending on
the RNAI pathway in which they are involved: AGO4, 6, and 9 mediate so-called transcriptional gene
silencing (TGS), and AGO1, 2, 3, 5, 7 and 10 mediate posttranscriptional gene silencing (PTGS;
Mallory and Vaucheret, 2012). In TGS, sRNA loaded on AGO proteins recruits DNA
methyltransferases to methylate the cytosine residues of the corresponding target gene in the
genome, whereas in PTGS, the sRNA-AGO complex scans the cytoplasm for complementary
transcripts for cleavage and degradation. Since its discovery over 20 years ago, RNA interference
(RNAI) has been widely used in reverse genetics and functional genomics to downregulate the
expression of genes responsible for the control of abiotic stress tolerance, developmental processes,
and other plant responses (Niu et al., 2008; Biswal et al., 2015), as well as in crop protection activities

for the control of pest and pathogen resistance (as reviewed in Kaur et al., 2021).

Box 5 Technical, biological, and social issues associated with conventional and biotechnological
breeding techniques

Conventional breeding. This approach is based on several backcrossing generations, introgressions,
induced mutagenesis and somatic hybridization. Genes of interest are found in crossable, sexually
compatible organisms. Although this technology has a high consumer acceptance as a non-GMO
approach and has no biosafety concerns, it presents several side technical issues. First, the timing
required for breeding programs is quite long and requires deep knowledge and the availability of
genetic resources. Newly developed genotypes are similar to the original clones but are not exactly

the same, a less appreciated factor in a highly conservative discipline such as viticulture. Moreover,
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if resistance to diseases is provided by the insertion of dominant R genes, it will be easily overcome
by the onset of new pathogen strains (Myles, 2013).

Transgenesis/cisgenesis. Both approaches are based on genetic transformation. The main
difference between them is the origin of the target gene: transgenesis involves the overexpression
of genes from nonsexually compatible organisms and the presence of sequences from
noncompatible organisms (promoters, terminators, selective markers), while cisgenesis only
considers genes (including introns) and their regulatory regions (promoters, terminator) from
sexually compatible plants. These technologies have the advantage of bypassing linkage-drag
phenomena and take less time to produce (1-2 years). Nevertheless, they are considered GMOs,
which presents several side effects or technical issues, such as the release of genes with different
origins into the environment, the expression of new protein products with possible allergen/toxic
effects (transgenesis), and the scarce availability of efficient cisgenic selectable marker genes.
Furthermore, the expression of unknown proteins and the use of antibiotic- or herbicide-resistant
markers make transgenesis unpopular with consumers. In contrast, cisgenic plants may partially
solve the current biosafety problems regarding the presence of foreign DNA in the host genome,
increasing consumer acceptance.

Genome editing is based on both genetic transformation and plasmid-free protoplast
transformation. The advantage of this technique lies in the fact that it is extremely precise and can
introduce mutations at the single nucleotide level without changing the genomic background and
thus preserving clonal identity. Technical issues are related to the fact that when applying plasmid-
based genetic transformation, segregation is required from TO plants, an extremely
disadvantageous procedure in a clonally propagated plant with a highly heterozygous genetic
background. In contrast, plasmid-free protoplast transformation bypasses the aforementioned
problem but requires in vitro regeneration from protoplasts, which can be tricky since many
grapevine varieties are recalcitrant to regeneration.

dsRNA-based SIGS has the advantage of not being considered a transgenic approach since it is not
based on recombinant DNA technology and can be implemented in a few months. Compared to
many of the techniques discussed, the exogenous application of small RNA molecules is
characterized by a much higher targeted precision during intervention and even reduced pesticide
use following intervention, which fits in an integrated crop protection strategy by being able to
downregulate exogenous or endogenous gene expression. On the other hand, it is necessary to
evaluate how the effectiveness of gene silencing depends on the efficiency and specificity of the
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RNA molecule sequence and the degree of absorption feasible by the plant host and pathogen cells
(Gebremichael et al., 2021). Likewise, the RNAi sequence must be carefully selected to avoid any
possible off-target and pleiotropic effects. The onset of potential negative effects on the ecosystem
and human health from the use of this technique must be investigated in more detail. A multilevel
study that includes every single layer and all reciprocal interactions would feedback on the wide
complete integrated model to predict the effect of a treatment on every single stakeholder and on

the entire system.

Box 6 Rules and disputes relating to the use of transgenic, cisgenic, intragenic and edited plants
in agriculture and food in the European framework

Despite the potential ability of the application of genetic transformation techniques to control the
main phytopathogens, the use of transgenic varieties in agriculture is at present severely limited in
the EU. The community regulatory context, based on the precautionary principle, was first defined
by Directive 2001/18/EC of the European parliament (EU Parliament & Council, 2001). This law
replaces Council directive 90/220/EEC and stipulates the basic rules for the approval of a new GMO.
Second, there are two regulations (EU Parliament & Council, 2003a,b) that control the authorization
and labeling/traceability of food and feed consisting of or derived from GMOs. Third, the
Commission Recommendation of 23 July (EU Commission, 2003) indicates the guidelines for the
coexistence of GM and conventional crops, to which national and regional regulations must refer.
Finally, the EC Directive 2015/412 (EU Parliament & Council, 2015) integrates the previous EC
Directive 2001/18 by delegating ownership to national states to allow, limit or prohibit the
commercial cultivation of GMO plants. The action taken by EU countries must comply with EU
legislation and be reasonable, proportional, and nondiscriminatory. EU countries where GMOs are
grown must take measures in border areas to avoid possible contamination of neighboring EU
countries where the cultivation of those GMOs is prohibited. Basically, the cornerstone of European
standards is the great attention given to the assessment of all potential risks, based on the
precautionary principle, and the fact that all authorizations are granted for a limited period of time,
during which environmental and health effects must be carefully monitored. The utmost precaution
toward the authorization and cultivation of transgenic plants by the EU derives from a series of
concerns raised by public opinion related to the transfer of selection markers expressed by
transgenic plants to pathogenic microorganisms in the gastrointestinal tract or soil, bringing
resistance to herbicides or antibiotics. This problem could be overcome by the cisgenic approach,
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which, however, carries with it a series of critical issues: i) insertion of the donor sequence in a
random position, which can potentially influence DNA methylation and regulation; ii) potential
occurrence of mutations at the insertion site, with the possibility of rearrangements and
translocations in the flanking regions; iii) small portions of T-DNA remaining as "junk DNA" and not
being able to determine any type of phenotypic effect; and iv) donor sequences not being replaced
with an allelic sequence but instead added to the recipient genome (Schouten et al., 2006;
Rommens et al., 2007; Jacobsen and Schouten, 2008; Telem et al., 2013). Many of the questions
raised by public opinion on cisgenics could also be raised about plants obtained from traditional
breeding. Indeed, according to EFSA, the product obtained by means of a cisgenic approach is not
dissimilar to that obtained by traditional breeding (EFSA Panel on Genetically Modified Organisms
(GMO), 2012). Nonetheless, at present, according to the community legislation in place, cultivars
obtained by cisgenesis and intragenesis are considered GMOs. Breeding innovations consist of
known, controllable and predictable procedures. With the development of new molecular
techniques for crop improvement, new legislative issues need to be resolved. As testified to by the
sentence released by the European Court of Justice on 25 July 2018 (Vives-Vallés and Collonnier,
2020), organisms obtained through techniques or methods of mutagenesis must be considered
GMOs. The sentence includes in the scope of application of the EC Directive 2001/18 organisms
obtained by means of new techniques or new methods that have emerged after the adoption of the
Directive in question (i.e., CRISPR/Cas9-driven genome editing) and, consequently, excluding from
its scope only organisms obtained through techniques or methods conventionally used in various
applications with a long tradition of safety (such as organisms obtained with traditional methods of
random mutagenesis by ionizing radiation or exposure to chemical mutagenic agents). On the one
hand, this ruling condemns genome editing techniques to confinement in the legislation on GMOs
but, on the other hand, it generates paradoxes that require the European legislator to review the
entire discipline. Indeed, the current legislation is based on the regulation of organisms mainly on
the basis of their production process (e.g., chemical/physical mutagenesis, conventional genetic
transformation, genomic editing); however, it is essential to start a discussion that also takes into
consideration the nature of the final product, since some induced genetic modifications can be
considered equivalent to those obtainable with natural selection mechanisms. For example, the
same plant genotype could be derived from a spontaneous random event, from a mutagenesis
experiment with ionizing radiation or from site-specific mutagenesis implemented by CRISPR, and
by sequencing the genome of the organism, there would be no possibility of determining the source
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of the genetic variation, thus making any type of regulatory framework impossible. Releasing the
organisms obtained via new technologies from natural/unnatural dualism of this regulation would
allow for the simplification and real effectiveness of the procedures for risk assessment, which, at
that point, would be applied to individual cases with the intervention of adequate legislation and
regulatory bodies (ISAAA, 2021). As a signal that the European legislative bodies and public opinion
are moving in this direction, the EC has recently started a public consultation to prepare a policy
initiative on plant products aimed to provide an adequate regulation that guarantees the protection
of the environment and human health with the contribution to innovation given by the plants

obtained with new genomics techniques (EU Commission, 2022).
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