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Resumo

O cultivo da videira e todo o processo subjacente desde a obtencdo de uvas até a produgéo de
varios derivados transformou a viticultura, de um recurso de sobrevivéncia, para uma das
atividades agro-econdmicas mais proliferas mundialmente. Vitis vinifera L. é a Unica espécie
utilizada na viticultura europeia e é suscetivel a varios patdgenos como o Plasmopara viticola
(Berk. & Curtis) Berl. & De Toni, um oomicete biotr6fico obrigatorio que causa uma das

doencas mais preocupantes na vinha, o mildio da videira.

O mildio da videira atinge todos os tecidos verdes da planta. O seu desenvolvimento é
favorecido por temperaturas amenas e humidade elevada. Ao entrar em contato com a &gua, o
P. viticola liberta varios zodsporos flagelados que usam o filme de dgua para migrar até aos
estomas onde se fixam e encistam. Desenvolvem entdo um tubo germinativo que penetra a
cavidade subestomatica e a partir do qual se desenvolve uma vesicula subestomatica. Desta
vesicula desenvolve-se uma hifa priméria que da origem a um miceélio que prolifera nos espacos
intercelulares do parénquima esponjoso e, em Ultima instancia, forma haustérios que penetram
na parede celular do hospedeiro para obter os nutrientes da planta necessarios ao seu
desenvolvimento. Os sinais identificadores de mildio na videira sdo descoloracGes amareladas

ou manchas de 6leo nas folhas.

O mildio da videira € atualmente controlado de forma preventiva, através da aplicacdo
sistematica de fungicidas durante a época de cultivo. No entanto, diretrizes recentes da Unido
Europeia apontam para a obrigatoriedade da reducdo da utilizacdo de pesticidas na viticultura
e por consequéncia a necessidade de encontrar novas medidas de controle de doencas
provocadas por diferentes patégenos. Uma alternativa ao uso de fungicidas surge através do
foco na resisténcia/tolerancia natural das plantas. Para tal, a comunidade cientifica tem efetuado
varios estudos na area do transcritoma, proteoma e metaboloma de videira de forma a identificar
moléculas associadas a imunidade da videira, que possam ser utilizadas em estratégias de
controlo da doenga (quer em programas de melhoramento, pela utilizagcdo de novas técnicas

gendmicas (edicdo genica), quer pela identificacdo de moléculas com potencial biocida).

O sistema de defesa das plantas esta intrinsecamente relacionado com o desenvolvimento dos
patdgenos e numa constante evolucdo para a adaptagdo e sobrevivéncia da planta a colonizacéo.
A imunidade das plantas € constituida por um sistema de reconhecimentos inicial de moléculas
especificas dos patogenos (Pathogen Associated Molecular Patterns (PAMP)) e/ou

posteriormente de efetores de patégenos, ambos libertados em diferentes fases de infeccéo.
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Todo este método de protecéo € regulado por diferentes processos moleculares e de sinalizagéo.
A adaptacdo do processo imunoldgico ao nivel gendmico pode levar um sistema de defesa
transitoria ou criagdo de “memorias” de defesa, denominado de priming, para uma a¢do mais

rapida e precisa contra a colonizacéo realizada na planta.

Estudos em plantas modelo demonstraram evidéncias da acéo de outros processos de regulacéo
a auxiliar/modelar o sistema de defesa e imunitario das plantas, a regulagdo epigenética sem
alteracdo genética da planta. A regulacao epigenética nas plantas € composta por processos de
metilacdo do DNA, modificacdes das histonas, rearranjo da cromatina e a¢do de complexos de
RNA, que induzem e reprimem a expressao génica. A importancia da compreensdo do papel da
regulacdo epigenética na imunidade das plantas surge como uma abordagem promissora para o
desenvolvimento de novas abordagens de controle de doencas, nomeadamente através de

epibreeding.

Atualmente pouca informacdo existe acerca da modulacdo destes mecanismos durante a
interacdo da videira com P. viticola. Desta forma, o objetivo deste trabalho é aumentar o
conhecimento acerca da regulacdo epigenética bem como do seu impacto no sistema de defesa
da videira na presenca do P. viticola. Paratal foi realizada uma avaliacdo fenotipica de hibridos
de cruzamento provenientes do programa de melhoramento de uva de mesa do Instituto CREA-
VE (Italia). Dois hibridos de cruzamento, N20/020 e N23/018, foram selecionados por
apresentarem suscetibilidade contrastante (suscetivel e tolerante, respetivamente). Foram
efetuadas inoculac6es controladas em N20/020 e N23/018 e recolhidas amostras as 6 e 24 horas
apos infecdo (hpi). Foi entdo avaliada a modelagdo do transcritoma em ambos 0s gen6tipos bem
como a metilacdo do DNA. O gendtipo N20/020 apresentou uma ativagdo mais tardia da
resposta de defesa em compara¢do com gendtipo N23/018. Foi verificada uma diminuicdo da
metilagdo global das citosinas C5 nas primeiras horas de inoculagdo em N23/018, compativel
com a ativacgdo da transcricdo verificada. Ao nivel da transcritdmica, genes relacionados com
defesa, reconhecimento e sinalizacdo estavam diferencialmente expressos em ambos gendtipos
analisados. N20/020 apresentou genes relacionados com a defesa e a sinalizacdo

predominantemente num periodo mais tardio contrariamente a N23/018.

Ao analisar a metilagdo nos dois gendtipos observou-se que existiu uma diminuicdo de
metilacdo no tolerante e visto que a metilacdo tem como papel de repressao da expressao génica
é congruente que os genes do hibrido tolerante ndo estdo a ser reprimidos e assim atuar com
maior rapidez contra o patdgeno invasor. Ao nivel da regulacéo epigenética, genes relacionados

com a metilagdo do DNA, com a estrutura da cromatina e small RNA’s estdao diferencialmente
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expressos durante a interacdo especificamente no hibrido tolerante numa fase inicial da

colonizagdo do P. viticola.

Palavras-chave: Vitis vinifera; defesa; epigenética; trancritomica; Plasmopara viticola
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Abstract

Downy mildew, caused by the biotrophic oomycete Plasmopara viticola, is one of the most
economically significant grapevine diseases worldwide. Current strategies to cope with this
threat rely on the massive use of chemical compounds during each cultivation season. The
economic costs and negative environmental impact associated with these applications increased
the urge to search for alternative strategies for sustainable disease control. Improved knowledge
of plant mechanisms able to counteract pathogen infection may allow the development of
alternative strategies for plant protection.

To confirm the different response to Plasmopara viticola infection evaluated in preliminary
studies, a leaf disc assay and an artificial inoculation test on potted plants (in planta assay) were
performed on Vitis vinifera crossing hybrids selected from breeding activities for their
contrasting level of susceptibility to the pathogen. Results of both experiments reveal a different
susceptibility between bunches and leaves to P. viticola infection for most of the genotypes
analysed. The genotypes N20/020 and N23/018 were the most contrasting genotypes regarding
disease incidence (more susceptible (S) and tolerant (T), respectively) and therefore selected

for molecular studies.

Epigenetic regulation, in particular DNA methylation, is emerging as a key factor in the context
of plant-pathogen interactions, associated with the expression modulation of defense genes. To
improve our understanding of the genetic and epigenetic mechanisms underpinning grapevine
response to P. viticola, we studied the modulation of both 5-mC methylation and gene
expression at 6- and 24-hours post-infection (hpi). Following pathogen infection, we found
variations in the 5-mC methylation level and in the gene expression profile. The results indicate
a genotype-specific response to pathogen infection. The tolerant genotype (N23/018) at 6 hpi
exhibits a lower methylation level compared to the susceptible one (N20/020), and it shows an
early modulation (at 6 hpi) of defense and epigenetic-related genes during P. viticola infection.
These data suggest that the timing of response is an important mechanism to efficiently

counteract the pathogen attack.

Keywords: Vitis vinifera; defense; epigenetics; trancriptomics; Plasmopara viticola
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Chapter I - General Introduction




I.1. The interaction between Plant and Pathogens at the immunity level

Plants are sessile organisms that developed physical, biochemical and immunological strategies
to avoid and tolerate stresses, either from environmental conditions (abiotic) or due to
pathogens (biotic) (Capriotti et al. 2020). Plant immunity is composed of a multilayered innate
immune system (11S) that either regulates or is regulated by a variety of important components
to identify, activate the defense and supress any intruder (Wilkinson et al. 2019). The first step
of IS is the pattern-triggered immunity (PTI) which starts with the recognition of the molecular
signals from pathogens by receptor kinases and receptor like-proteins therefore called pattern
recognition receptors (PRRs) (Camborde et al. 2019; Judelson and Ah-Fong 2019; Wilkinson
et al. 2019; Huang et al. 2022b; Koledenkova et al. 2022). PRR identify several different
associated molecular patterns from pathogens (PAMPs), microbes (MAMPS), herbivores
(HAMPs) and self-damage (DAMPSs) (Mauch-Mani et al. 2017; Wilkinson et al. 2019; Capriotti
et al. 2020; Huang et al. 2022b; Koledenkova et al. 2022). A cascade of signalling pathways
(Jasmonic Acid (JA) and Salicylic Acid (SA)) is activated and regulates the rest of the defense
strategy (Judelson and Ah-Fong 2019; Wilkinson et al. 2019; Koledenkova et al. 2022). For an
efficient PTI approach other plant defense mechanisms are involved, including cell wall
alteration, metabolites accumulation and the production of specific proteins (pathogenesis-
related proteins (PR)) (Wilkinson et al. 2019; Koledenkova et al. 2022). Some pathogens to
survive and overcome the host defense system developed specific molecules known as effector
proteins, as well as metabolites or small RNAs (sSRNAs) that overpower the host PTI
(Wilkinson et al. 2019; Koledenkova et al. 2022). To avoid this new adaptive strategy of the
pathogens, plants create their own new countermeasure with specific genes being activated, the
R genes, generally linked to the nucleotide-binding site—leucine-rich repeat (NLR) receptor
proteins and leading to the establishment of Effector triggered immunity (ETI) (Camborde et
al. 2019; Wilkinson et al. 2019; Capriotti et al. 2020; Koledenkova et al. 2022; Shilpa et al.
2022). The establishment of ETI can lead to the establishment of the hypersensitive response
(HR) where programmed cell death (PCD) occurs (Wilkinson et al. 2019; Capriotti et al. 2020).
Jones and Dangl were able to create and propose a representative model of the IIS while
pathogen interaction, identified as the Zig-Zag model (Jones and Dangl 2006; Zvereva and
Pooggin 2012). With time this model has been improved showecasing the several steps

previously referred, as well as the evolution of pathogens to the defense system of the host



creating alternative methods of attack (Figure I. 1) (Jones and Dangl 2006; Zvereva and
Pooggin 2012).
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Figure I. 1 - The Plant immunity against pathogen interaction is represented by a zig-zag model. The detection of specific
pathogens molecules (PAMPs and DAMPS) by PRRs lead to a PTI phase. Pathogen afterwards release effectors, creating an
effecter-triggered susceptibility phase (ETS), which are recognized by receptor proteins (NB-LRR) culminating on the ETI
phase. A second ETI phase could occur in the presence of new modified pathogen effectors which through the recognition can
create the HR and PCD if the threshold for resistance is surpassed (From (Zvereva and Pooggin 2012)) .

1.2. Plant: Vitis vinifera L.

Viticulture is one of the most successful agricultural activities worldwide (Buonassisi et al.
2017). Grapes have been present in the human dietary, agriculture, religion and cultural
activities for thousands of years (This et al. 2006; Zhou et al. 2017; Taskesenlioglu et al. 2022).

The process of domestication of this crop from its wildtype progenitor was essentially focused
on the berry, bunch and seed morphology, sugar content, plant sex modification and/or
mutations as vegetative dissemination occurs (This et al. 2006; Zhou et al. 2017; Magris et al.
2021; Margaryan et al. 2021). The origin and time frame of grapevine domestication by humans
is still a topic of debate and research (Zhou et al. 2017). Furthermore, historically multiple key
domestication selection events have been reported throughout decades taking in account human
needs (Zduni¢ et al. 2013). Archaeological analysis showed that the relationship between
domestication process and wine production was reported as far as approximately 6 000 to 8 000
years ago (Myles et al. 2011; Zduni¢ et al. 2013; Zhou et al. 2017; Grassi and De Lorenzis
2021). At this time period, southern Caucasus (Near East) has been pinpointed to be the
presumably original focal point for grapevine domestication because of the observed
archaeological artefacts related to wine productions apparatus and seed analysis performed in

different countries of that region, although it is still unclear what preceded this activity (This et



al. 2006; Zduni¢ et al. 2013; Zhou et al. 2017; Grassi and De Lorenzis 2021; Magris et al. 2021;
Margaryan et al. 2021; Taskesenlioglu et al. 2022). Grapevine expansion for human
consumption further migrated to the Middle East area known as the fertile crescent
(approximately 5 000 years ago) and subsequently to western Europe specially the
Mediterranean (approximately 2 800 years ago) (This et al. 2006; Myles et al. 2011; Zhou et al.
2017; Margaryan et al. 2021). Roman civilization followed by the Catholic Church were the
main promoters for the dissemination of Vitis vinifera seeds since trade commerce activities
and/or religion expansion played an important part on plant dissemination throughout these
regions (This et al. 2006).

With this worldwide distribution, an ecogeographical classification on the grapevines was
attributed (Grassi and De Lorenzis 2021; Magris et al. 2021). From Prole orientalis (Central
Asia and Caspian Sea), Prole occidentalis (central and western Europe) to Prole pontica (eastern
Europe, Georgia and Turkey), these attributions are in accordance with grapes ancestral,
geographical and phenotypic similarities (Zduni¢ et al. 2013; Grassi and De Lorenzis 2021;
Magris et al. 2021). Overall, the chronology of grapevine domestication and colonization is still
difficult to grasp because of the wild vegetative material possibly scattered across different
continents (Europe, Africa and Asia) (Grassi and De Lorenzis 2021; Laurell et al. 2021; Magris
et al. 2021; Sivan et al. 2021). However, new cultivated grapevines allowed to create small
clusters of genetic diversity (Grassi and De Lorenzis 2021; Magris et al. 2021; Sivan et al. 2021)
as observed by Bacilieri and colleagues in the Iberia and Italian Peninsula (Bacilieri et al. 2013).
In general, the segregation occurred throughout decades which allowed the categorization in
the main subspecies Vitis vinifera L. ssp. sylvestris (C.C. Gmel.) Hegi (known as ancestral/wild
grapevines) and Vitis vinifera L. ssp. vinifera (or sativa) (Figure 1. 2) (This et al. 2006; Zhou et
al. 2017; Magris et al. 2021; Margaryan et al. 2021).



Class Monocotyldoneae Dicotyledonae
(Liliatae) . (Magnoliatae)
Subclass Rosidae
Fd
Order Rhamnales
e
Family Vitaceae
Genus Vitis / \ Parthenocissus
Subgenus Muscadinia Euvitis
Species Muscadinia rotundifolia NA Vitis aestivalis NA  Vitis riparia NA
Muscadinia munsoniana NA Vitis berlandieri NA  Vitis rufotomentosa NA
Vitis californica NA  Vitis rupestris NA
Vitis candicans NA
Vitis champinii - NA
Vitis cinerea NA  Vitis amurensis EAs
Vitis cordifolia  NA  Vitis coignetiae EAs
Vitis doaniana NA  Vitis thunbergii EAs
NA = North America Vitis girdiana ~ NA
EAs =EastAsia Vitis labrusca ~ NA
E = Europe Vitis longii NA  Vitis vinifera subsp. sylvestris E
Vitis monticola NA  Vitis vinifera subsp. vinifera E

Figure 1. 2 - Taxonomic tree of the Vitis vinifera L. (adapted from Maul et al. (2022): Vitis International Variety Catalogue -
https://www.vivc.de/index.php?r=aboutvivc%2Ftaxonomictree (accessed August 2022))

V. vinifera L. spp vinifera is the main species used in viticulture, and the human consumption
product is the main cultivar classifier (This et al. 2006; Zhou et al. 2017). Also, there is a wide
variety of grapevine cultivars nowadays because of the mutation created by either natural or
human intent (This et al. 2006; Myles et al. 2011). This molecular alteration led to a reduced
genetic diversity because of the needs of improvement/selection of berries for a more globalized
market (This et al. 2006; Myles et al. 2011). Zhou and colleagues have reported that
approximately 2 500 years ago a separation between wine and table grape domestication could
have occurred (Zhou et al. 2017). Throughout the years it has become more evident the
phenotypic and genotypic disparity between table and wine cultivars (This et al. 2006; Magris
et al. 2021).

Nowadays, the most commonly used Vitis vinifera cultivars for wine and table grape production
are heavily affected by pests and diseases that influence plants and its derived products
(Micheloni 2017). Farmers apply extensive preventive fungicide treatments to control downy
mildew and other diseases, leading to important concerns associated with pesticide residues and
environmental and health risks (Micheloni 2017). Given that, there is a high European Union
demand for the reduction of pesticide and fungicide use in viticulture (Micheloni 2017). Thus,
in the past few years, producers and researchers have tried to find alternative solutions to control
these biotic stresses (Espinas et al. 2016). It has been reported the introgression hybrids
construction with the use of resistant varieties (North American) backcrossing with susceptible

varieties (Eurasian) for a genetic transfer essentially important in breeding programs (Vezzulli



et al. 2018; Bove and Rossi 2020; Atak and Sen 2021). Interestingly, Morales-Cruz and authors
have analysed the North American wild grapes where they report that introgression between
grapes showed some intersection on the geographical area and climate-pathogen dependency

impacting the transfer of adaptability traits against microbe stress (Morales-Cruz et al. 2021).

1.3. Pathogen: Plasmopara viticola

Plasmopara viticola (Berk. et Curt.) Berl. & de Toni is a biotrophic oomycete which affects
grapevines causing the disease known as downy mildew (Brilli et al. 2018; Santos and
Figueiredo 2021; Peng et al. 2024). This pathogen affects all green parts of the plant (Santos
and Figueiredo 2021; Peng et al. 2024), reducing the fruit quality and leading to severe
economic losses (Santos and Figueiredo 2021). P. viticola is original from the eastern US and
colonized the European continent through cuttings introduced in France to fight the Phylloxera

pandemics that destroyed entire vineyards (Clippinger et al. 2024).

After its introduction, P. viticola spread affecting all European vineyards (Armijo et al. 2016;
Fontaine et al. 2021; Koledenkova et al. 2022; Clippinger et al. 2024; Peng et al. 2024). The
life of P. viticola presents two different reproduction stages (Figure I. 3) (Buonassisi et al. 2017;
Koledenkova et al. 2022; Peng et al. 2024). During spring and summer, upon contact with water
due to rain or increased air moisture and warm temperatures, P. viticola sporangia release
numerous flagellate zoospores that swim within the water film on the lower surface of the leaf.
When the zoospores encounter the stomata, they encyst and germinate which allow to develop
a germ tube that penetrates the substomatal cavity. A vesicle is formed, and a primary hypha
emerges developing a mycelium that spreads within the leaf tissue, extending mainly into the
intercellular spaces of the spongy parenchyma. An haustoria is then formed, penetrating the
plant cell wall and invaginating the plasma membrane (Armijo et al. 2016; Buonassisi et al.
2017; Santos and Figueiredo 2021; Koledenkova et al. 2022; Clippinger et al. 2024). After 5 to
10 days sporangiophores emerge from the stomata (Figure 1. 3). New zoospores can be released
leading to the establishment of secondary infections (Armijo et al. 2016; Buonassisi et al. 2017;
Santos and Figueiredo 2021; Koledenkova et al. 2022; Clippinger et al. 2024). For the sexual
reproduction stage in late summer, oogonia and antheridia are formed by meiosis. The oogonia
is fertilized by the antheridia inside the leaf tissue, resulting in an oospore (Armijo et al. 2016;

Buonassisi et al. 2017; Santos and Figueiredo 2021; Koledenkova et al. 2022; Clippinger et al.



2024). These oospores are then released from decaying leaves on the vineyard floor and will
remain within the decomposing foliage during the winter.

The colonization of grapevine by P. viticola leads to phenotypic symptoms on the leaves, green-
yellow lesions known as oil-spots (Nascimento et al. 2019; Santos and Figueiredo 2021;
Clippinger et al. 2024). Moreover, the phenotypic manifestations comes from a cascade of
defense responses that are triggered from deposition or synthesis of lignin, callose, chitinases
glucanases, peroxidases and stilbenes which further led to the process of lack of tissue
development (Koledenkova et al. 2022). Overall, the life cycle of P. viticola with the optimal

conditions ranges from 5 to 10 days (Koledenkova et al. 2022).
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Figure 1. 3 - Different stages of Plasmopara viticola life, from sexual to asexual reproduction and different infections steps
(primary and secondary) occur in V. vinifera. The primary stage of infection initiates when oospores germinate to form
macrosporangium. This structure creates zoospores that are released when environmental conditions are favourable (rain and
wind). Grapevines leaves are structures which zoospores swim and encyst. Within the leave tissue, in the stomata,
sporangiophores form if the environmental conditions. Afterwards there is the release of sporangium which liberates zoospores
that similarly with the primary infection conditions, can again infect grapevines. At this stage the oospores are form through
the sexual reproduction between antheridium and oogonium (From (Buonassisi et al. 2017)).

The P. viticola genome was recently sequenced (2016 (Dussert et al. 2016) and 2017 (Yin et
al. 2017)) and our knowledge on P. viticola pathogenicity, effectors and virulence has
increased (recently reviewed in (Gouveia et al. 2024)). Several different effectors have been



identified with the role on plant immunity as the RXLR effector family (Santos and Figueiredo
2021; Peng et al. 2024). A study performed by Yin and colleagues has identified 100 P. viticola
RXLR (PVRXLR) effectors in the pathogen genome (Yin et al. 2017). Some examples of RXLR
functions are the RxLR111 that was described as a manipulator of plant susceptibility through
host WRKY transcription factor 40 (VVWRKY40) modulation and RXLR76 influences the
pathogen pathogenicity (Ma et al. 2021). RxLR50253 effector was also shown to affect the V
vinifera immunity through its repression via V. piasezkii binding partner 1 of accelerated cell
death 11 (VpBPAL) stabilization (Yin et al. 2022).

I.4.  Transcriptomics in V. vinifera-P. viticola interaction

Grapevine plants affected by P. viticola present transcriptional reprograming correlated with
the phenotypic plasticity and the defense machinery (Polesani et al. 2010; Malacarne et al. 2011;
Buonassisi et al. 2017; Faize and Faize 2018; Koledenkova et al. 2022). Several different
studies have shown that genes involved in photosynthesis-related processes, genes encoding
pathogenesis related protein, transcription factors, metabolic processes (viniferins, lignin,
anthocyanins, flavonoid and phenolic compounds) and specific enzymes (Malacarne et al.
2011; Perazzolli et al. 2012; Li et al. 2015b; Frobel et al. 2019; Liu et al. 2020b) are modulated
upon pathogen challenge. The phytohormone signalling pathway has been observed to be an
intricate part of the V. vinifera- P. viticola interaction specially regarding jasmonic acid (JA)
and salicylic acid (SA) pathways (Guerreiro et al. 2016; Rossarolla et al. 2021). Guerreiro and
colleagues observed that at an initial timeframe after V. vinifera infection by P. viticola both
phytohormones signalling pathways were activated in an Resistance of P. viticola 3 (RPV3)
tolerant genotype (Guerreiro et al. 2016). In agreement with this study, a research performed
by Rossarolla and colleagues showcased that both phytohormone pathways were activated upon
infection (Rossarolla et al. 2021). Also, genes encoding the stilbenes biosynthesis pathway were
shown to be activated, particularly in tolerant genotypes (Rossarolla et al. 2021). Liu and
colleagues also shown that secondary metabolism related genes were upregulated in a resistant
genotype in the presence of the pathogen (Liu et al. 2020a). Also, the hormonal signalling
pathways related genes appear to have a higher expression in the resistant cultivars specially
related with the JA, SA and ABA after P. viticola inoculation (Chitarrini et al. 2020; Liu et al.
2020b). Transcriptional factors such as WRKY and MYB family were shown to be highly



expressed in the resistant genotypes upon inoculation (Guerreiro et al. 2016; Frobel et al. 2019;
Chitarrini et al. 2020), genes from both families were then identified (WRKY75 and MYB4)
in the quantitative trait loci (QTL) identified has Resistance of P. viticola 10 (RPV10) (Frobel
et al. 2019). The pathogenesis related (PR) genes, particularly pathogenesis related protein 10
(PR10) were pinpointed as markers of grapevine response to P. viticola (Frobel et al. 2019).

Furthermore, Gong and authors have also observed that ROS, lipids, flavonoids and signalling
pathways (specially MAPK and calcium) seemingly are part of the triggering effect of the
resistant response after P. viticola infection (Gong et al. 2022). Also, some receptors (R genes)
could be identified for their role of recognition of effectors as well as the impact on the defense
signalling pathways and hypersensitivity response (Gong et al. 2022).

Moreover, callose has been reported to be part of the V, vinifera defense response against P.
viticola. Yu and colleagues observed that genes from the callose synthase family (CalS1 and
CalS10) play a role in the defense response after this pathogen interaction as well as possible
regulatory interaction with plant hormones ABA and gibberellin (GA) (Yu et al. 2015).

1.5. Epigenetics, an emergent player in Plant defense

1.5.1.  Anoverview of the epigenetic machinery

Nowadays the concept of Epigenetics world widely used entails the study of molecular
mechanisms with reversable capabilities that regulates gene expression with possible
heritability impact without altering the DNA sequence (Kumar et al. 2017; Topart et al. 2020;
Ospelt 2022; Tompkins 2022). Additionally, the organisms environment surrounding has been
reported to impact the epigenetic machinery however the phenotypic effect as well as a possible
transgenerational inheritance correlated with epigenetics is still unclear (Kumar et al. 2017;
Topart et al. 2020; Ospelt 2022; Tompkins 2022).

Different epigenetic mechanisms and pathways contribute to epigenetic state stability and
modification in plant cells and tissues in response to the stimuli. The most well-known
epigenetic marks are DNA modification, histone post-translational modifications, RNA based
modifications and chromatin rearrangement with influence of chromatin remodelling
complexes (Figure 1.4) (Ueda and Seki 2020; Kakoulidou et al. 2021; Chachar et al. 2022).
Specific enzymes with different functions act on these specific marks being classified according



to the modification imposed: specific molecules added which releases catalysis/signs (writers),
interpreters/recognizers of the chemical signals (readers) and removers of the chemical
modifiers (erasers), that further allows gene expression modification without sequence
manipulation as well as triggering important pathways (Figure 1. 4) (Saldivar-Gonzélez et al.
2018; Crispo et al. 2019; Topart et al. 2020; Chachar et al. 2022). These modifications and
associated enzymes enables epigenetic marks to have a reversible capability that allows to

influence either genomic and metabolic developments (Crispo et al. 2019; Ueda and Seki 2020)
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Figure I. 4 - Representation of the epigenetic machinery (Adapted from: (Kim et al. 2011))

DNA methylation

DNA methylation of the 5-methylcytosine (5-mC) is known to be an epigenetic repressor of
gene expression (promoter and transposable elements) (Kumar et al. 2018; Kumar and
Mohapatra 2021; Chachar et al. 2022; Guarino et al. 2022; Shaikh et al. 2022).The DNA
methylation process is only possible though key enzyme known as DNA methyltransferases.
Within DNA methyltransferases in plants there are: METHYLTRANSFERASE 1 (MET1),
CHROMOMETHYLTRANSFERASE2 (CMT2) and CMT3 (Figure 1.5) (Brocklehurst et al.
2018; Sudan et al. 2018; Zhang et al. 2018; Shin et al. 2022). MET1 can act before and after
DNA replication through the methylation of the hemi-methylated CG dinucleotides and the
basic cytosines in new strands, respectively (Figure 1.5) (Brocklehurst et al. 2018; Li et al. 2018;
Kumar and Mohapatra 2021; Samantara et al. 2021; Shin et al. 2022). Also, MET1 is important

for DNA methylation conservation on the non-symmetric sequence through the interaction with
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SU(VAR)3-9 homolog 2 (SUVH2) and SU(VAR)3-9 homolog 9 (SUVH9) that allows the
involvement of the RNA-directed DNA methylation (RdDM) pathway (Zhang et al. 2018).

Also in plants, CMT2 and CMT3 were identified to be associated to CHG and CHH methylation
(Figure 1.5) (Deleris et al. 2016; Neto et al. 2016; Niederhuth et al. 2016; Hoang et al. 2018;
Zhang et al. 2018; Raju et al. 2019; Shin et al. 2022). CMT3 is part of CHG methylation
maintenance with interactive capabilities with specific histone methylation modification such
as H3K9mel, H3K9me2 and H3K9me3 through CMTs specific binding structures (bromo-
adjacent homology (BAH) and CHRomatin Organization MOdifier (CHROMO) domains)
(Figure 1.5) (Ashapkin et al. 2016, 2020; Niederhuth et al. 2016; Lanciano and Mirouze 2017,
Zhang et al. 2018; Raju et al. 2019; Shaikh et al. 2022). Furthermore, CMT2 is mostly known
to maintain the methylation status on the CHH context and in lower capacity on the CHG
context (Figure 1. 5) (Niederhuth et al. 2016; Li et al. 2018; Zhang et al. 2018; Wendte et al.
2019; Kumar and Mohapatra 2021; Shaikh et al. 2022).

In addition to the reported enzymes, DRM family has been observed to be key players in the de
novo DNA methylation as well as have a role in the maintenance of the methyl group in the
non-symmetric CHH methylation (Figure I. 5). Overall, throughout RADM pathway the plant-
specific RNA Pol V branch mediates this pathway whereas the most known enzyme from this
family, DRM2 which plays a role in catalysation of this pathway (Li et al. 2018; Sudan et al.
2018; Zhang et al. 2018; Kumar and Mohapatra 2021; Shaikh et al. 2022; Shin et al. 2022).
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Figure 1. 5 - Schematic representation of the maintenance DNA methylation process on the CG and CHG site with the
recruitment of the DNA methyltransferase MET1 and CMT3/CMT2 respectively. Also, DRM2 is a DNA methyltransferase
that besides playing role in DNA maintenance also is a key player in the de novo DNA methylation (Adapted from (Yao et al.
2012; Zhang et al. 2018)

For an equilibrium of DNA methylation, there are also enzymes that remove the methyl groups
from DNA. DNA demethylases harbour DEMETER (DME), Repressor of Silencingl (ROS1),
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and DME-like 2 and 3 (DML2, DML3) (Kumar and Mohapatra 2021; Samantara et al. 2021,
Guarino et al. 2022; Gui et al. 2022; Huang et al. 2022b; Parker et al. 2022; Shaikh et al. 2022).

Histone modification

The nucleosomes core is composed essentially by octomer histones (H2A, H2B, H3 and H4)
and their N-terminal tails (Annacondia et al. 2018; Yan et al. 2019; Samantara et al. 2021,
Guarino et al. 2022). Besides the referred histones, there is also Histone 1 (H1) that is not a
direct component of the nucleosome core but is a linker which allows the separation between

the nucleosomes and stabilizes the chromatin (Ageeva-Kieferle et al. 2019; Guarino et al. 2022).

The histone modification landscape varies depending upon the group that binds to the N-
terminal tail of the histones which can go from methyl to acetyl or other groups (Samantara et
al. 2021; Shin et al. 2022). Therefore, the histone modification can vary from methylation,
acetylation, ubiquitination, phosphorylation and SUMOylation, however the most studied is the
histone methylation and acetylation (Annacondia et al. 2018; Shin et al. 2022; Tao et al. 2023).
Nevertheless, these modifications are only possible with the contribute of specific proteins that
can write (histone methyltransferase and histone acetyltransferase) or erase (histone
demethylases and histone deacetylases) these modifications (Annacondia et al. 2018; Yan et al.
2019; Shin et al. 2022). The histone composition and modifications are important for the
transcription machinery, chromatin conformation (open or closed) and gene regulation (Figure
I. 6) (Annacondia et al. 2018; Samantara et al. 2021; Shin et al. 2022).
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Figure I. 6 - Histone modification landscape and the effect on the chromatin structure. (From (Kumar et al. 2021))
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Histone methylation can occur through the addition of one or more methyl groups (mono-, di-,
or trimethylation) on the lysine or arginine locations (Ramirez-Prado et al. 2018b; Zarreen and
Chakraborty 2020; Guarino et al. 2022; Shin et al. 2022). There are histone methylation events
that can be associated with either repression (H3K27me2, H3K9me, H3K27me, and H4K20me)
or activation (H3K9me2, H3K4me, H3K36me and H3K79me) of gene expression (Ramirez-
Prado et al. 2018b; Yan et al. 2019; Zarreen and Chakraborty 2020; Shin et al. 2022). Whereas
different enzymes have been registered has catalysers (KRYPTONITE (KYP) also known as
SU(VAR)3-9 homolog (SUVH4), SUVH5 and SUVHS6) therefore recognised has histone
lysine methyltransferases (HKMTSs) (Samantara et al. 2021; Shin et al. 2022). Also, other
domains have been identified as recognizers of histone lysine methylation such as PHD,
chromo, WD40, Tudor, double/tandem Tudor, MBT, Ankyrin Repeats, zf-CW, and PWWP
(Zarreen and Chakraborty 2020). On the other hand, removal enzymes of the histone
methylation are known as histone lysine demethylases such as lysine-specific demethylase 1
(KDM1/LSD1) homologues, Jumonji C domain-containing (JMJC) and PAD4/PADI4 (Zarreen
and Chakraborty 2020; Samantara et al. 2021; Shin et al. 2022).

The histone acetylation, occurs through adding a acetyl group to the lysine residue in the histone
tail which allows chromatin to be relaxed (Hu et al. 2019; Samantara et al. 2021; Guarino et al.
2022; Shin et al. 2022). Oppositely chromatin condensation can occur through the histone
deacetylation process (Guarino et al. 2022). Histone acetylation marks impacts the
transcriptional process (active gene expression) and with regulatory influence in plant
development as well as environmental or pathogen impact (Samantara et al. 2021; Guarino et
al. 2022; Shin et al. 2022). The reported histone acetylation landscape in plants has been
identified at the H3K9, H3K14, H3K18, H3K23, H3K27, H4K5, H4K8, H4K12, H4K16 and
H4K20 sites (Samantara et al. 2021; Guarino et al. 2022; Shin et al. 2022). The presence of
specific enzymes that adds (histone acetyltransferase - HAT) or removes (histone deacetylase -
HDAC) the acetyl group allows to antagonistically regulate the transcriptional process
(Samantara et al. 2021; Guarino et al. 2022; Shin et al. 2022). In plants, HAT were divided in
different classes: GCN5-related N terminal-acetyltransferase (GNAT), MOZ/Ybf2/Sas2/Tip60
(MYST), CREB-binding protein (CBP/p300), to TFII250-TATA-binding protein-associated
factor 1(TAF1) (Hu et al. 2019; Kumar et al. 2021; Samantara et al. 2021; Wang et al. 2021,
Guarino et al. 2022; Shin et al. 2022). Histone deacetylases (HDAC) families/classes have been
also classified from HD2 family, Reduced Potassium Dependency 3 (RPD3)/HDA1 family to
Sir2 family) (Hu et al. 2019; Kumar et al. 2021; Samantara et al. 2021; Shin et al. 2022).
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Chromatin remodelers

The chromatin modifications are also important epigenetic regulators that are comprised by:
chromatin remodeler complexes (CRC), enzymes that affect the modification of histone and
DNA, and epigenetic related RNA (Kim 2021). Chromatin remodelling complexes (CRC) can
occur through the presence of chromatin structural components forming specific complexes that
are preponderant for the chromatin modification at the histone and its variants level with the
help of ATP hydrolysis (Figure I. 7) (Bhadouriya et al. 2021; Tao et al. 2023).
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Figure I. 7 - Chromatin remodeler complexes with its subunits. (Adapted from (Chen et al. 2017; Shang and He 2022)

The CRCs vary in four class families which have been identified present in several different
stress signals in plants. The CRC is encoded in SWItch/Sucrose Non-Fermentable (SWI/SNF),
IMITATION SWITCH (ISWI), chromodomain and helicase-like domain (CHD) and Inositol
Requiring 80 (INO80)/SWR1-C complexes that regulate specific regions of protein-coding
genes (Bhadouriya et al. 2021; Kim 2021; Parker et al. 2022; Tao et al. 2023). Throughout
decades it has been observed that CRC is involved in plants development, in the plant immunity
system, epigenetics and defense against biotic and abiotic stresses (Bhadouriya et al. 2021; Kim
2021; Parker et al. 2022).

RNA mediated epigenetic regulation

Non-coding RNAs are an essential part of the epigenetic regulation. The most relevant are
micro RNAs (miRNA), short interference RNAs (sSiRNA) and long ncRNA (IncRNA). Micro
RNAs are transcribed from MIR genes and are key players in the post-transcriptional gene
silencing (PTGS) pathway (Dong et al. 2022). On the other hand, siRNAs can originate from
both endogenous and exogenous sources. These can be further grouped into phased secondary
siRNA (phasiRNA) and their subtype trans-acting RNA (tasiRNA), natural antisense siRNAs
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(nat-siRNA) and heterochromatic siRNA (hc-siRNA), are responsible for not only PTGS but
also serve as guides for RADM (Liu et al. 2020c; Sanan-Mishra et al. 2021; Waheed et al. 2021).

1.5.2.  Epigenetic regulation in the context of plant-pathogen interactions

After the 1990s, epigenetic regulation was associated to plant defense and priming “memory”
(Annacondia et al. 2018; Parker et al. 2022). The links between plant immunity, epigenome and
disease resistance are being analysed and key players from the de novo DNA methylation
(RdADM), DNA methylation, chromatin and histone modifications (Huang et al. 2022b; Parker
et al. 2022; Shilpa et al. 2022) were pinpointed.

DNA methylation was shown to be associated to susceptibility or tolerance to pathogens as
hypo or hypermethylation stages lead to transcription activation/repression (Annacondia et al.
2018; Parker et al. 2022; Tao et al. 2023). The impact of DNA methylation modification after
pathogen attack can affect promoters, gene bodies, and TEs which leads to the need to increase
the understanding of the correlation between the regulation of gene expression and host defense
(Tirnaz et al. 2022). This has been shown in several plants as Arabidopsis, rice, tobacco, tomato,
maize, grapevine, wheat, cucumber, Nicotiana and others where DNA methylation modulation
occurs after pathogen infection (Castellano et al. 2016; Huang et al. 2022b; Pereira et al. 2022;
Shilpa et al. 2022; Tirnaz et al. 2022).

In plant-bacteria interactions Pseudomonas syringae pv. tomato strain DC3000 (Pto DC3000)
(a hemibiotrophic bactéria) has been one of the most reported bacteria to be involved with a
diverse number of epigenetic mechanisms (DNA methylation, DNA demethylation and RADM
pathway) that afterwards impact the immune defense response of plants (Annacondia et al.
2018; Huang et al. 2022b). Studies reported that the Pst DC3000 impacts host DNA
methylation/demethylation machinery (through ROS1 manipulation) influencing the plant
susceptibility/resistance (Dowen et al. 2012; Yu et al. 2013; Hewezi et al. 2018; Alonso et al.
2019; Ashapkin et al. 2020; Cambiagno et al. 2021; Ramos-Cruz et al. 2021; Huang and Jin
2022; Huang et al. 2022b; Parker et al. 2022; Saeed et al. 2022; Tao et al. 2023). Consequently,
TE regions with altered DNA methylation status (hypomethylation) are linked with biotic stress
effect on the immune system of the host (triggered) which leads to repression of gene
transcription of other epigenetic components (from RdDM pathway) and the DNA
demethylation (ROS1) of TE is important for defense activation (Dowen et al. 2012; Yu et al.
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2013; Hewezi et al. 2018; Alonso et al. 2019; Ashapkin et al. 2020; Zhi and Chang 2021; Parker
et al. 2022; Saeed et al. 2022). Complementary, other studies in Arabidopsis-Pto DC3000
interaction indicate that ROS1 affects the RADM pathway through an antagonistic behaviour
against Dicer-like 2 (DCL2) and Dicer-like 3 (DCL3), as well as induce genes at the promoter
level that trigger the immune defense system (specifically PAMP triggered immunity (PTI))
such as TNL RESISTANCE METHYLATED GENE 1 (RMGL1), contributing therefore to the
basal resistance (Halter et al. 2021). Therefore, these several different studies have indicated
DNA demethylation to be involved with locating/promoting basal resistance against different
pathogens, especially the DNA demethylase ROS1, and with the host priming immunity status
(Halter et al. 2021; Huang et al. 2022b; Tao et al. 2023).

Besides ROS1 also other DNA demethylases have been reported to be important for plant-
pathogen interaction as shown by Zeng and colleagues in Arabidopsis (Zeng et al. 2021). Within
the analysis of different dme mutants after pathogen infection (Pst DC3000 and V. dahlia), both
methylome and transcriptome analysis was able to verify that DME plays an important role in
the response to biotic stresses through the report of phenotypic hypersensitivity which indicate
importance on resistance to pathogens (Zeng et al. 2021). Also, while the analysis of defense-
related genes after bacterial infection connected to DNA demethylation, DME was reported to
regulate the expression of AtPRX34, SOC3 and gene encoding a TIR-NBS-LRR protein which
are overall important in the PTI and ETI immune stages (Zeng et al. 2021). In Populus
genotypes with contrasting resistance against Lonsdalea populi hypomethylation was linked to
a higher tolerance (Xiao et al. 2021). Therefore, a specific relationship seems to be brewing
specially with the CHH context since in agreement with other studies hypomethylation of the
CHH context can be important for immune response against pathogens (Xiao et al. 2021). Also,
the importance of the promoter region is conveyed in the Xiao and colleagues work for DNA
methylation in regard to plant stress response (Xiao et al. 2021). Accordingly, in mulberry
infection by phytoplasma, host hypermethylation occurred after pathogen challenge (Liu et al.
2021).

In plant-fungus interactions, studies in the interaction of Fusarium oxysporum with Arabidopsis
indicated that DNA demethylases play a role on the pathogen resistance as well as RADM-DNA
methylation pathways relationship (CHH sequence) throughout the activation of genes related
to stress response (Le et al. 2014; Hewezi et al. 2018; Tao et al. 2023). Tirnaz and colleagues
focused on the analysis of either susceptible or resistant plant of canola to Leptosphaeria
maculans and showed that a DNA hypomethylation occurred in the resistant genotypes, (Tirnaz
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et al. 2020). This and other studies in fungus interaction with plants leads to a better
understanding of the epigenetic machinery in the defense response as observed also in the
relationship between tomato and Trichoderma harzianum observed by Palma and colleagues
(De Palma et al. 2019). Their study showed that a bimodal pattern for the global DNA
methylation occurred at 24 and 48/72 hours after inoculation (hpi) from hypo to
hypermethylation observation, respectively (De Palma et al. 2019). In grapevine after P. viticola
infection of two different grapevine cultivars (Regent - tolerant and Trincadeira - susceptible)
a bimodal behaviour of global DNA methylation stage was reported (specially at 6 and 48 hpi)
and both DNMT and CMT genes expression correlated with this modulation (Pereira et al.
2022).

Besides DNA methylation, histone modifications are also important in plant-pathogen
interactions (Ramirez-Prado et al. 2018a; Ayyappan et al. 2019; Yan et al. 2019). In Phaseolus
vulgaris infection by Uromyces appendiculatus, host histone modification at H3K9me2 and
H4K12ac occurred (Ayyappan et al. 2015; Yan et al. 2019). H3K27me3, H3K9me2 and
H3K9ac histone modifications were also reported after Meloidogyne graminicola inoculation
(Atighi et al. 2021). Also in Cucurbita pepo infection by Podosphaera xanthii H3K4me3 and
H3K27me3 occurred after inoculation with the pathogen (Margaritopoulou et al. 2022). The
histone modifications and the H3K4me3/H3K27me3 ratio before and after inoculation allowed
to showcase in the susceptible line the role of activation of chromatin (through increased ratio)
in the defensive strategy of the plants. At Paulownia fortune-phytoplasma interaction
H3K4me3, H3K36me3 or H3K9ac were highlighted as presenting a role in defense (Yan et al.
2019). Also, infection by B. cineria infection led to different histone modifications H3K4me3
and H3K9ac increased while H3K27me3 reduced (Crespo-Salvador et al. 2018).

Histone demethylation was shown to play a role in the plant-pathogen interaction. The Jumanyji
domain-containing (JMJ) family, a histone demethylase family that in several cases has been
identified as having a crucial role in the defense pathway and plant phenotype after pathogen
infection (Pst DC3000) such as JMJ14, JMJ27, IMJ704 and JMJ705 (Tao et al. 2023). This
family of demethylases has been identified has the removal proteins especially of H3K4me2,
H3K4me3, H3K27me3, H3K9me, H3K9me2 and H3K9me3 (Ramirez-Prado et al. 2018a). As
an example JMJ27 analysis though mutant showed a susceptible phenotype in Arabidopsis
plants after Pst DC3000 with genes related with the defense response to be upregulated
(WRKY25 and WRKY33) (Ramirez-Prado et al. 2018a; Tao et al. 2023). Also, JMJ705 has
been observed in rice-Xanthomonas oryzae pv. oryzae (Xoo) interaction analysis through
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overexpression and loss of this genes which an indication of opposite phenotypic patterns
(resistance and susceptibility, respectively) was reported, and the histone methylation related
mark (H3K27me3) was lesser in specific defense related genes in the presence of JMJ705
overexpression (Ramirez-Prado et al. 2018b; Tao et al. 2023). Therefore, this histone
demethylase of H3K27me2 and H3K27me3 is important for plants defense and immune
strategies against the biotic stresses (Ramirez-Prado et al. 2018b; Tao et al. 2023). The histone
demethylase INCREASE IN BONSAI METHYLATION 1 (IBM1) was shown to negatively
regulate DNA methylation sequence (CHG) with impact on genes related with the defense
system in case of bacterial infection (Chan and Zimmerli 2019). Also, histone landscape was
altered in the ibm1 mutants after bacterial infection (H3K9me2 and H3K4me3 marks) therefore
histone demethylase IBM1 has a role of maintenance of the activation histone mark (H3K4me3)
(Chan and Zimmerli 2019). The H3K27me3 was shown to be regulated by Phytophthora sojae
effectors (Wang et al. 2020). Hence, the defense strategy of plants in any stage of the response
highlights the activity of either histone methylation and specific enzymes (HKMT and HKDM)
affecting gene inhibition or activation upon pathogen colonization (Ramirez-Prado et al.
2018b).

Another histone tails modification, known as histone acetylation affect the transcription
process as well as post-transcriptional modification therefore being important for the
transcriptional reprograming (Kang et al. 2022). At a broader scope histone acetylation and
deacetylation enzymes are involved with plant defense and immunity in the presence of
pathogens infection with compelling evidence of the possible relationship with several different
signalling pathways (Kim et al. 2021). HATSs play a role in pathogens such as reported by Kong
and authors that observed and characterize Fusarium graminearum HATS, where they play a
key role in the metabolism, development, and pathogenicity of this pathogen (Kong et al. 2018).
From the HATSs known, the CBP/p300-family are known to be an important part of the plants
development however the HAC1 and HACS from the five known Arabidopsis genes from this
family were described to play a role in the defense pathway against pathogens through the
impact on the signalling pathways (SA) and on the pathogenesis-related genes (Jin et al. 2018;
Ramirez-Prado et al. 2018b; Hu et al. 2019; Tao et al. 2023). Also the General Control Non-
repressed 5 protein (GCN5) family seems to be involved with the SA pathway has reported by
analysis of gcn5 mutant after infection with Pst DC3000 (Kim et al. 2021; Kumar et al. 2021;
Wang et al. 2021). The GNAT family (HAG1) was also shown to be an important regulator
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within the wheat defense system helping the resistance against Blumeria graminis, with impact
in important signalling pathways (Tao et al. 2023).

The histone deacetylase known as HDA19 (RPD3-like family) was shown to impact JA, ET
and SA pathway and defense related genes such as some WRKY (Ramirez-Prado et al. 2018b;
Kumar et al. 2021; Tao et al. 2023). Other studies corroborated the impact of HDA19 in the
signalling pathways has observed on Arabidopsis after Pst DC 3000 triggering defense related
genes (PR1 and PR2) as well as impacting specifically the SA signalling pathway (Choi et al.
2012; Ramirez-Prado et al. 2018a, 2018b; Yan et al. 2019; Kumar et al. 2021). In Triticum
aestivum after Blumeria graminis f. sp. tritici (Bgt) infection a correlation between defense
system and histone deacetylation enzymes was shown (Liu et al. 2019; Wang et al. 2021). The
RPD3 type deacetylase known as histone deacetylase 6 (HDAG6) was shown to interact with
WD40-repeat protein HOS15, that plays a role in the regulation of the phenotypical response
(PR1, PR2, PR5 and WRKY45) (Liu et al. 2019; Samantara et al. 2021; Wang et al. 2021; Tao
etal. 2023). Interestingly, the suppression of genes linked with plant response against pathogens
attacks such as Pst DC3000 have been associated with HDA6 (Wang et al. 2017; Liu et al.
2019; Tao et al. 2023). Researchers indicate that wheat defense is fine-tuned by the antagonistic
behaviour of both histone acetylation and deacetylation enzymes in the presence of Bgt
infection (Liu et al. 2019; Samantara et al. 2021). Another complex formed by HOS15 and
HDAS9 has been identified to play a role in plant-pathogen interaction though expression
modification of defense-related genes. In a Pst DC3000 infection NOD-LIKE RECEPTOR
(NLR) and SUPPRESSOR OF nprl1-1, CONSTITUTIVE 1 (SNC1) gene suppression can occur
through modification of H3K9ac to a deacetylation status (Yang et al. 2020; Kumar et al. 2021;
Tao et al. 2023). HDA9 per si has been observed to be part of the immune defense system
through the transcriptional process while Pst DC3000 attack (Ramirez-Prado et al. 2018a; Yang
etal. 2020; Wang et al. 2021). Also is involved with the PR and SA related genes after pathogen
infection (Ramirez-Prado et al. 2018a; Yang et al. 2020; Wang et al. 2021).

Furthermore, HDT701, an HDAC from the HD2 family was shown to be involved in H4K5
and H4K16 acetylation (Hu et al. 2019). Ding and colleagues pinpointed that the phenotypic
susceptibility/resistance variability, defense related triggers (PRR and genes) and H4
acetylation modification were correlated and therefore indicated that this histone deacetylase
impacts negatively the immunity of rice after infection (Ding et al. 2012; Ramirez-Prado et al.
2018b; Yan et al. 2019; Kumar et al. 2021; Wang et al. 2021). Zhi and colleagues shown in the

T. aestivum after Bgt infection that HDT70 is a suppressor of the plants defense machinery (Zhi
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et al. 2020; Kumar et al. 2021). Also, a conjoint work with the complex HOS15-HDAG6 with
HDT701 have been observed since they behave similarly has reported previously in the same
plant-pathogen interaction (Zhi et al. 2020; Kumar et al. 2021). A possible role of recruitment
by either HOS15 and HDT701 of the HDA®G to the needed locations of the defense-related
genes, the stabilization capabilities of HDT701 to this complex and alteration of other histone
modifications indicate the complex HDT701-HDA6-HOS15 role in the defense response genes
at their chromatic level to overcome their expression with histone deacetylation activation (Zhi
et al. 2020; Kumar et al. 2021).

Interestingly not only other histone modifications have been observed to collaborate with
histone acetylation/deacetylation but also DNA methylation after host infection (Wang et al.
2018). As an example of this is the HDA6 which has been reported to be involved with MET1
(Wang et al. 2018; Zarreen and Chakraborty 2020). A study performed by Wang and colleagues
analysed the TYLCV V2 protein in Nicotiana benthamiana host where an interaction between
this protein and the HDAG6 was reported (Wang et al. 2018; Zarreen and Chakraborty 2020).
Furthermore, they observed that both V2 protein and MET1 competitively combine with HDAG
which doesn’t allow the other component to recruit, respectively (Wang et al. 2018; Zarreen
and Chakraborty 2020).Therefore, transcriptional gene silencing is reduced because of the
interaction of viral proteins and HDAG6 and lack of methylation interaction as well as an altered
phenotype (susceptibility improvement) while plant-pathogen interaction (Wang et al. 2018;
Zarreen and Chakraborty 2020; Kumar et al. 2021). Other HDACs and complementary
components have been identified in plant diseases, such as after Pst DC3000, the HD2B impacts
the plant immunity and the phenotype (Ramirez-Prado et al. 2018a, 2018b; Kumar et al. 2021;
Wang et al. 2021). Also, SRT2 has been observed in the same pathosystem with impact on the
host defense genes pathway (PR1, PAD4, EDS5 and SID2) and phenotype (Ramirez-Prado et
al. 2018a, 2018b; Wang et al. 2021; Tao et al. 2023).

Moreover the stresses stimuli make the chromatin to change its conformation therefore
chromatin modifications can occur which can make the DNA accessible or not (Bhadouriya et
al. 2021). The CRCs have been identified has an intricate part of this process affecting the
transcriptional reprograming as well as at the plant-pathogen interaction (Kang et al. 2022; Tao
et al. 2023). Studies has shown the CRCs families impact in the plant-pathogen interaction such
as the SWI/SNF complex that has been reported to have a key role in the chromatin
structure/modification, gene transcriptional process and an intricate connection with signalling
pathways (such as ABA, SA, JA, auxin and GA) and RNAI pathway (AGO1). Therefore, an
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impact on plant development, responses and defense has been observed. Nonetheless, SWI/SNF
has been best known to be involved in the response to abiotic stresses and, more recently,
several studies have observed the impact of this CRC against different biotic stress (Bhadouriya
et al. 2021; Jian et al. 2021; Parker et al. 2022; Tao et al. 2023). To be able to achieve this
responsibilities, the SWI/SNF family is composed by SWI2/SNF2 subfamily that showcase
important proteins that play a role in the defense/imune system against pathogens through the
action of its subunits such as BRM, SPLAYED (SYD), SWI/SNF-ASSOCIATED PROTEINS
73 (SWP73A) and Decrease in DNA methylation 1 (DDM1) (Bhadouriya et al. 2021; Parker et
al. 2022; Tao et al. 2023).

According with Walley and authors, SYD is a CRC with a role in the defense against B. cineria
at a resistance level and with positioning in the signalling pathway (JA and ET) (Walley et al.
2008; Bhadouriya et al. 2021; Parker et al. 2022). Other infections in plants such as M. oryzae
have been analysed with this CRC impact where different genes related with the defense
response had their expression changed throughout their connection with different related
histone variants (H2A.X and H2B.7) (Parker et al. 2022). Also, according with Johnson and
colleagues SYD interacts with specific immune receptors involved in different stages of plant
immunity (Johnson et al. 2015; Song et al. 2021). Also, the immune receptor Suppressor of
NPR1 Constitutive 1 (SNC1) has been correlated with defense response and its regulation is
possible with influence of SYD with other chromatin components (Jian et al. 2021). DDM1 is
an ATP dependent SWI2/SNF2 chromatin remodeler important for the DNA methylation
process since it is important for the maintenance process of methylation on cytosines
(Bhadouriya et al. 2021; Song et al. 2021). Also, it has been observed that DDML1 plays a role
in histone H1 and in the immune receptor SNC1 expression through its negative regulation
(Bhadouriya et al. 2021; Song et al. 2021). Another CRC implicated with the defense system
of plants against pathogens was observed through the study with Arabidopsis immune response
against Pst DC 3000 (Jian et al. 2021; Huang et al. 2022a; Parker et al. 2022; Tao et al. 2023).
Meanwhile, BIT-responsive Histone interacting SNF2 ATPase 1 (BRHIS1) was shown to
participate in CRC and mono-ubiquitination process of H2A and H2B variants. This leads to
BRHIS1 localization to specific regions of defense related genes not allowing their expression
while in the rice-Magnaporthe oryzae interaction (Li et al. 2015a; Jian et al. 2021; Kim 2021,
Song et al. 2021).

The Swi2/Snf2-related 1 CHROMATIN REMODELER COMPLEX (SWR1-C) is one of the
most studied CRCs and is formed by several different important subunits (PHOTOPERIOD-
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INDEPENDENT EARLY FLOWERINGL1 (PIE1), ACTIN-RELATED PROTEING6 (ARP6),
SWR1 COMPLEX 6 (SWC6) and SWC4 that regulates/interacts with histone chaperones
(NUCLEOSOME ASSEMBLY PROTEIN-RELATED PROTEIN (NRP)) or variants (H2A.
Z) which therefore play a role in the plant defense system against abiotic different pathogens
stresses (Jakada et al. 2019; Bhadouriya et al. 2021; Song et al. 2021; Parker et al. 2022; Tao et
al. 2023). Signalling pathways such as JA and SA have been identified to be connected with
SWR1-C (Bhadouriya et al. 2021; Song et al. 2021; Parker et al. 2022; Tao et al. 2023). Besides
the observation of SWR1-C has a whole, also the subunits have been analysed independently
with its own functions in the plant immune and defense system (Jakada et al. 2019). Also, a
close relationship has been reported between SWR1-C and the histone variant H2A.Z specially
at the defense response against biotic stresses (Parker et al. 2022). Mutation of the subunits of
SWR1-C, specially PIE1, ARP6, and SWC6, has impacted the histone variant deposition as
well as the phenotype (resistant behaviour) in the presence of different pathogens therefore
indicating a role in the regulation of defense related genes (Berriri et al. 2016; Jakada et al.
2019; Parker et al. 2022). As example, the pathogen Sclerotinia sclerotiorum interacted with
pineapple SWC6 mutant leaves where is possible to observe a resistance on the mutant to this
pathogen (Jakada et al. 2019).

The PIE1 catalytic activity impacted the Arabidopsis genes expression at normal and plant
disease conditions which lead to a resistance phenotype after Pst DC3000 in plant mutants
(Song et al. 2021). PIE1 and ARP6 were observed after Sclerotinia sclerotiorum infection
where ARP6 was show to have an indirect role in plant immunity (at the deposition of H2A.Z
at specific defense related genes - WRKY33 and YDD) (Cai et al. 2021). The interaction between
CRC (SWR1-C), histone variants (H2A.Z) and defense related chaperons (NRP1 and NRP2)
create a pathway of plant defense at the gene impact and transcription at a biotic stress (Parker
et al. 2022).

CRC and plant immunity were also related through the interaction between SNC1, a plant
immune receptor, and CHR5, a CHD subfamily, that plays a regulatory role to this receptor,
affects its transcription process, autoimmunity, nucleosome occupancy and impact genes
related with histone modification (H3K27me3) repression (Zou et al. 2017; Kim 2021; Song et
al. 2021). Other components besides CRC that have been correlated plant immunity throughout
the decades is Microrchidia (MORC) ATPase family such as MORC1 or MORCS6 that has been
observed in Arabidopsis (Bhadouriya et al. 2021; Parker et al. 2022). These proteins have
presented a role in the gene silencing (Bhadouriya et al. 2021; Parker et al. 2022). In normal
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conditions, in different plant species MORC was reported with different roles although
specially within chromatin modification, structure and components such as transposable
elements (Parker et al. 2022). In addition, a role in the DNA-SA cooperation can be observed
in analysed mutants (Parker et al. 2022). Meanwhile, in different biotic stresses (Phytophthora
infestans, N. benthamiana, Turnip crinkle virus (TCV), Pst DC3000 and Hyaloperonospora
arabidopsidis), MORC1 aka CTR1 showed an important role as a regulator in different stages
of immunity (ETI and PTI) (Bhadouriya et al. 2021; Parker et al. 2022). Another CRC related
is the chromatin remodeler ATPase-like protein MORPHEUS MOLECULE 1 (MOM1) which
in the presence of Pst DC3000 was observed to be associated with defense related genes
(NLR/PRR) (Cambiagno et al. 2018; Parker et al. 2022). Also the close relationship with SIRNA
at a epigenetic level indicates a strong evidence of epigenetic memory aka prime effect at the

defense related genes level in relation with RNA (Parker et al. 2022).

Within the RNA silencing, the DCL proteins are important for the biogenesis of siRNA and
microRNA (miRNA) and RdDM pathway (Andika et al. 2019; Kaushal et al. 2021). The main
function of these siRNAs is to be part of the transcriptional and post-transcriptional gene
silencing via the mediated/induction of siRNA in de novo DNA methylation pathway (DNA
methylation/RdDM) and RNA-induced silencing complexes (RISC) complex, respectively
(Borges and Martienssen 2015; Zhu et al. 2019; Ali et al. 2020; Guarino et al. 2022; Saeed et
al. 2022). Also, siRNA play a role in the defense against plant diseases through different ways
such as effectors released by bacteria which in plants influences the siRNA synthesis (Ali et al.
2020). Several different studies have shown a variety of siRNA interconnected with genes
related with plant defense through RNA interference (RNAI) mechanisms and also in some

pathogens their sSiRNA affects also the development and pathogenicity (Ali et al. 2020).

Specially on the host and viral pathogen, PTGS and TGS were described to impact plant-virus
interaction as DCL impacts negatively on the replication and symptomatology of the C.
parasitica after Arabidopsis infection (Andika et al. 2019). Further analysis on DCL mutants,
after Botritis cineria infection highlight the existence of pathogen SRNA (Cai et al. 2018). Haile
and authors analysed Plasmopara viticola (Pv)DCL1 and PvDCL2 dsRNA on grapevine
showing that RNAiI machinery is involved in the colonization of the pathogen to the host

therefore could be a new method for the disease control (Haile et al. 2021).

Besides DCL also other components important for RNA silencing have been observed in

B.napus and S.sclerotiorum colonization shows the involvement of miRNAs interacting with
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Argonauts (AGO1 and AGO2) with a role on the susceptibility shown on mutant hosts (Cao et
al. 2016).

siRNAs accumulation was observed in the plant-virus interaction leading to viral to RNA

silencing and therefore acting as an antiviral protection (Huang et al. 2016).

miRNA play a role on the DNA methylation pathway (Huang et al. 2016; Hou et al. 2019; Raju
et al. 2019; Panigrahi et al. 2021; Guarino et al. 2022; Huang and Jin 2022). The target of
miRNA can go from the R genes which influences the host phenotype in the presence of the
pathogen, to the auxin response factor (ARF) proteins, and to RNA Dependent RNA
polymerases (RDR1, RDR2, RDRG6) an important antiviral pathway component (Seo et al.
2013; Huang et al. 2016; Hoang et al. 2018).

The miRNA impacts the defense system of plants infected with different types of pathogens
from bacteria, fungus, viruses and nematodes (Khraiwesh et al. 2012). Also, miRNA has been
reported as part of some pathogens and helps on their pathogenicity therefore colonize the hosts
with the use of their defense system such as Botritis cineria (Dal Bosco et al. 2018).

In plants, the first miRNA to be associated with an imune defense strategy was miR393
(Khraiwesh et al. 2012). Also, miR156, miR158, miR159, miR160, miR161, miR164, miR167,
mMiR171, miR172c, miR396, miR398a, miR399, miR408, miR444, miR482, miR773, miR825,
miR827, miR1885 miR2118 and miR7695 have been identified and with different expression
upon the plant-pathogen interaction (Khraiwesh et al. 2012; Huang et al. 2016; Prakash et al.
2017; Islam et al. 2018; Tang et al. 2021).

1.6. Main aim and thesis layout

Scarce information on the role of the epigenetic machinery in the grapevine immune system led
to the aim of this project which is to increase this knowledge specifically in the defence
responses of V. vinifera to infection of P. viticola. Also, we aim to define the tolerance and/or
susceptibility determinants of Vitis to downy mildew disease at a molecular level. To

accomplish these aims, several approaches were followed:
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e Analysis of the level of susceptibility and/or tolerance to downy mildew in different
varieties/crossing populations of Italian table grape through a phenotypic

characterization of the inoculated grapevine plants with P. viticola.

e Characterization of the V. vinifera epigenetic variation after P. viticola inoculation
through studying the changes in DNA methylation pattern during grapevine-P. viticola

interaction.

e Characterization of transcriptome modulation after P. viticola infection. In particular,
differentially expressed genes involved in plant-pathogen interaction, plant defense
response and in the epigenetic regulation will be searched.
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Chapter Il - Analysis of grapevine susceptibility to Plasmopara
viticola




11.1. Introduction

Viticulture is one of the most important agricultural activities worldwide. In 2020, 7.3 million
hectares were estimated to be cultivated as vineyards (OIV 2021). The cultivated Vitis vinifera
L. is highly susceptible to downy mildew, caused by the obligatory oomycete Plasmopara
viticola (Berk. & Curtis) Berl. & De Toni, which significantly influences the plant lifespan,
fruit quality and production quantity (Boso et al. 2014; Armijo et al. 2016; Buonassisi et al.
2017; Brilli et al. 2018; Eisenmann et al. 2019). Grapevine, when infected with P. viticola
present damage in various organs but mainly on leaves and berries which decreases the
quantity/quality of the products (Toffolatti et al. 2012; Banani et al. 2014; Buonassisi et al.
2017; Vezzulli et al. 2018). Spore propagation and plant infection depend on optimal
environmental conditions (temperature and humidity), as well as the fungi’s dual reproductive
life cycle (sexual and asexual), which allows for more frequent outbreaks (Toffolatti et al. 2012;
Buonassisi et al. 2017; Micheloni 2017; Frobel and Zyprian 2019; Marfil et al. 2019).

High amounts of pesticides are used during the growing season to control this disease,
harbouring both environmental and health impacts. To promote a more sustainable approach to
control this disease, efforts have been conducted to expand the knowledge of this interaction
and breeding new cultivars resistant to P. viticola have become a promising approach (Tirnaz
and Batley 2019). The P. viticola impact on the Eurasian grapevines (the subspecies used for
agricultural activities) leads to very frail outcome to the plant indicating its susceptibility
meanwhile the American and Asian species has shown a resistant capability to this pathogen
(Bove and Rossi 2020). The machinery that identified has resistance traits can occur as a
cascade of events from reactive oxygen species, polyphenolic compounds
production/accumulation, cell wall modification, enhancement of defense genes and enzymes,
programmed cell death, necrosis and hypersensitive response (HR) (Malacarne et al. 2011;
Perazzolli et al. 2012; Yu et al. 2012; Nascimento et al. 2019; Bove and Rossi 2020; Liu et al.
2020).

Breeding programs have been developed to introduce traits associated with biotic stress
resistance while maintaining the good grape quality of V. vinifera (Li et al. 2015; Toffolatti et
al. 2018). The way the breeding programs are able to improve crop resistance is through
introgressive hybridization also known in viticulture as interspecific hybrids for a genetic

variation improvement and acquisition of favourable genetic traits (Foria et al. 2022).
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Several different genes have been transferred within the plant breeding programs for V. vinifera
that can confer total or partial resistance to pathogens known as chromosomal locus resistant to
P. viticola (RPV) such as RPV3-1, RPV3-2, RPV3-3, RPV10, RPV12 and RPV1/Runl from
a total of 33 RPVs already mapped (Bove and Rossi 2020; Foria et al. 2022; Possamai and
Wiedemann-Merdinoglu 2022). These quantitative trait loci (QTL) have been identified in the
several different studies focused on species of Vitis with different resistances/tolerances
(Possamai and Wiedemann-Merdinoglu 2022). Breeding programs has tried to respect the
demands of agro-economic activity search through improvement of different phenotypic
characteristics (such as seeds and berry size) thus using V. vinifera with a Eurasian background
crossed with other species resistant cultivars (American and Asia) which therefore gather one
or multiple RPVs (Bove and Rossi 2020; Atak and Sen 2021). Several successful examples
already being commercialized as Regent, Solaris and Calardis Blanc in regard of biotic
resistance (Zini et al. 2019; Bove and Rossi 2020). Nevertheless, the resistance to implement
introgression lines in the normal agricultural activities comes from preconceived ideas as well
as historical agrochemical usage therefore the development of new disease resistance crossing
lines, improvement of the quality status for mass production and reduction of fungicide
application is still an ongoing process (Toffolatti et al. 2012; Vezzulli et al. 2018; Foria et al.
2022; Topfer and Trapp 2022).

New different breeding programs focus on grapevine populations with only Eurasian
background to obtain the desired and improved characteristics as well as fight diseases. In
recent years, downy mildew disease affected a high percentage of vineyards in the Consiglio
per la ricerca in agricoltura e I'analisi dell'economia agraria, Centro di ricerca Viticoltura ed
Enologia (CREA-VE) at Turi (Apulia Region, Italy). To better assess the
tolerance/susceptibility level of table grape varieties/crossings to P. viticola, several assays in
different years and on different organs have been performed by the CREA-VE researchers. The
research focused on visual analysis which showed possible differences of susceptibility in
several varieties as well as in the crossing populations (Marsico et al. 2018). In the literature
generally V. vinifera is described as highly susceptible to P. viticola (Bove and Rossi 2020;
Foria et al. 2022). Nevertheless, several authors have observed that the European V. vinifera
cultivars can have different levels of susceptibility (Boso and Kassemeyer 2008; Boso et al.
2014; Bove and Rossi 2020; Foria et al. 2022). The breeding programme existant in CREA-VE
created a cross population with parenthood Red Globe (female) x Regal seedless (male). With

previous evaluations, the P. viticola infection in different grapevine cultivars and crossing were
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an indication of possible different levels of susceptibility after plant-pathogen interaction.
Therefore, the aim of our work is to identify grapevine crossing populations with opposite

susceptibility to P. viticola.

11.2. Material and Methods

The V. vinifera accessions and crossing hybrids tolerance to P. viticola was previously
evaluated through controlled inoculations of grape bunches and leaf disks (Table S1 and S2).
The data collected from this evaluation and statistical analysis performed was the starting point
for the work developed in this chapter (Table S3, Figure S1, Figure S2) with the intent to further

analyse infected leaves versus mock inoculated with downy mildew disease.

11.2.1. In planta assay for the evaluation of V. vinifera susceptibility levels to
P. viticola infection

The data referred (Table S3) allowed for the selection of the most contrasting genotypes. Wood
cuttings from both selected cultivars (Italia, Red Globe and Crimson Seedless) and new
genotypes (N20/020, N23/018, N20/012 and N20/029) were obtained from the experimental
vineyard of the CREA-VE, located in Rutigliano (Apulia region, Italy). Grapevine cuttings
were harvested, cut in similar sizes (with 2 buds per cutting) and partially immersed in a 30°C
water bath within a 4°C chamber for 2 months. This system allows the radicular system to grow
without the rapid development of the rest of the plant. Then, the cuttings were transferred to
square plastic pots with a mixture of seedling substrate and perlite (3:1 v/v) and placed in a

greenhouse for 2 months with natural light conditions at a temperature between 18°C and 25°C.

The P. viticola sporangia were collected from symptomatic grapevine leaves by brushing. A
sporangia suspension (1.8x10* sporangia/ml) was sprayed on the abaxial side of the leaves
(Figueiredo et al. 2017a) of the different grapevine genotypes. As a control of the in vivo assay,
plants were sprayed with water (mock inoculation). After inoculation, plants were covered with
plastic bags to create a moist chamber with high humidity and kept in the dark for 8h. Then,

plants were maintained under greenhouse conditions. At 4, 6, 24 and 48 hours post infection
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(hpt), the third to fifth fully expanded leaves were collected, frozen in liquid nitrogen and stored
at -80°C (Figure I1. 1A). For each cultivar and time point (inoculated and mock inoculated), 3

biological replicates were collected consisting of 3 leaves from 3 different plants.

Mock
N20/020
€. N23/018
P. viticola ﬁ\/? ig;
vs o >3 rg
Mock Inoculated = |

Oh 4h 6h

Figure I1. 1 - Artificial inoculation of grapevine potted plants with P. viticola (in planta assay). A — Representation of the
experimental protocol performed with collection of leaves of grapevine crossings at 4, 6, 24 and 48 hours after inoculation
(hpi) with P. viticola and mock (control) conditions; B — Representative images of grapevine leaves with typical oil-spots
lesions observed on leaves inoculated with the pathogen compared to healthy mock inoculated plants (controls)

The OIV descriptor 452-1 (OIV 2009) was used with some modifications (Table 11.1) to
evaluate infection. After infection assessment in the different varieties/crossings, Disease
Incidence (DI) and Disease Severity (DS) were calculated on the different experimental assays.
The percentage of DI was obtained following the formula (Ahmed 2018):

n
DI(%) = 7 % 100

The formula corresponding to the number of infected leaves (n) per total number of leaves (N)
while DS was obtained by complying with the formula of Townsend-Heuberger (Lo Scalzo et
al. 2012)

Y (ng xvy)
%) =—x 100
DS (%) NxV

The infected leaves in one class (n;), the class (vi), the number of classes (i), the total number

of leaves (N) and the highest class (V) are the main components of this formula (Lo Scalzo et
al. 2012).

45



Table I1. 1 - Classification of P. viticola infection signs on leaves, shoots and plant size after infection. When in the presence
of sporangiophores on the abaxial surface of the leaf, the classification attributed was upgraded to the next class.

Class oil spots lesion (%) | shoot infection (%0) Plant Size
0 0 0 cuttings without leaves
1 5-20 Only Apex affected Stem with small number of leaves
9 9540 o5 Medium stem with medium number
of leaves
3 45-60 50 Big Stem with allot of leaves
4 65-80 100 -
5 85-100 Shoot dead -

[1.2.2. statistical analysis of the results collected from cultivars and crossing
hybrid population inoculated with P. viticola

Data was evaluated to assess its distribution (Shapiro-Wilk’s test) and homogeneity of
variances (Levene’s test). As data did not follow a normal distribution, a non-parametric
statistic approach was used. In particular, permutational multivariate analysis of variance
(PERMANOVA test (Anderson 2017), one-way ANOVA on ranks (Kruskal-Wallis H test
(Kruskal and Wallis 1952) and Conover’s test of multiple comparisons using rank sums as post
hoc test were used to assess the statistical differences between experimental conditions. All the
statistical analyses, as well as a descriptive analysis of the data were performed in R studio
(version 3.5.0), from eigenvalue, the percentage of variance and the Principal Component
Analysis (PCA).

11.3. Results

11.3.1. V. vinifera table grape crossing populations can portray
susceptible or tolerant characteristics to Downy mildew

The in planta assay phenotypic information allowed us to observe that in the inoculated plants
there was a positive correlation (p<0.05) between all the variables analysed (DI, DS and Shoot
infection). This correlation was verified through the analysis of the eigenvalue, the percentage

of variance and the PCA (Figure 1l. 2). Also, in Figure Il. 2B the PCA analysis shows a
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categorization in two clusters of the inoculated plants. One comprehends N20/012, Crimson
Seedless, Red Globe, N20/020 and Italia (more susceptible to P. viticola) while the other group
is formed by N20/029 and N23/018 (less susceptible to P. viticola).
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Figure 1. 2 - Principal component analysis biplot of the phenotypic data from the Vitis vinifera cultivars and the progenies in
the in vivo assay. The arrows positioning indicates the contribution of the variables (Disease incidence — DI, Disease severity
— DS and Shoot) to the PCA components. A — Data from mock inoculated plants; B —Inoculated plants data.
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With the statistical analysis it was possible to verify that in the overall data (mock and
inoculated samples) there was neither a normal distribution nor a homogeneous variance. The
PERMANOVA test showed that between conditions (mock and inoculated) there was
statistically significant difference (p<0.05). With this information we bottlenecked our data to
analyse only the inoculated phenotypic data. Regarding this, the statistical analysis shows that
though Mardia’s test and Levene’s test the distribution maintained abnormal while the
homogeneity of variance showed that only the shoot variable was statistically significant
(p<0.05). With the PERMANOVA test, it was possible to verify a statistically significant
difference (p<0.05) between varieties/crossings, when infected with P. viticola, but not between

biological replicates.

To observe the statistical difference of each dependent variable (DI, DS and Shoot infection),
the Kruskal-Wallis test and the Conover’s test were performed. As shown in Table I1.2, there
was a significant difference of the several varieties/crossings inoculated in the variables
analysed. The cultivar Red Globe and progeny N23/018 exhibited opposite responses in the
different parameters (Table 11.2 and Table S3).

Table Il. 2 - Percentage of Disease Incidence (DI) and Severity (DS) of P. viticola infection in table grape varieties and
crossings. The values with different letters are statistically different according to non-parametric Conover’s test.

In planta assay (Leaves) In planta assay (Shoot)
Table Grape
DI (%) DS (%) DI (%)
Regal Seedless - - -

§ Italia 475 ab 27.1 ab 0.3 ab
E Crimson Seedless 61.9 ab 15.6 ab 0.6 ab
Red Globe 56.8 b 21.6 b 1.2 ab
N20/012 58.3 ab 194 ab 19 a

2 N20/020 515 | ab | 194 | ab 0.7 ab
2 N20/029 350 | ab | 107 | ab 0.0 b
© 22.1 a 5.3 a 0.1 b

These data (Table 11.2, Figure 1. 3), together with the results from previous tests performed on
these genotypes (Figures S1 and S2, Table S3) suggests that Red Globe and N20/020 are more
susceptible to P. viticola, while N23/018 seems to be more tolerant to this oomycete.
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Figure I1. 3 - Effect of P. viticola inoculation on the development of the progeny and the parent Red Globe () at 13 days
after inoculation.

Among the crossing, N20/020 and N23/018 present, respectively, higher and lower
susceptibility levels to P. viticola when compared to the other genotypes for all the performed

assays, thus they were selected for the following molecular analyses.

11.4. Discussion

Domestication of Vitis vinifera species worldwide was intendant to improved cultivars for an
economical point of view with a low genetic variability leading to increased problems with
biotic and abiotic stresses (Csotd et al. 2023). Several breeding programs are using the
introgression of resistance traits into grapevine cultivars with economic interest (Boso and
Kassemeyer 2008; Boso et al. 2014; Marsico et al. 2018). Although, the success of the
introgression hybrids, for wine purposes, these new specimens were not able to achieve the
quality required (Topfer and Trapp 2022). The main requirements to be able to approve hybrids
for agricultural purposes go from climate change impact, environment resilient and quality
(Topfer and Trapp 2022).

In our study, the cultivar selection was based on the importance of these genotypes in the Italian
table grape production and the levels of susceptibility measured in previous studies. The high
variability in the susceptibility level observed among different cultivars and crossings and the
presence of genotypes characterized by low susceptibility to P. viticola indicate possible
defense traits in Vitis vinifera interesting to explore and eventually to transfer within breeding

programs. The in plant assay, although performed with different experimental conditions from
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the previous studies, revealed that some varieties/progenies presented similar susceptibility
traits. The multivariate data set revealed two clusters in the PCA analysis which provides
information about the varieties/crossings that are putatively more susceptible or tolerant to P.

viticola.

In regards of the P. viticola used in the plant assays, it consists of a population of the pathogen
instead of a single strain. The reason behind this choice was to mimic, as much as possible, the
dynamics of the interaction in the field and to minimize the constrains that a specific pathogen

strain could have on the susceptibility/tolerance response point of view (Bove and Rossi 2020)

The most consistent and interesting data when comparing with all assays performed, comes
from the crossings N20/020 and N23/018 (putatively susceptible and tolerant, respectively). In
the literature, it is known that the cross population with a cross background of an American or
Asian Vitis variety leads to the transfer of pyrimed RPV, as observed by Bove and Rossi (Bove
and Rossi 2020). However, in the case of these cross-hybrids with a parenthood pedigree of
Vitis vinifera sub. sativa (Red Globe and Regal Seedless), this difference of susceptibility can
be a consequence of transcriptomic, metabolomic or epigenetic influence/modification
therefore reacting differently the pathogen invasion (Figueiredo et al. 2017b; Laureano et al.
2018; Pereira et al. 2022).
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Chapter 111 - Transcriptomic and methylation analysis of
susceptible and tolerant grape genotypes following Plasmopara
viticola infection




I11.1. Introduction

The grapevine defense system relies on intricate communication between host and pathogen,
leading to broad physiological modulation and the activation of molecular layers of defense.
Previous studies have shown that a broad modulation of transcripts, proteins, lipids, and
metabolites occurs in the first hours of interaction between grapevine and P. viticola
(Buonassisi et al. 2017; Figueiredo et al. 2017, 2018; Laureano et al. 2018; Frébel and Zyprian
2019; Maia et al. 2019; Nascimento et al. 2019; Liu et al. 2020b; Santos et al. 2020). Upon
being challenged with biotic or abiotic stresses, plants can create a “memory” of the response
obtained. This response is known as defense priming and it can also be mediated by different
epigenetic mechanisms (Espinas et al. 2016; Lamke and Béurle 2017; Ramirez-Prado et al.
2018a; Laurell et al. 2021). Epigenetic modulation is known to regulate gene expression that
leads to phenotypic plasticity aiming at plant adaptation and survival to external stimuli
(Gallusci et al. 2017; Xie et al. 2017; Yan et al. 2019; Ramos-Cruz et al. 2021). Epigenetic
modifications may affect plant defence at a long-term level contributing to a transgenerational
inheritable defence strategy (Yang et al. 2011; Espinas et al. 2016; Lamke and Béaurle 2017;
Xie et al. 2017; Ramirez-Prado et al. 2018c; Laurell et al. 2021).

In the context of plant-pathogen interactions, epigenetic modulation has been shown to impact
the outcome of the host defense. Several mechanisms leading to epigenetic modifications have
been described so far, including DNA methylation, chromatin rearrangement, histone
modifications and the establishment of gene silencing through RNA interference (RNAI)
(Espinas et al. 2016; Barozai and Aziz 2018; Hoang et al. 2018; Ramirez-Prado et al. 2018c;
Yan et al. 2019; Ramos-Cruz et al. 2021). Several studies on DNA methylation have been
performed on different types of host-pathogens interaction (Huang and Jin 2022). As an
adaptive strategy to biotic stresses, plant DNA methylation may lead to a broad transcriptome
reprogramming since the pressure on the different positions of the cytosine methylation patterns
on different genomic regions could influence the plant defence gene response and furthermore
obtain distinct responses (Dowen et al. 2012; Deleris et al. 2016; Espinas et al. 2016; Sanchez
et al. 2016; Kohler and Springer 2017; Brocklehurst et al. 2018; Ali et al. 2020; Rambani et al.
2020; Ramos-Cruz et al. 2021; Zhi and Chang 2021). Sanchez and authors reported that
Arabidopsis mutants at the epigenetic mechanism level (Nuclear DNA-dependent RNA
polymerase V - nrpel - from the RADM pathway and Repressor of Silencing 1 - ros1- from
the DNA demethylation pathway) presented a resistance and susceptible phenotype,
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respectively, when infected with Hyaloperonospora arabidopsidis and a possible corelation
between DNA methylation Salicylic Acid (SA)-dependent defence against the pathogen
(Sanchez et al. 2016).

Chromatin organisation is considered another important epigenetic mechanism (Berr et al.
2012; Ramirez-Prado et al. 2018c; Alonso et al. 2019; Panigrahi et al. 2021) and its role in
plant-pathogen interactions was also highlighted recently. Several chromatin remodelling
complexes have been analysed to play a role in the immune defense system against biotic
stresses (Ramirez-Prado et al. 2018c; Alonso et al. 2019; Panigrahi et al. 2021). SWItch/Sucrose
Non-Fermentable (SWI/SNF) complex and/or SWI2/SNF2-Related 1 Chromatin Remodeling
Complex (SWR1) subunits are some of the chromatin remodelers that have important functions
in the defense system as well as a regulatory impact on SA and Jasmonic Acid/Ethylene
(JA/ET) pathways (March-Diaz et al. 2008; Berriri et al. 2016; Ramirez-Prado et al. 2018c;
Panigrahi et al. 2021). Also, histone modification enzymes have been identified as influencers
of the defence related networks, such as JA/ET, Abscisic Acid (ABA) and/or SA-dependent
pathways which therefore could contribute to a resistance or susceptible phenotypic behaviour
after the biotic stresses (De-La-Pefia et al. 2012; Ding and Wang 2015; Ramirez-Prado et al.
2018a; Chen et al. 2020; Kim 2021).

Another important epigenetic mechanism is the RNA-directed DNA methylation (RADM)
which acts parallelly with other epigenetic mechanisms for plant development and defense
response (Lopez etal. 2011; Zhu et al. 2016; Ali et al. 2020). It is known that RADM is involved
in the DNA methylation pathway and associated with the RNAi mechanism as a plant defense
mechanism, specifically reported in plant-viruses interactions (Erdmann and Picard 2020).
Lopez and colleagues have observed that mutant Arabidopsis, for several different components
of the RADM pathway (especially RNA Pol V), when infected with bacteria or fungi presented
a resistance and susceptible phenotype, respectively and opposite regulation of the SA and JA
pathways (Lopez et al. 2011). Weiberg and colleagues identified, in Botrytis cinerea Pers.: Fr.,
small RNAs (sRNA) that silenced the plants RNAIi machinery, specifically Argonaute 1, to
undermine and weaken the host’s immune defense system (Weiberg et al. 2013). Interestingly,
the same research group reported that in RNAI transgenic B. cinerea-Dicer-like 1/2 (DCL 1/2)
gene in Arabidopsis and tomato plants (without host DCL change) presented a lower disease
manifestation and fungus DCL gene expression. It indicated that the hosts could counterattack
against pathogens through the same RNA.i strategy, which might be a possible novel agronomic
approach through RNA-directed fungicides (Wang et al. 2016).
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Epigenetic machinery has also been analysed as playing a role in the plant pathogen’s
development, pathogenesis and metabolism (Zhu et al. 2016; He et al. 2020a). Interestingly,
Chen and colleagues reported that DNA methylation marks on Phytophthora oomycetes
(positioned at the N6-methyladenine (6mA)) were influenced by their lifecycle and important
virulent elements (effectors and transposable elements (TE)), suggesting that the activation of
these patterns could lead to pathogen adaptation to plant defense (Chen et al. 2018; Rojas-Rojas
and Vega-Arreguin 2021). Therefore, the DNA methylation mechanism influences plants and
pathogens from an adaptive response perspective by expanding their phenotypical and genomic

range for either organism’s survival.

In grapevine, little is known about epigenetic regulation in the context of its interaction with
pathogens, namely with P. viticola. To further understand the epigenetic regulation mechanisms
underneath grapevine-P. viticola interaction, a 5-mC DNA methylation analysis was done
during the first hours of contact between grapevine crossing hybrids and P. viticola. We have
further looked into epigenetic and defense-related transcripts modulation during this interaction
in order to characterise the main mechanisms behind grapevine response to the downy mildew

pathogen.

I11.2. Material and Method

[11.2.1. DNA methylation evaluation

To evaluate the effect of pathogen on grapevine DNA methylation, global 5-Metyhlcytosine

assay was performed.

111.2.1.1. Global 5-methylcytosine (5-mC) methylation assay

Leaf samples of the genotypes N20/020 (S - susceptible) and N23/018 (T - tolerant), collected

at 6 and 24 hours after P. viticola or water inoculation (see Chapter I1), were used for 5-mC
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analysis. These two genotypes were selected for molecular analysis since all previously
performed evaluations showed a constant phenotypic response to downy mildew infection.

[11.2.1.1.1. DNA extraction

Genomic DNA isolation was performed using NucleoSpin Plant Il (Macherey-Nagel)
according to the manufacturer’s instructions. Genomic DNA quality was evaluated at 260/280
nm and 260/230 nm using a spectrophotometer (NanoDrop-1000, Thermo Scientific). Prior to
the global DNA methylation evaluation and further microarray analysis, each individual was
analysed by conventional Polymerase Chain Reaction (PCR) (Table I11.1) with primers (Table
111.2) specifically design to identify P. viticola with a PCR product sizes approximately 591
base pairs (bp), as described by Kong and colleagues (Kong et al. 2016) . For each sample, the
biological replicates showing presence (inoculated samples) or absence (mock control) of the

P. viticola-specific amplicon were used for the following analyses.

Table I11. 1 - Intensity scale observed in the Polymerase chain reaction (PCR) products.

Scale Band Intensity
0 No Band
1 Faint band
2 Visible band
3 Defined Band
4 High intensity Band
5 Higher intensity band

Table I11. 2 - Sequence of primers design on the P. viticola cox2 gene (5°-3”)

Pv-cox2_Forward ‘ CAAGATCCAGCAACTCCAGTTATGGA

Pv-cox2_Reverse ’ACATTGTCCATAAAAAACACCTTCTC
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111.2.1.1.2. ELISA ASSAY

The 5-mC DNA ELISA Kit (Zymo Research, California) was used to measure the percentage
(%) of 5-methylcytosine (5-mC) present in the genomic DNA, according to the manufacturer’s
instruction. The biological replicates were pooled for each sample. An Anti-5-mC monoclonal
antibody, that is both sensitive and specific for 5-mC, was used. A horseradish peroxidase
(HRP) conjugate was used as a secondary antibody. The absorbance was read at 405 nm,
approximately 20 minutes after the colour development. Each sample was assessed in triplicate.
According to the manufacturer’s instructions, the percent 5-mC in a DNA sample has been
quantified from a standard curve generated with Escherichia coli DNA methylated with a CpG
methylase. Considering that the density of CpG dinucleotides varies between species, in order
to quantitate the percentage of 5-mC, the calculated % 5-mC was multiplied by the fold
difference in CpG density between E. coli and the sample species. Therefore, the % CpG
methylation of each sample was corrected by the CpG/genome length ratio of V. vinifera
(4.4749).

To determine the % of global methylation, the % CpG methylation was multiplied by the ratio
of V. vinifera total cytosines/genome length (0.1483). The percentage of global 5-mC
methylation for each sample was calculated as fold change of inoculated versus mock (control).
Statistical analysis was also performed to compare the fold change between N20/020 and
N23/018 at each time-point, using Welch's t-test from GraphPad Prism software version 8.2.1.
1 (Pereira et al. 2022)

The contribution of P. viticola DNA methylation was not taken into account for the global
methylation calculations, as in Pereira and colleagues work (Pereira et al. 2022). It is reported
that in oomycetes the methylation of adenines (6mA) is the more frequent DNA methylation
modification (Chen et al. 2018; Atighi et al. 2020; Pereira et al. 2022).

[11.2.2. Transcriptomics by microarray assay

Leaf samples of the genotypes N20/020 (S - susceptible) and N23/018 (T - tolerant) were
collected at 6 and 24 hours after inoculation with P. viticola or water (see Chapter 11) and used

for high throughput gene expression analysis by microarray technique.
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[11.2.2.1. Microarrays

Total RNA extraction was performed from plant leaves using the Agilent Plant RNA Isolation
Mini kit (Agilent Technologies, USA) according to the manufacturer's protocol. The total RNA
purity and concentration were analysed by the measurement of the RNA at A260/280nm in a
spectrophotometer (Nanodrop, Spain), 2100 Bioanalyzer (Agilent Technologies, USA) and
Qubit 4 Fluorometer (Invitrogen, USA). Samples of biological replicates were pooled as
previously described (Chapter 111, paragraph 111.2.1.2.2. ELISA ASSAY). A total of 1500 ng
per pooled sample were used for the cDNA synthesis. Both cDNA synthesis, labelling and
hybridization procedures were made in accordance with the manufacturer’s instructions

(Agilent Technologies Protocol version 6.9.1).

A custom V. vinifera Agilent array with 44 000 probes (Catacchio et al. 2019) was used. The
Agilent Feature Extraction software version 12.0 (Agilent Technologies, USA) was used for
the data extraction.

111.2.2.1.1. Statistical Analysis

To improve the reproducibly of the microarray gene expression, a resampling in silico approach
applied to the microarray gProcessed Signals was performed on the outliers samples, based on
the workflow of the Sincell R work package, as described by Julia and colleagues (Julia et al.
2015). To obtain the computational replicates, the average of the 10 in silico replicates for each
technical replicate were produced. To test the robustness of this strategy Pearson Correlation

was performed (Table 111.3).

For the data analysis, GeneSpring MultiOmics Analysis version 14.9 (Agilent Technologies,
USA) was used. Data was normalised through a percentile shift of 75%, baseline median of all
samples and different types of filters (expression, flag, data file and error - coefficient of

variance <20%).

For the statistical analysis, Rank Product (RP) method was used to determine the total number
of differentially expressed genes (DEGs) (Breitling et al. 2004), through a comparison between
the RP of 1000 balanced permutations, the RP value of each gene, and the comparison of
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inoculation versus mock conditions. The DEGs cut-off determination was based on the False
Discovery Rate (FDR) < 0.17.

111.2.2.1.2. Differentially Expressed Genes (DEGSs) characterization

In order to view the pathways that belong to the obtained DEGs, V. vinifera annotation was
queried, as described by Catacchio and colleagues (Catacchio et al. 2019). To complement the
DEG’s annotation, V3 version of V. vinifera gene annotation

(https://urgi.versailles.inra.fr/Species/Vitis/ Annotations), as well as, NCBI Blast

(https://blast.nchi.nlm.nih.gov/Blast.cqi) were used.

The Cytoscape platform v3.7.2 and ClueGo plug-in v2.5.5 (Shannon et al. 2003; Bindea et al.
2009) were used for the gene network analysis, by using the V1 V. vinifera gene annotation.
The biological processes, cellular components, molecular functions and KEGG pathways
significantly modulated between inoculated and control samples, between tolerant and
susceptible genotypes and between time points were considered. GO term fusion was applied.
The Gene Ontology (GO) hierarchy was restricted between GO term levels 0 to 20. Kappa
Score grouping was applied, as well as the Kappa Score Threshold of 0.4. To enrich the GO
analysis, the AMIGO2 v2.5.13 platform (http://amigo.geneontology.org/amigo) was used. An
overview of DEGs intersection between different experimental conditions was possible by the
usage of Venn Diagram tools (http://bioinformatics.psb.ugent.be/webtools/\VVenn/). This
multiple annotation method allowed to improve the identification of the epigenetic-related
DEGs (ER-DEGs) in targeted pathways for further analysis. Subsequently, the data was
reported through hierarchical clustering (HC) and heatmap of the defense-related (DR-) and
ER- gene expression profile (gene microarray normalized intensities) through the Multiple
Experiment Viewer (MeV) (Howe et al. 2010), applying the average linkage clustering and

Pearson Correlation as distance metric to the HC.

[11.2.3. Quantitative real-time PCR validation

Six ER-DEGs were selected, and their expression was validated by quantitative real-time PCR
(gQPCR).
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In order to design the primers, mMRNA sequences were attained at the Genoscope Grape Genome

Browser  (https://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/) by the genes
identifiers (GSVIT) (Catacchio et al. 2019). With the Primer3web version 4.1.0
(https://primer3.ut.ee/), primers were designed taking in account primer size (18-23 base pairs
(bp)), melting temperature (60-62°C), GC content (30-70%) and amplicon size (90-150 bp).

Primers nearest to 3 UTR and showing lowest self and 3’-end complementarity were selected

for the Real time analyses. For the verification of primer specificity, NCBI primer blast

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used, where the amplicons were cross

matched with V. vinifera species and the presence/absence of splicing forms was verified. For
a more accurate confirmation of the primers chosen (Table 111.3), primers were aligned to the
target sequences by BioEdit software 7.2.5 (Hall 1999). This analysis was performed in the
presence of splicing forms, since primers able to amplify one or more sequences were designed

in accordance with the ability of microarray probes to catch one or more splicing forms.

Table I11. 3 - Primers used for gPCR analyses.

Length m

Target Sequence Gene ID Primer Sequence (5’-3’) (op) ©C)

FW: CCTCCTTCCCCTTCTGTTGC
Atpase splayed (SYD) VIT_20550020g02000 92 60
RV: TGAGCCTTCTGACTTTGCCC

Lysm domain gpi-anchored protein FW: TCCTAGTCCTTCGGTGGTGC

VIT_21850001g03080 118 61
1 precursor (LYM1) RV: AGGGAAACTGGCTAAGGGGT
High expression of osmotically FW: ACCCTTGATTGGAATGGAGATGG

VIT 2185000109610 90 60
response genes 15 (HOS15) RV: AAACAACATACCAACCCTGCTCC
Meiotic recombination protein FW: AGAGTTCCGGGTCATGGTCT

111 (SPOLL.1) VIT 2195001500280 124 60

Spo RV: TCCTCACTTGGCATTTTCTCGT

FW: CGAGCATAAGAATAACACGCCCA
Protein dicer-like 2 (DCL2) VIT_204s0023g00920 116 61
RV: CCAAGCGAAGTGAAGCGAAC

) . FW: AAACTTCTGGGAGGCGTGAC
Gamma histone variant H2AX VIT_20750104g00960 110 60

(GAMMA-H2AX) RV: GATGCGGACCCAATCTCTCC

Complementary DNA was synthesised from 1 ug of total RNA, using SuperScript IV Reverse
Transcriptase kit (Invitrogen, Thermo Fisher Scientific) and anchored oligo(dT)16, according
to the manufacturer’s instructions. Expression analysis was performed with an ABI Prism
7900HT instrument (Applied Biosystems, Thermo Fisher Scientific) according to the
manufacturer's protocol and using the Platinum SYBR Green qPCR SuperMix-UDG with ROX
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(Invitrogen, Thermo Fisher Scientific) and gene-specific primers (Table 111.3). All reactions
were performed in triplicate. After each assay, a dissociation kinetics analysis was performed
to verify the specificity of the amplification products. Relative amounts of all mMRNAs were
calculated using the 2224 method (Livak and Schmittgen 2001), where ACt = Ct (target gene)
— Ct (reference gene). The housekeeping gene actin was used as an endogenous reference for

normalisation.

111.3. Results

I11.3.1. DNA methylation patterns of grapevine leaves after interaction with
P. viticola

111.3.1.1. 5-mC DNA methylation differs between N20/020 and N23/018
genotypes

To check the presence of P. viticola in the leaf samples collected from N20/020 and N23/018
at 6 hpi and 24 hpi. At 8 dpi oil spots were present, and a PCR analysis was done to confirm
the presence of the pathogen (Figure I11. 1). To pursue further molecular analysis, only samples
mock inoculated without bands were pooled, while for the inoculated samples the opposite was
performed, all by genotype and time point. To carry out the epigenomics and transcriptomics
analysis technical replicates were applied.

N20/020 N23/018

6hpi 24hpi 6hpi 24hpi
RL R2 R3 Rl R2 R3 Rl R2 R3 Rl R2 R3

Mock C- C+

0o 0 2 0o 0 O 0 0 1 0 0 3 - ,l
Inoculated L ad i 1 | I BT
Inoculated 4 3 0 0 4 5 0 0 2 2 4 4

Figure I11. 1 - Electrophoresis of a conventional PCR performed on susceptible (N20/020) and tolerant (N23/018) table grape
varieties at 6 and 24 hours post inoculation with P. viticola-specific primers. Analysis of mock (water) and inoculated (pathogen
suspension) biological replicates (R1-R3) with specific primers designed from P. viticola cox2 gene (591bp) are presented on
a 2.5% agarose gel. The C- (negative Control) and the C+ (positive Control) obtained from a plant with symptoms of P. viticola
were used. 0 to 5 is the band intensity evaluation, as shown in Table I11.1.
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To assess if the global DNA methylation pattern reflects the contrasting susceptibility towards
P. viticola of the two crossings, an evaluation of the percentage of the 5-methylcytosine (5-mC)
was performed at 6 and 24hpi. The global methylation pattern differs when comparing the
susceptible (N20/020) and tolerant (N23/018) genotypes. The fold change reflects the
comparison between the % 5-mC levels in inoculated and mock inoculated samples (Figure I11.
2). At both 6 and 24 hpi the % 5-mC levels are higher in both genotypes (positive fold change)
(Figure 111. 2). However, the % 5-mC alteration in the tolerant genotype was lower than in the
susceptible genotype (Figure I11. 2). The N20/020 presents higher modulation of the % 5-mC
levels at 6 hpi. At 24 hpi modulation of the % 5-mC is similar in both genotypes (Figure IlI. 2).
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Figure I11. 2 - Fold change of the percentage of global 5-methylcytosine (5-mC) when comparing inoculated and mock condition
at 6 and 24 hours post infection (hpi). Asterisk (*) represents the significant difference (p< 0.05) between the susceptible
(N20/020) and tolerant (N23/018) genotypes analysed.

111.3.2. Transcriptome modulation at the first hours of interactions with P.
viticola

Microarray assay was performed with RNA isolated from leaves of susceptible (N20/020) and
tolerant (N23/018) genotypes, collected at 6 and 24 hpi upon inoculation with P. viticola. Mock
inoculated samples were also analysed. A cDNA microarray approach was followed and a
custom V. vinifera microarray with 44 000 probes was used (Catacchio et al. 2019). With the
need to improve the reproducibility of our data, resampling was performed through an in silico
approach. A Pearson Correlation coefficient analysis shows a good relationship between all

replicates analysed (Table 111.4).
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Table I11. 4 - Pearson Correlation analysis between all three replicates (R) used for statistical analysis (S — Susceptible

genotype N20/20, T — Tolerant genotype N23/018; M — Mock; | — Inoculated)

S6l S6M T6l T6M T24M
R1vs R2 0,991873 0,986164 0,954454 0,973070 0,957430
R1vs R3 0,996075 0,996452 0,980500 0,987271 0,986968
R2 vs R3 0,997753 0,996239 0,991029 0,994047 0,989982

111.3.2.1. Differentially expressed genes (DEGSs) associated with different
grapevine defence strategies

After data filtering, normalization and statistical analysis with the rank product, a correlation
of the DEGs with False Discovery Rate (FDR) < 0.17 was performed by principal component
analysis (PCA) (Figure I1l. 3). The analysis shows that most of samples are distributed in two
main groups based on the genotype (S and T), indicating that wide differences in both
constitutive and induced gene expression exist between the two genotypes analysed.
Interestingly, N20/020 at 24 hpi (S241) and N23/018 (T) at 6 hpi do not group with the others

indicating strong differences in their gene expression pattern, compared to the other samples.
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Figure I11. 3 - Principal component analysis of the differentially expressed genes obtained from FDR < 17% cut-off.
Overall, 3108 genes were shown to be modulated (FDR < 0.17), 1995 in the susceptible

genotype and 1549 in the tolerant genotype (Figure I11. 4A). In N20/020, the number of DEGs
Is consistent between the time-points analysed (1068 at 6 hpi and 1130 at 24hpi), in N23/018
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transcriptome modulation is higher at 6 hpi, with the majority of the DEGs being down-
regulated (Table I1I. 5).

Table I11. 5 - Overview of the differentially expressed genes (DEGs) after P. viticola infection of the susceptible (S - N20/020)
and tolerant (T - N23/018) genotypes. Up- or down- regulation of genes was observed through the comparison of inoculated
versus mock conditions.

Conditions | Total DEGs | Up-Regulated Down-Regulated
S6hpi 1068 611 457
S24hpi 1130 839 291
T6hpi 1151 371 782
T24hpi 504 239 265

When comparing both genotypes, at 6 and 24 hpi in both time points, the majority of the DEGs
are specific to each interaction. At 6 hpi only 176 DEGs are commonly modulated and at 24
hpi, 105 DEGs are commonly modulated (Figure I11. 4A). Within these commonly modulated
genes at 6 hpi, there are 37 defence-related DEGs (DR-DEGSs). Meanwhile, at 24 hpi, 21 DR-
DEGs were identified. The DR-DEGs are characterised by GO terms related to defense and
stress response, and hormone biosynthesis and signalling.

To increase the knowledge of the functional networks affecting grapevine response to P.
viticola, between N20/020 and N23/018, a gene network analysis was conducted on Cytoscape
plug-in ClueGo (Figure I1l. 4B). A total of 33 clusters were significantly enriched (p<0.01),
with the N20/020 genotype presenting a significantly higher percentage of DEGs involved in
nitrilase activity, iron ion binding activity and transmembrane transporter activity when
compared with the tolerant genotype. The N23/018 genotype showed a significant modulation

of genes involved in chitinase activity (Figure I11. 4B).

The network analysis of DEGs at each time point, showed that different biological pathways
and molecular functions are affected during the time course (Figure I11. 4C and Figure 111. 4D).
For instance, in the susceptible variety at 6 hpi, a higher number of DEGs are associated with
iron ion binding processes and photosynthesis processes (Figure I1l. 4C). Several processes
connecting to manganese ion binding, enzyme inhibitor activity, carbohydrate derivative
catabolic process, sugar transmembrane transporter activity, carboxylic acid transmembrane
transporter activity and nitrilase activity are also enriched also in the susceptible genotype
(Figure 11l. 4C). Regarding the tolerant genotype, polysaccharide metabolic processes,
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anchored components of membrane, chitinase activity, water channel activity, hydrolase
activity, hydrolyzing O-glycosyl compounds are significantly modulated at 6 hpi (Figure 1lI.
4D).
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Figure I1l. 4 - Identification of grapevine genes differentially expressed following Plasmopara viticola infection. Venn
diagrams and network analysis of differentially expressed genes (DEGSs) obtained from the comparison between inoculated and
control (mock) samples. (A) Venn diagrams show differentially expressed genes at different hours post inoculation (hpi) in
susceptible and tolerant genotypes. (B-D) Cluster distribution network of DEGs showing the GO terms significantly represented
in N20/020 (susceptible) versus N23/018 (tolerant) genotypes (B) and those significantly represented in the comparison
between 6 and 24 hpi in the susceptible (C) and the tolerant (D) cultivars. Gene network analysis was performed by Cytoscape
plug-in ClueGo. Only significant (p<0.01) terms belonging to GO biological process, GO cellular components, GO molecular
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Function and Kegg ontologies are shown. The colour gradient shows the gene proportion of each cluster with at least five genes
on a GO interval from four to eight levels. Equal proportions of the two clusters are represented in grey. The node size is
proportional to the term significance.

Six DEGs were analysed by gPCR in order to validate microarray data (Figure Ill. 5). The
analyses confirmed the expression trend observed.

A
Fold = FC-microarray = FC-RT-gqPCR
Fold change
Gene GenelD change RT-aPCR
microarray q
SYD (T24) VIT_205s0020g02000  -4,5 -2,66
LYM (T6) VIT_218s0001g03080  -2.5 2,44 SYD (T24)
HOS15(S6) VIT_218s0001g09610 2,8 1,49
H2AX (T6) LYM (Te)
SPO11(S24) VIT_219s0015g00280 26 2,68 -
SPO11(T6) VIT_219s0015g00280 45 1,13
DCL2(T24) VIT_204s0023g00920  -4,1 5,38 DCL2 (T24) /——— HOS15 (S6)
H2AX (T6) VIT_207s0104g00960  -8,0 5,38 /
Pearson correlation = 0,876749751 SPO11 (T6) SPO11 (s24)
B
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Figure I11. 5 - gPCR analysis. (A) Comparison of gene expression between microarray and qPCR, calculated as fold change of
P. viticola inoculated samples (leaves) vs control (mock). (B) Dissociation curves of gPCR analyses. SYD: Chromatin
structure-remodeling complex protein SPLAYED; LYM: LysM domain-containing GPl-anchored protein 1; HOS15: F-box-
like/WD repeat-containing protein TBL1X; SPO11: Meiotic recombination protein SPO11-1; DCL2: Dicer-like homolog 2;
H2AX: Histone H2AX; ACT: Actin (housekeeping gene).

111.3.2.1.1. Epigenetic related transcripts modulated upon grapevine-
pathogen recognition

Eighty-nine genes differentially expressed in the inoculated samples, compared to mock, were
identified as being associated with epigenetic regulation (ER-DEGS), corresponding to 2%
(susceptible) and 4% (tolerant) of the total DEGs identified (Figure Ill. 6). Among them, 25
genes were also classified as defense-related (Table I11. 6).
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Table Ill. 6 — Genes common to the ER-DEGs and DR-DEGs data sets.

GeneIDV1 S6 S24 T6 T24  Gene Name Product Name Gene Bank

VIT 1950015900280 26 | 47 ATSPO11-1 PRERIETTEREVE Vil S (el s XM_010646261.2
recombination protein SPO11-1

VIT 095000201350 36 GRFS5 PREDICTED: V. vinifera growth- XM_010656138.2
regulating factor 1

VIT 0050532900020 il ATK1 PREBIETTERE W WS SN S | s eapmespang
protein KIN-14C

VIT_ 0750129900210 132 | 2,7 BT4 BTB/POZ and TAZ domain-containing | v} 143637444 2
protein 4
PREDICTED: V. vinifera chromatin

VIT_05s0020g02000 -4,5 SYD structure-remodeling complex protein XM_010651496.2
SYD

VIT_05s0077g00940 -2,4 PHYB phytochrome B XM_002278227.2

VIT 0450023900920 41 DCL2 FIRIEDE =08 W HI7lLE XM_019219502.1
endoribonuclease Dicer homolog 2

VIT_1450006900640| 2 40 RGAL PREDICTED: V. Vinifera DELLA XM_002266231.4
protein GAI

VIT_08s0040g01440| 1,8 PGK1 FIRIERE 08 U HlLE XM_019221715.1
phosphoglycerate kinase

VIT_13s0067g01660 53 SYN1 sister chromatid cohesion 1 protein 1 XM_002273343.3

VIT_ 0650004905920 25 PCNA2 FIRERTIET =R W SRR | o) sopmmpipas
cell nuclear antigen-like

VIT_03s0038g00300 -5,9 MCM4 DNA replication licensing factor MCM4| XM_002274498.2

VIT_01s0150900390 -10,3 MCM2 DNA replication licensing factor MCM2| XM_002273639.2

VIT_185000103080 25 LYML lysM domain-containing GPI-anchored |} 0558581 5

- protein 1 -

VIT 000227900130 41 | VIT 20050227g00130 | PREDICTED: V. vinifera adenine DNA | 1 05564901 4
glycosylase
PREDICTED: V. vinifera replication

VIT 045000802570 51 RPA2 DrotEin A 32 kDA SUbUNILA XM_002282760.3

VIT_ 105000303080 34 MCM3 INTA Il (TGSTSMEN ey B s eneaereana

- homolog 2 -

PPREDICTED: V. vinifera

VIT 065006101270 5.3 DME transoriptional activator DEMETER XM_019220413.1
PREDICTED: V. vinifera histone-lysine

VIT_16s0013g00310| -2,6 SUVH5 N-methyltransferase, H3 lysine-9 XM_002277738.3
specific SUVH5
PREDICTED: V. vinifera DNA

VIT_0750005g01430 3 PRL replication licensing factor MCM? XM_002276293.4

VIT_1750000g09790| 2,1 BTL EVEIFEZ A8 WAZ GREIN EIETIE) | o) grpsmmies s
protein 1-like

VIT_11s0016g00340 -2,4 RAD51 DNA repair protein RAD51 homolog XM_002273767.2

VIT_0650061g01610| -2,5 TILL DINA EITEER GFE O G XM_002269884.3
subunit A

VIT_16s0022901820 -2,1 PLE 65-kDa microtubule-associated protein 3|  XM_002267548.2

VIT 1150016905490 3 ARPG FIREDTENE0E W I B SR | ) ppemanaam

protein 6
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The susceptible genotype, at 6 hours after inoculation, presented 17 modulated transcripts with
GO annotation related to epigenetic machinery, while, at 24 hpi the number decreased slightly
(14) (Figure 111. 6). In contrast, in the tolerant genotype, a higher number of differentially
expressed genes (54 ER-DEGSs) were observed at an early time point (6 hpi) (Figure 11. 6).

Figure I11. 6 - Venn diagram showing the number of epigenetic related differentially expressed genes (ER-DEGs) at 6 and 24
hours post inoculation (hpi) in susceptible (S — N20/020) and tolerant (T — N23/018) genotypes. Genes significantly modulated
in the inoculated versus mock were considered as differentially expressed for each sample.

The main GO terms associated with ER mechanisms after P. viticola inoculation were

methylation and demethylation and chromatin remodelling (Figure Il1. 7).
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Figure I11. 7 Histogram of the ER-DEGs grouped by the most representative GO terms related to epigenetic machinery. Up-
and Down-regulation of inoculated versus mock is attributed by the Rank Product statistical method. T24: tolerant at 24 hpi;
T6: tolerant at 6 hpi; S24: susceptible at 24 hpi; S6: susceptible at 6 hpi. The following processes were considered for each GO
subcategory. Chromatin structure: organization, modification, regulation, involvement and histone modification;
Phosphoarilation: histone biological process and post-translational modifications; Acetylation and deacetylation: histone post-
translational modifications, pathways, transferase complexes and activity; Methylation and Demethylation: DNA and Histone

pathways, maintenance, regulation, enzyme activity and modifications; RNA methylation: pathways, complexes and enzyme
activity; Epigenetic gene expression: regulation.
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Considering the functional networks more represented in each genotype at different time points,
genes related to histone modifications were significantly modulated on the susceptible genotype
(Figure 111. 8A) whereas, DNA methylation machinery, nuclear chromosome, chromatin
microtubule cytoskeleton and DNA metabolic processes were significantly affected in the
tolerant genotype (Figure I1l. 8A). Nonetheless, histone kinase activity was significantly
modulated at 6 hpi on the S genotypes (Figure I11. 8B). Meanwhile, DNA methylation category
showed significant number of genes modulated during pathogen inoculation at 24 hpi on the T
genotype (Figure 111. 8C).

A p : / 4 IR
histone nuclear  nuclear lumen \ \ ;
modification ~ chromosome
. . DNA methylation
osome. chromatin - o gemethylation/
yrgaqiZatjor
\ Z 5 ‘] L \
5 \ | tiy
\ { ¥
| : i
microtubule 1 1

[ |
cytoskeleton DNA metabolic

|| process
f”
P 100%
Susceptible 50%
i 100%
Tolerant
50%
Unspecific terms <50%

DNA replication microtubule binding

100%
Susceptible 6hpi - ’
50%

histom? I.(inase Tolerant 6hpi 100%

actlwty 50%
Unspecific terms <50%

c DNA methylation or
demethylation

P 100%

Susceptible 24hpi 50%
I 100%

production of siRNA Tolerant 24hpi 50%

i i DNA N-glycosylase

homologous involved in g y . ;

chromosome post-transcriptional activity Unspecific terms <50%
segregation gene silencing by
RNA

Figure I11. 8 - Network analysis of ER-DEGs showing the most significant pathways affected in grapevines after P. viticola
infection. Gene network analysis was performed by Cytoscape plug-in ClueGo. Only significant (p<0.01) terms belonging to
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GO hiological process, GO cellular components, GO molecular Function and Kegg ontologies were shown. Networks of the
ER-DEGs at the overall Susceptible versus Tolerant (A), at 6hpi (B) and at 24hpi (C). Gene proportion of each cluster was
presented by colour gradient containing at least four genes per term belonging to GO interval from six to eight levels (A) and
from four to eight (B, C). Equal proportions of the two clusters are represented in grey. The node size is proportional to the
term significance.

DNA methylation related genes such as DNA Methyltransferase 1 (MET1), Chromomethylase
1 (CMT1) and Chromomethylase3 (CMT3) were all significantly down-regulated on the tolerant
genotype (Table 111.7). Genes involved in DNA replication, damage response and repair
mechanisms are significantly modulated in this work (Table 111.7). Chromatin remodelers play
an important role since they crosstalk with several different defense and developmental
networks. Genes related to chromatin structure (as ATPase SPLAYED - SYD, High Expression
of Osmotically Responsive Genes 15 - HOS15, Histone H2A 12 - HTA12, HTA12.1, Histone
H2A 8 - HTA8 and linker Histone 1 - H1), histone methylation (e.g. SU(var)3-9 homologue 5
- SUVHDS) and acetylation (Histone acetyltransferase of the GNAT family 2 - HAG2.1, HAG2.2)
were differentially expressed after pathogen infection. Moreover, differences in their regulation
were found between the two genotypes analysed. Epigenetic mechanisms besides chromatin,
histone and DNA modifications, are also influenced by RNA such as small RNAs. In this study,
genes encoding small RNAs such as Arginine/Serine-Rich Splicing Factor 40/41 (RSP40/RS41)
and DCL2 were differentially expressed after pathogen infection and also showed a different
regulation in each genotype analysed (Table 111.7). Finally, genes involved in the DNA damage
repair machinery (as Retinoblastoma-Related 1 - RBR1, Gamma-Histone variant H2AX -
GAMMA-H2A.X, RAD51) were differentially expressed after pathogen inoculation.
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Table I11. 7 - Epigenetic related DEGs after P. viticola infection in both N20/020 (S) and N23/018 (T) at 6 and 24hpi.

Gene
Gene ID S6 S24 T6 T24 Name Product Gene Bank
DNA Damage/Repair Response
PREDICTED: V. vinifera
VIT_04s0008g02780 2,48 RBR1 retinoblastoma-related protein-like XM_010650145.2
(RBR)
VIT_07s0104g00960 -8,07 y-H2AX histone H2AX XM_002271470.3
VIT 1150016900340 -2,40 RADs1 | DNA repair protein RADST XM_002273767.2
homolog
DNA Methylation/Demethylation
PREDICTED: V. vinifera putative
VIT_08s0007g06800 -2,39 CMT1 DNA (cytosine-5)- XM_002275896.3
methyltransferase CMT1
) DNA (cytosine-5)-
VIT_0650004901080 3,62 CMT3 methyltransferase CMT3 XM_010653042.1
PREDICTED: V. vinifera DNA
VIT_12s0035901770 -4,37 MET1 (cytosine-5)-methyltransferase 1B- XM_019223723.1
like
PREDICTED: V. vinifera
VIT_06s0061g01270 -5,27 DME transcriptional activator XM_019220413.1
DEMETER
Chromatin remodeling
PREDICTED: V. vinifera
VIT_05s0020g02000 -4,47 SYD chromatin structure-remodeling XM_010651496.2
complex protein SYD
PREDICTED: V. vinifera actin-
VIT_11s0016905490 -3,01 ARP6 related protein 6 XM_010658136.2
Histone modification
VIT 115001602620 371 HAG2.1 | Mistone acetyltransferase type B XM_002282895.2
catalytic subunit
PREDICTED: V. vinifera histone
VIT_13s0047g00150 2,03 HAG2.2 acetyltransferase type B catalytic XM_002282895.3
subunit
VIT_ 0050179900340 2,33 HTag | PREDICTED: V.viniferahistone |\ 155981930 2
- H2A variant 1 -
PREDICTED: V. vinifera histone-
VIT_16s0013g00310 -2,59 SUVH5 lysine N-methyltransferase, H3 XM_002277738.3
lysine-9 specific SUVH5
PREDICTED: V. vinifera F-box-
VIT_18s00019g09610 -2,84 HOS15 like/WD repeat-containing protein XR_002032367.1
TBL1Y
VIT_06s0004g04270 -2,10 HTA12 histone H2A XM_002284269.3
VIT_14s0060902360 -10,82 HTA12.1 | histone H2A.1 XM_002283935.3
VIT_07s00059g01060 -2,68 H1 histone H1 XM_002269443.3
Small RNA biogenesis and RNA regulation
PREDICTED: V. vinifera
VIT_04s0023g00920 -4,10 DCL2 endoribonuclease Dicer homolog 2 XM_019219502.1
VIT_1550048g01870 2,66 Rspag | Serinefarginine-rich splicing factor | w4 4095737153
RS41-like
VIT_ 115001603220 2,58 RDR5 | Probable RNA-dependent RNA XM_010657967.1

polymerase 5
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The hierarchical clustering of the ER-DEGs was reported in Figure Il1. 9. It was possible to
observe the formation of three main clusters. The first and most notable cluster includes the
main genes of epigenetic machinery such as MET1, CMT3, DME, SYD and DCL2.
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Figure 111. 9 - Hierarchical clustering of selected epigenetic related genes differentially expressed in grapevine leaves after
Plasmopara viticola infection. Microarray expression data of the putatively susceptible (S) and tolerant (T) genotypes at 6 and
24 hours post inoculation with different treatments, mock (M) and inoculated (1), were used for clustering analysis. A selection
of genes significantly differentially expressed in the inoculated versus mock conditions is reported. For each gene, the Log2
normalised expression value was used. The different colours indicate different expression values, as reported in the colour bar.
Lowest and highest expression values are in blue and yellow, respectively. Gene IDs of the selected genes are those reported
in Table I11.7.

111.3.2.1.2. Pathogen impacts the grapevine defense related gene network

It is well established that P. viticola inoculation leads to a broad modulation of grapevine
transcriptome (Polesani et al. 2010; Figueiredo et al. 2012). In our study, a total of 578 genes
were identified as being associated with grapevine defense (DR-DEGS), corresponding to
18.4% and 19.6% of the total DEGs for susceptible and tolerant genotypes respectively (Figure
I1. 10).
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Figure I11. 10 - Venn diagram showing the distribution of defense related differentially expressed genes (DR-DEGS) at 6 and
24 hours post inoculation (hpi) in susceptible (S - N20/020) and tolerant (T - N23/018) genotypes. Genes significantly
modulated in the inoculated versus mock were considered as differentially expressed for each sample.

In N20/020, genes related to defense and DR signalling pathways were mainly up-regulated at
both time points. In this genotype, the number of signalling related genes was higher after 24
hours of the pathogen inoculation (Figure Ill. 11). Meanwhile, in the tolerant genotype a
predominant down-regulation of the defense genes was observed at 6 hpi, while signalling
related genes were mainly down-regulated at both time points (Figure I11. 11).
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Figure I11. 11 - Histogram of the DR-DEGs grouped by the most representative GO terms related to plant defense responses.
Up- and Down-regulation of inoculated versus mock is attributed by the Rank Product statistical method. T24: tolerant at 24
hpi; T6: tolerant at 6 hpi, S24: susceptible at 24 hpi; S6: susceptible at 6 hpi.

To assess if the level of plant susceptibility/tolerance to this pathogen is related to different
defense mechanisms, a gene network analysis of DR-DEGs was conducted (Figure 1l1. 12).
Although numerous GO terms were equally represented in the two genotypes (grey clusters), a

number of biological processes and molecular functions were more represented in S or T



genotypes. For instance, genes involved DNA replication and chitinase activity were more
represented in T DEGs (Figure 111. 12A). Nonetheless, observing the clusters by timeframe (6
and 24 hpi), the T variety presented at 6 hpi a significant clustered subset of genes on DNA
replication cascade (Figure Il1. 12B).
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Figure I11. 12 - Network of DR-DEGs showing most represented defense pathways. Networks of the DR-DEGs at the overall
Susceptible versus Tolerant (A), at 6hpi (B) and at 24hpi (C). Gene network analysis was performed by Cytoscape plug-in
ClueGo. Only significant (p<0.01) terms belonging to GO biological process, GO cellular components, GO molecular function
and Kegg ontologies were shown. Gene proportion of each cluster is presented by colour gradient containing at least five genes
on a GO interval from four to eight levels. Equal proportions of the two clusters are represented in grey. The node size is
proportional to the term significance.
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Genes related to signalling pathways (JA, SA, ABA and ET) were found to be differentially
modulated in our study after pathogen colonisation. The susceptible genotype at 24 hpi presents
more signalling related genes with high fold change (as protein tify 9 — JAZ10, lipoxygenase 2 —
Lox3, BTB/POZ and TAZ domain-containing protein 4 — BT4, alpha-dioxygenase 1 — DOX1 1 and
ethylene-responsive transcription factor 1B — ERF1) than 6 hpi. Meanwhile the tolerant variety has
more DEGs related to signalling pathways at 6 hpi (as abscisic acid receptor pyl4 — PYL4 and
probable N-acetyltransferase HLS1-like - VIT_205s0077901020) (Table 111.8).

Metabolism plays a role in different levels of defense responses. In this work, we found that genes
involved in both primary and secondary metabolism were modulated in grapevine-P. viticola
interaction. On the susceptible genotype, most of them were up-regulated in the at 24 hpi such as
isoflavone 2-hydroxylase (CYP81E8) and reticuline oxidase-like (VIT_210s0003g05550) (Table
111.8), suggesting that the infection has a less impact on the metabolic related genes of the tolerant

genotype.

Both genotypes showed significant differential expression of genes encoding for important classes
of genes involved in plant defense against pathogens, such as pattern recognition receptors (PRR-
like), pathogenesis-related (PR) proteins and disease resistance proteins (Table Il1. 8, Figure II1.
13). The susceptible variety showed that ribonuclease-like PR10 (MLP423) and lipid transfer 14
(VIT_213s0019g02690 — DIR1) genes were differentially modulated. Meanwhile, the tolerant
genotype presented several different pathogenesis-related protein genes significantly down-
regulated early after pathogen colonisation such as OSM34 genes. These data show that the PR
proteins were mostly downregulated in the two genotypes studied. Nevertheless, there was a higher

modulation of genes encoding PR proteins on the tolerant variety (Table I11. 8).

Effector triggered immunity with R genes also seems to play an important role when comparing
the susceptible and tolerant varieties in the presence of P. viticola. The highest up-regulated genes
observed are present at 6 hpi on the tolerant variety such as putative disease resistance RPP13-like
protein 1 (VIT_213s0084900510 and VIT_213s0064901780), disease resistance protein RFL1-like
(VIT_212s0035g01280) and RPS5. Meanwhile the susceptible genotype showed a downregulation

expression of R genes (Table I11. 8).

Finally, within genes related with the immune defense network, it’s possible to observe a
modulation of a wide variety of DEGs. Interestingly on the susceptible genotypes one of the most
curious genes is MYB108 which is upregulated throughout the first hours of pathogen colonisation
(Table I11. 8).
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Table I11. 8 - Selection of defence related DEGs (DR-DEGSs) with higher fold change regulation after P. viticola infection

grouped through the pathway/gene they are related to.

Gene ID V1

S6

S24  T6 T24

Gene Name

Product

Gene Bank

Pathogen-Associated Molecular Pattern (PAMP) triggered immunity

VIT 155002401270 | 13,80 VIT_21550024g01270 ﬁgipltor"'ke proteinkinase | w1 10662858.1
PREDICTED: V. vinifera

VIT_00s0429g00010 15,60 CRK26 cysteine-rich receptor-like XM_010649338.2
protein kinase 29

VIT_0350038g03600 -12,98 VIT_20350038g03600 S‘Cegt‘i’_tn{(io”'”e'pmte'” Kinase| w1 002279438.2

VIT 1850041900040 | 3,06 | -12,69 WAK2 wall-associated receptor XM_010667126.1
kinase 2-like
PREDICTED: V. vinifera non-

VIT_1850001g03740 7,59 VIT_21850001903740 | ¢ o= pseudokinase ZED1 XM_019217903.1

) mitogen-activated protein

VIT_11s0016902970 5,21 MKK®6 Kinase Kinase 6 XM_002283455.3

Jasmonic Acid pathway

VIT_0150146g00480 18,76 JAZ10 protein tify 9 XM_002262714.2

VIT_00s0265¢00170 25,45 -452 | LOX3 lipoxygenase 2

Salicylic Acid pathway

VIT 0750129900210 1322 | 273 BT4 BTB/POZ and TAZ domain- | v \; 03632444 2
containing protein 4
PREDICTED: V. vinifera

VIT_12s0028904040 -11,64 VIT_212s0028g04040 protein ACCELERATED XM_019223359.1
CELL DEATH 6-like

VIT_14s0066g01670 10,09 DOX1_1 alpha-dioxygenase 1 XM_002279848.3

VIT_14s0066g01690 -12,93 DOX1_2 alpha-dioxygenase 1-like XM_010662647.2

Abscisic Acid pathway

VIT 0450008903950 | -2,66 | -18,41 2,07 | RD22 fgg‘gdra“o”'res"o”s“’e protein

VIT_08s0058g00470 6,08 PYL4 abscisic acid receptor pyl4 XM_002264122.4

Ethylene pathway

VIT_0550049g00510 1445 | -3,16 ERF1 ethylene-responsive XM_010651768.2
transcription factor 1B

VIT_1950014g02240 6,67 ERF4 ethylene-responsive XP_002285146.1
transcription factor 4

VIT_0550077g01020 6,10 VIT 2055007701020 ﬁ:ﬁgi‘?:fkg"acety'tra”Sferase XM_002272501.2

Metabolism related Proteins

VIT_07s0129g00800 13,02 CYP81E8 isoflavone 2 -hydroxylase XM_002283756.4

VIT 1250059902150 | -257| 11,76 | -3,33 ACO3 aconitate hydratase XM_002279224.3
cytoplasmic

VIT_10s0003g05550 29,38 VIT_210s0003g05550 reticuline oxidase-like XP_002269462.1
PREDICTED: V. vinifera beta

VIT_14s50066901210 -30,10 CAl carbonic anhydrase 1, XM_010662610.2
chloroplastic
PREDICTED: V. vinifera

) B glycine dehydrogenase

VIT_04s0008g01300 19,02 3,86 | GLDP1 (decarboxylating), XM_010650056.1
mitochondrial
PREDICTED: V. vinifera

VIT_04s00439g00620 | -12,47| -10,43 | -10,43| 17,08 | VIT_204s0043900620 GDSL esterase/lipase XM_010650646.2
At5g33370-like

79



GenelIDV1 S6 S24 T6 T24 Gene Name Product Gene Bank
Pathogenesis-Related (PR) Proteins
PREDICTED: V. vinifera
VIT_05s0077g01690 17,35 MLP423 1 pathogenesis-related protein XM_002273779.4
10.8 (PR10.8)
REDICTED: V. vinifera
VIT_05s0077g01670 | -8,58 | -10,23 | -9,00 VIT_205s00779g01670 | pathogenesis-related protein XM_002273754.4
10.7 (PR10.7)
VIT_01s0026900570 | -7,84 | -54,44 2,34 | MLP423_2 MLP-like protein 423 XM_002267183.3
VIT 1350019902690 | -2,60 | -11,73 VIT 2135001902690 E“It;‘tl"’e lipid-transfer protein | \» 1559815183
PREDICTED: V. vinifera
VIT_05s0077g01650 -8,90 | 6,31 MLP423_3 pathogenesis-related protein XM_002273946.4
10.5
VIT_17s0000902470 -9,29 ATLP-1 thaumatin-like protein XM_003634158.2
g p
VIT 0250025904310 | 3,40 -12,99| 2.87 | Osm34 1 V. vinifera thaumatin-like AF532965.1
protein (TI3)
VIT 025002504330 | 3,11 7,76 | 253 | OSM34 2 \nqgwgera VVTLL (TLI), NM_001281132.2
VIT 0250025904330 | 5,14 7,66 380 | OSM34._3 \n/W'F;’,'\TXera VVILL(TLD). | \m_001281132.2
VIT_06s0004g04440 -5,59 VIT_206s0004g04440 | osmotin-like protein XP_002281193.1
VIT 0850058901210 | -2,96 6,20| 2,16 | LP1 B?&;ﬁeﬁgw lipid-transfer XM_002270934.2
VIT_07s0130g00030 -36,42| 2,91 | PDF2 defensin-like protein 1 XM_010654727.2
Effector Triggered Immunity (ETI) - R Genes
) putative disease resistance
VIT_1350139g00210 20,15 VIT_21350139900210 | pooy3 ke brotein 1 XR_787311.1
VIT_0950002g05840 -16,21 RPS5_1 probabble disease resistance | v p 195551195 1
- ' - protein rps5-like - )
} putative disease resistance
VIT_15s0045g01020 13,50 RPP8 protein At1g50180 XM_010662983.1
PREDICTED: V. vinifera
VIT_13s00849g00510 6,92 VIT_213s0084g00510 | putative disease resistance XM_019224396.1
RPP13-like protein 1
PREDICTED: V. vinifera
VIT_12s0035901280 | -5,23 6,07 VIT_212s0035g01280 | disease resistance protein XM_019223277.1
RFL1-like
probable disease resistance
VIT_1950027g01780 6,13 RPS5_2 brotein At1g12280 XM_010646742.1
putative disease resistance
VIT_1350064¢01780 6,58 VIT 2135004901780 | ooy 3 jike protein 1 XP_010659292.1
VIT_1950027g00660 6,51 VIT_21950027g00660 E?éfé'iﬁeﬁ('f/iise resistance XM_010646688.1
PREDICTED: V. vinifera
VIT_19s0027901580 5,81 | -6,77 | VIT_219s00279g01580 | probable disease resistance XM_019217064.1
protein At1g12280-like
Imune response network
V. vinifera R2R3 transcription
VIT_05s0077g00500 | 3,72 8,74 MYB108 factor MYB108-like protein 1 NM_001281062.1
PREDICTED: V. vinifera
VIT_03s0038g03410 -15,43 NACO036 NAC domain-containing XM_002281780.4
protein 35
VIT_16s0039g01710 5,85 | -4,58 | MYB9 transcription factor MYB39 XM_003633958.2
VIT 085000700410 6,75 ASL PREDICTED: V. vinifera XM_002266391.3
transcription factor AS1
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Gene ID V1 S6 S24 T6 T24 Gene Name Product Gene Bank
Imune response network (continuation)
PREDICTED: V. vinifera
VIT_06s0061901270 -5,27| DME transcriptional activator XM_019220413.1
DEMETER
PREDICTED: V. vinifera
VIT_0550062g00700 30,82 IAGLU 1 crocetin XM_002263265.4
glucosyltransferase,
chloroplastic
PREDICTED: V. vinifera
VIT_0550062g00710 2,19 | 27,56 IAGLU 2 crocetin XM_010652096.2
glucosyltransferase,
chloroplastic-like
protein PLANT
VIT_09s0002904180 7,80 VIT_209s0002g04180 | CADMIUM XM_002279124.3
RESISTANCE 8
VIT_1150016g04750 10,94 | -2,89 AKT1 Ipiﬁteass'“m channel AKTL- |y \1 002281751.2
VIT_11s0016900560 -12,77 ATPRX peroxiredoxin Q NM_001281040.1
heat shock protein 70 -
VIT_10s0523g00010 -8,82| -12,81 VIT_210s0523g00010 interacting
VIT_09s0054g00350 -12,72 VIT_209s0054g00350 | atp gtp binding protein
VIT_1150037g00850 17,24 VIT 21150037g00gs0 | PREDICTED: V.vinifera |\ 03633119 5
protein TSS
VIT 0450008901530 6,52 HSP171I 17.3 kDa class I1 heat XP_003631809.1
shock protein-like
VIT_0850007g00430 9,81 VIT_20850007g00430 i'_'l‘i:I'(tgr'reSpO”S'Ve Protein | v\ 002270572.2
PREDICTED: V. vinifera
VIT_00s0371g00010 -2,60 6,49 CAD9 probable mannitol XM_002271543.4
dehydrogenase
VIT_1950090g01480 5,92 NHX3 sodium hydrogen XM_002276777.2
- exchanger 4-like -
VIT 115001605850 6,60 VAMP711 vesicle-associated
- membrane
VIT 195009000400 | -2,44 5,61 VIT_21950090g00400 [\i'lipll"”terac“”g Protein- | s \1 010646150.1
PREDICTED: V. vinifera
VIT_00s0388g00070 517 | -5,37| PGP9 ABC transporter B family | XM_019222449.1
member 9
VIT_18s0001g13200 -3,72| -9,07| CKX5 cytokinin dehydrogenase 5| XM_002280761.2
Genome Machinery
DNA-damage-
VIT_13s0064g01260 -15,44 VIT_213s0064901260 | repair/toleration protein NM_001281258.1
DRT100-like precursor
PREDICTED: V. vinifera
VIT_00s0274900010 7,48 MSH3 DNA mismatch repair XM_019218309.1
protein MSH3-like
) DNA replication licensing
VIT_0150150g00390 10,25 MCM2 factor MCM?2 XM_002273639.2
) DNA replication licensing
VIT_03s0038g00300 5,94 MCM4 factor MCM4 XM_002274498.2
PREDICTED: V. vinifera
VIT_0650061g00600 -5,68 | VIT_20650061g00600 | protein NUCLEAR XM_002273067.4
FUSION DEFECTIVE 4

Figure 111. 13 shows an overall microarray expression profile/hierarchical clustering of the DR-
DEGs with the formation of four main clusters. Cluster one indicates a proximity between genes
of PAMP triggered immunity, signalling pathways (JA, SA and ET), PR proteins, metabolism
related proteins and genes involved in immune network (Figure I11. 13). Meanwhile in cluster

two, the smallest cluster of all, shows an interaction between genes related with PAMP tiggered
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immunity and thaumatin-like proteins (OSM34) (Figure I11. 13). Cluster three displays a clear
relationship between R genes, genes related the immune network and some influence of genes
involved with the signalling pathways (SA, ABA and ET) (Figure I11. 13). Then the four cluster
demonstrates the behaviour of genes encoding PR proteins and their engagement with genome

machinery, immune response and some influence with signalling pathways (Figure I11. 13).
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Figure 111. 13 - Hierarchical clustering of defense related genes (DR-DEGs) differentially expressed after P. viticola infection.
Microarray expression data of the putatively susceptible (S) and tolerant (T) genotypes at 6 and 24 hours post inoculation (hpi)
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with different treatments, mock (M) and inoculated (1) are reported on a heat map outline. Gene IDs of the selected genes are
reported in Table 111.8. A selection of defense gene is reported.

111.4. Discussion

In this study, two grapevine crossing populations (S - N20/020 and T - N23/018), selected from
chapter Il, where molecularly analysed after P. viticola inoculation to observe the different
molecular responses. To further understand if epigenetic regulation is one of the key factors
influencing the higher tolerance/susceptibility of the crossing hybrids, we have conducted a 5-

mC % evaluation in the first hours (6 and 24 hpi) after pathogen contact.

We have also performed through microarray technique a characterisation of transcriptome
modulation on S and T genotypes performed at 6 and 24 hpi, as pathogen recognition and
development were described to occur in a short period of time after inoculation (Unger et al.
2007). After statistical and comparative analysis of the differentially expressed genes, both
genotypes presented different response periods to the P. viticola infection. N20/020 genotype
showed a more delayed response to P. viticola and N23/018 a quicker response resembling the
timing and response of a resistant species to P. viticola inoculation (Figueiredo et al. 2012).
Also, the low overlapping DEGs between S and T indicates a genotypic-specific response to
pathogen stimulus. This is in accordance with that observed in grapevine response to other kinds
of stresses (Catacchio et al. 2019). We have also performed a characterisation of transcriptome
modulation focusing on both defence-related (DR-DEGSs) and epigenetics related transcripts
(ER-DEGS).

111.4.1. Modulation of defense pathways after pathogen infection

The recognition of pathogen molecules on the host cells is done through pattern recognition
receptors (PRR) localized in plasma membranes that further initiate the first steps of immunity
(Ramirez-Prado et al. 2018a; Igbal et al. 2021). By recognising pathogen-associated molecular
pattern (PAMP) molecules, they activate down-stream signalling pathways responsible for the
activation of plant defense mechanisms, a process called PAMP-triggered immunity (PTI)
(Ramirez-Prado et al. 2018b; Parker et al. 2022). Differences in the modulation of PRR-like
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genes as well as genes involved in the down-stream signalling pathway, like mitogen-activated
protein kinase, were observed between susceptible and tolerant genotypes, in accordance with
their different phenotypic response. The mitogen-activated protein kinase (MAPK) signalling
cascade is known to play a pivotal role in plant immunity after recognition of biotic stress
through the involvement with phytohormone signalling cascades and regulation of
transcriptional activity (Tsudaet al. 2013; Chen et al. 2021). The MAPK cascade was somewhat
present in our study, the MKK6 gene was downregulated on the tolerant variety as early as 6phi
presenting an opposite outcome from the literature (Lazar et al. 2014; Wang et al. 2017). Several
studies have observed the role of MKKG6 in different plants such as cotton (Wang et al. 2017)
or potato (Lazar et al. 2014) play a role in the plant immunity against different types of
pathogens from Fusarium oxysporum to Potato virus Y, respectively (Lazar et al. 2014; Wang
et al. 2017). These studies reported that this MKK®6 is involved with different phytohormone
signalling pathways (SA and JA cascades) and their defense related genes expression, ROS
cascade generation and hypersensitive response to pathogens which overall indicates that
MKKG®6 plays an important role on plant-pathogen resistance (Lazar et al. 2014; Wang et al.
2017).

Our results indicated that genes related to several different pathways were modulated in the
presence of the oomycete. However, differences between susceptible and tolerant varieties were
also observed. JA, ABA and ET pathways are important phytohormones with cascade networks
to help regulate the defense system of V. vinifera (Chong et al. 2008; Figueiredo et al. 2018).
Genes encoding the signalling phytohormones that are involved in plant defense were
overrepresented in our datasets in accordance with their pivotal role in the modulation of plant
defense responses (Chong et al. 2008; Figueiredo et al. 2018; Laureano et al. 2018). Signalling
pathways such as ABA are considered host species dependent (Lievens et al. 2017).
Nevertheless, studies reporting plant infection with either nematodes or oomycetes show ABA
signalling pathway playing a role in their plant-pathogen interaction (Liu et al. 2020b; Modesto
etal. 2021).In our results PYL4 gene, a known ABA pathway gene (Liu et al. 2020a), presented
an up-regulation expression on the tolerant variety at an early stage of infections (6 hpi) by P.
viticola. In the literature, ABA and JA pathways cooperate in the presence of infections
specially through PYL4 which also contributes for the regulation effect on defence response
genes (Liu et al. 2020a; Modesto et al. 2021). PLY4 could be considered an ABA pathway
activator and/or inducer of genes related to both signalling cascades facing nematode
colonization (Modesto et al. 2021). Similar to our results, Liu and colleagues have observed the
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presence of PYL4 gene in V. vinifera after pathogen colonization presenting with up-regulated
expression on a resistant cultivar (Liu et al. 2020a). Therefore, our and other studies have shown
that PYL4 could play a role in V. vinifera infected with P. viticola (Liu et al. 2020b, 2020a)

On the other hand, SA and JA/ET have a key role in the activation of plant defense response
dependent on the pathogens feeding relationship with the host (He et al. 2020a). Regulatory
genes involved in signalling pathways (SA, JA and ET) cascades such as BT4 are known to be
involved with the increased resistance against Botritis cineria (Hao et al. 2013) and
Pseudomonas syringae (Zheng et al. 2019). Also, the engagement between BT4 and the
phytohormone signalling cascades while plant-pathogen interaction impacts the downstream
defense related genes (Hao et al. 2013; Zheng et al. 2019). In our study BT4 is upregulated on
the susceptible variety at 24 hours after P. viticola colonization while on the tolerant variety a
down-regulation expression early after infection (6h) was observed. Interestingly, Zheng and
colleagues reported a relationship between BT4, ERF, SA and ET signalling pathways while
the Arabidopsis defense against P. syringae (Zheng et al. 2019). Although, SA and JA behave
antagonistically depending on the pathogen trophic relationship (biotrophic/hemi biotrophic
(Hao et al. 2013) and necrotrophic (Hao et al. 2013), respectively) some genes can participate

in both cascades which is the case of BT4 in plant immunity (Zheng et al. 2019).

It is reported that ET phytohormone signalling pathways components such as the transcription
factors ERF can cooperatively help BT4, other signalling paths and defense genes important
for plant immunity (Zheng et al. 2019). Our results show that ERF1 gene is, similarly to BT4
gene, positively differentially expressed on the susceptible genotype at 24 hpi and oppositely
regulate at 6 hpi on the tolerant variety. Literature has shown that plant resistance capabilities
against necrotrophic pathogens is correlated with ET signalling pathway specifically ERF
transcription factors such as ERF1 (Lorenzo et al. 2003; Darino et al. 2021). ERF1 is known to
be a key player involved with JA and ET signalling pathways. It is a gene that is reported to be
stimulated downstream of these pathways, and concomitantly regulates defense related genes
(such as PDF1.2 and PR3) in plant immunity (Lorenzo et al. 2003; Li et al. 2015, 2021; Huang
et al. 2016; Darino et al. 2021). A study done by Li and colleagues analysing Vitis amurensis
reported that the significantly expression of ERF1 was evident on the resistant genotype to
downy mildew disease at later in the pathogen colonization period (12 and 24 hours) (Li et al.
2015). ERF1 was also induced in maize after infection with Ustilago maydis (Darino et al.
2021). Likewise, in Arabidopsis infected by necrotrophic pathogens, the expression of ERF1
was up-regulated (Berrocal-Lobo et al. 2002). However, it’s been reported that the crosstalk
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between different pathogens and plants, the ET pathway could have different action modes,
from a synergistic to antagonistic behaviour with other signalling pathways interactions
(Berrocal-Lobo et al. 2002). Also, epigenetic machinery was shown to play a role on the
expression of ERF1 such as SYD (Walley et al. 2008) and HDA19 (Wight et al. 2009; Berr et
al. 2012) while plant-pathogens interaction. These molecular interaction have been reported to
be related with defense strategies after B. cineria (Walley et al. 2008; Berr et al. 2012), P.
syringae (Wight et al. 2009), Alternaria brassicicola infection (Berr et al. 2012).

The JA signalling pathway can be repressed through different proteins such as the JAZ family
(Zhu et al. 2016). In our study, JAZ10 gene is up regulated on the susceptible genotype at 24
hpi. In A. thaliana studies with grey mold disease, reports of the presence JAZ10 activity as
well as its interconnection with JA responses, gibberellins pathway and genes related with light
stress responses (such as phyB) (Cerrudo et al. 2012, 2017; Igbal et al. 2021). Also, Demianski
and colleagues reported through transcriptionally analysing Pseudomonas syringae interaction
with A. thaliana that there is an activation of JAZ10 gene although mutants’ analyses showcase
JAZ10 playing a role on disease susceptibility (Demianski et al. 2012). Meanwhile Tify9,
known to be synonymous of JAZ10, has been studied in V. vinifera-Erysiphe necator
interaction (Yu et al. 2019). Yu and colleagues observed the V. vinifera Tify9 gene behaviour
after the pathogen attack which was activated in the grapevine leaves (Yu et al. 2019).
Furthermore, the profile of this V. vinifera gene (analysed on overexpressed V. vinifera tify9
Arabidopsis mutant) indicates that important defense genes related to JA and SA pathways were

expressed, specially PR1 (SA marker gene) (Yu et al. 2019).

Within the JA pathway also lipoxygenases from the oxylipin family have been reported to be
an intricate part of the plant defense (Gao et al. 2009, 2017). Studies have observed that maize-
pathogen interactions could be affected by ZmLox3 which contribute to plant defense response
dependently on the pathogen species, and a possible relationship with the pathogen attack
strategy for its survival (Gao et al. 2009, 2017; Battilani et al. 2018; Ramu et al. 2020). In our
study Lox3 gene presented at 24 hpi an activated expression on the susceptible genotype and
repressed on the tolerant genotype. In studies done of V. vinifera defense related genes against
several different pathogens, a correlation between Lox3 and genes encoding thaumatin-like
proteins (V. quinquangularis TLP29) (Yan et al. 2017) or genes encoding Toll-interleukin-
1(TIR)-NBS-LRR (V. amurensis RGAL) (Tian et al. 2020) show the intricate link between JA
and different plant defense strategies that can help to obtain a resistance or susceptible
phenotypic in Vitis species (Yan et al. 2017; Tian et al. 2020).
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Another important oxylipin is DOX1 since it has been shown in A. thaliana affected with P.
syringae or B. cineria could contribute to plant defense and signalling pathway against the
pathogens (Shah 2003; Vicente et al. 2012; Salas-Marina et al. 2015). In our study the DOX1
gene was only found on the susceptible genotype as being upregulated at 24 hpi. In tomato
plants colonized by B. cineria an activation of DOX1 gene was shown at 24 hpi (Crespo-
Salvador et al. 2018).

The probable N-acetyltransferase HLS1-like is a known ethylene related plant development
gene with crosstalk between several other different signalling pathways (Dolgikh et al. 2019;
Zhao et al. 2021). In our study, this gene was up-regulated on the tolerant genotype at 6 hpi
which, as well as shown in the literature, could be part of the plan strategy to survive biotic
stresses. Studies in different environmental stresses (from light (Lyu et al. 2019)), viruses (beet
necrotic yellow vein virus and Beet soil-borne mosaic virus (Gil et al. 2020)), insects (Egyptian
cotton worm (Stotz et al. 2001)) and pathogens (Xanthomonas campestris pv campestris (Buell
2002), B. cineria or P. seryngae (Liao et al. 2016)) as shown that HLS1 is associated with
susceptibility and/or resistance to the different stresses. This phenotypic variability could occur
through HLS1 regulatory behaviour on genes related with signalling pathways such as ET,
auxin, gibberellin or ABA that further encodes an array of defense related proteins (Gil et al.
2020; Zhang et al. 2020; Liao et al. 2022). In a study performed by Liao and colleagues, it was
observed a link between HLS1 gene with histone acetylation and ABA signalling throughout
several different targets (H3Ac, MED18, ABI5 and WRKY33) whenever plant-pathogen
interaction (Liao et al. 2016).

The metabolic system of plants can play a role has a plant defense strategy (Almeida et al. 2014;
Liang et al. 2015) has shown in our work which either isoflavone 2-hydroxylase and reticuline
oxidase-like on the susceptible genotype were up-regulated in the susceptible genotype at 24
hpi. Other studies have shown that these secondary metabolites such as Isoflavone 2-
hydroxylase that was observed on cucumber and grass pea infected with pests and pathogens,
respectively, identifying the importance of isoflavonoids pathway to plants resistance to a
variety of diseases in plants strategy (Almeida et al. 2014; Liang et al. 2015). Also, reticuline
oxidase-like has been observed to be present on the study of different plants (grass pea,
grapevine and coffee) inoculated with different pathogens also indicating its importance in
restricting pathogen colonization (Almeida et al. 2014; Guerra-Guimardes et al. 2015; Toth et
al. 2016).
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From the genes belonging to pathogenesis-related (PR) proteins, plant defense related genes
such as MLP423 or OSM34 in our study present a diverse differential modulation in both
genotypes which could indicate a role on Vitis species in the presence of a P. viticola. Studies
has shown that MLP423 biologic behaviour is not established although it’s known to be
homologous and correlated to the PR family specifically PR10, with a RNase activity, therefore
playing a role in the plant immunity as well as the phytohormone signalling pathways at biotic
stress-related situations (He et al. 2013, 2020b; Galindo-Gonzalez and Deyholos 2016; Xu et
al. 2019; Fujita and Inui 2021). Several different host such as cucumber (Xu et al. 2019), apple
(He et al. 2020b), flax (Galindo-Gonzalez and Deyholos 2016) infected with pathogens
(powdery mildew (Xu et al. 2019), Botryosphaeria berengeriana f. sp. piricola (He et al.
2020a), Alternaria alternata (He et al. 2020b) Fusarium oxysporum f. sp. lini (Galindo-
Gonzélez and Deyholos 2016), respectively) were reported to present different MLP423
expression (Galindo-Gonzélez and Deyholos 2016; Xu et al. 2019; He et al. 2020b; Fujita and
Inui 2021). The OSM34 gene was shown to be induced in citrus plants after the bacteria
Candidatus Liberibacter asiaticus infection (Albrecht and Bowman 2012). However, when
comparing the susceptible and tolerant genotypes used in that study, to the control plants, the
OSM34 expression was higher on the tolerant variety even in the absence of the pathogen
indicating an independent behaviour of the gene from the pathogen colonization (Albrecht and
Bowman 2012). Also, the analysis in V. vinifera with either infection by E. necator or after
methyl salicylate treatment (MeSA), show that OSM34 was induced by both experimental
approaches suggesting a correlation between this gene and the SA signalling pathways (Toth et
al. 2016).

To counterattack pathogens effectors, an improved plant immune system nominated effector
triggered immunity (ETI) develops resistance (R) genes that encodes identifier proteins (NB-
LRR) against pathogen specific molecules (Jones and Dangl 2006; Cheng et al. 2018; Santos
et al. 2020) disease resistance recognition of Peronospora parasitica 13 (RPP13)-like protein
1 (Cheng et al. 2018; Eichmeier et al. 2019), disease resistance protein RFL1-like (Sari et al.
2019) or RPS5 (Wang et al. 2013; Islam et al. 2015; Lee et al. 2016), thus evolving the defense
to a stage of hypersensitivity resistance (HR) (Cheng et al. 2018). In our study RPP13-like 1
protein homologous gene is essentially up-regulated on the tolerant variety. This encoding gene
has been acknowledged as part of the plant resistance against different pathogens through
several plant analysis such as Arabidopsis and barley affected with downy mildew, powdery
mildew, Pseudomonas syringae (Bhattarai et al. 2018; Cheng et al. 2018; Chandran et al. 2021)
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although also a susceptible phenotype also has been observed in plant-pathogen interactions
(Bhattarai et al. 2018). As an example, studies have observed the recognition task of RPP13 to
the Hyaloperonospora arabidopsidis ATR13 gene, a pathogen avirulent effector protein, which
therefore indicate a possible role in the plant defense immune system (Méller and Stukenbrock
2017; Serra et al. 2018; Herlihy et al. 2019). Also, Sari and colleagues observed that in the
durum wheat genotypes with resistance phenotype presented a possible association between
these physical characteristics, the SA-independent pathway, the expression of RPP13 and other
defense related genes, such as RFL1 (Sari et al. 2019). In our study, the disease resistance
protein RFL1-like encoding gene presents essentially an up-regulation expression on the
tolerant genotype indicating a role in the plant-pathogen interaction. Also, studies have
observed a 74% RFL1 coding region similarity with RPS5 (Resistance Pseudomonas syringae-
5) gene (Warren et al. 1998; Henk et al. 1999; Islam et al. 2015) an identified R gene in plant
defense strategy, which in our work presented a highly downregulated expression on the
susceptible genotype at 24 hpi while on the tolerant genotype an up-regulation expression in
the early hour of infection. Equally, to other R genes, RPS5 has been studied as an intricate part
of the ETI defense system in Vitis species it has been observed a role of RPS5 gene in plant
defense system against P. viticola with lower expression on genotypes with higher sensibility
to this pathogen which agrees with the results of our work (Wang et al. 2013). Analysis by
Islam and colleagues in other pathogen species indicate that RPS5 variants has been
differentially expressed in V. flexuosa indicating a role in defense (Islam et al. 2015). Also,
research on RPS5 and epigenetic marks indicate a possible influence of histone modifications
on the transcriptional expression of this defense related gene and therefore also influence the
plant defense strategy (Lee et al. 2016).

Other genes important for the plant defense were observed in this study such as the transcription
factor MYB108 gene which is present in our work essentially up-regulated on the susceptible
genotype on the overall colonization. Studies in grapevine, Arabidopsis, cotton, flax and
chickpea have observed that this transcription factor of the family R2R3-MYB is an important
player on biotic stresses of a variety of pathogens essentially through direct or indirect
contribution to SA, JA and ABA signalling-mediated responses (Mengiste et al. 2003; Cheng
et al. 2016; Galindo-Gonzélez and Deyholos 2016; Toth et al. 2016; Pirrello et al. 2022).
Research performed by Cheng and colleagues in regard of cotton roots infected by the fungus
Verticillium dahlia indicate an expression profile of the MYB108 induced as early as 6 hpi
(Cheng et al. 2016). Also, observing knock down and overexpressed plants of the MYB108
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gene colonized by this pathogen presented a possible tolerance behaviour of the plant to the
pathogen through a regulatory role of the defense system (Cheng et al. 2016). Similarly, to this
research, chickpea roots infected with Fusarium oxysporum was reported by Gupta and
colleagues, the same expression of MYB108 gene was reported (Gupta et al. 2017).
Interestingly Neu and authors reported that susceptible rose leaves infected with different types
of fungus presented an up-regulation expression of the MYB108 gene which they suggest that
in agreement with the upregulated PR genes observed in their transcriptomic study they propose
that the PTI process could be “awaken” after pathogen recognition nevertheless not sufficient
to promote a resistance behaviour of the plant to the pathogens (Neu et al. 2019). Meanwhile,
the study performed by Chandra and colleagues focusing on susceptible and resistant rose
genotypes infected by powdery mildew observed the up-regulation of MYB108 transcript on
the resistance genotype with the contribution of other important transcription factors (TFs) such
as other MYBs, WRKYSs, ERFs, bhlhs and TFs contributing to pathways important for defense
(Chandran et al. 2021). In regard of the literature observed it’s possible to suggest that in
grapevine infected with downy mildew the susceptible genotype of our study could be
recognizing the pathogens interaction though its defense system is still not sufficient to

counterattack or overpowered by the pathogen.

Transcriptional and post-transcriptional modifications play an important role in the regulation
of the activation of grapevine defense networks (Figueiredo et al. 2008). For instance, we found
that genes encoding for transcription factors and those involved in protein modifications were
differentially expressed after pathogen infection. Moreover, a modulation in the expression of
important classes of genes involved in plant immunity, such as PTI- and ETI-related genes, PR
and disease resistance proteins were found after the pathogen inoculation, and differences
between the two genotypes were observed in accordance with their different susceptibility level

to P. viticola.

111.4.2. DNA methylation plays a role in the plant immune defense system

In the stress adaptation mechanism, epigenetic modulation may play different roles. DNA
methylation regulates gene expression in plant defense responses. Based on our results we
hypothesise that V. vinifera-P. viticola interaction influences epigenetic mechanisms such as

the DNA methylation maintenance and associated components such as DCL2. We observed a
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down-regulation of genes encoding the DNA methyltransferases in the tolerant genotype at 6
hpi (CMT1) and 24 hpi (MET1 and CMT3). Reports on the lacking of either MET1 or CMT3
methyltransferase activity in genetic mutants of different plant species induce resistance after
the interaction with an array of pathogens (viruses, fungus and bacteria) (Dowen et al. 2012;
Sanchez et al. 2016; Chen et al. 2018; Geng et al. 2019; Kuznicki et al. 2019; Cui et al. 2021;
Pujaraetal. 2021). Also, DNA methylation can affect either SA pathway genes or pathogenesis
responsive gene 1 (PR1) expression (Dowen et al. 2012; Hewezi et al. 2018; Chan and Zimmerli
2019).

On the other hand, our results also provided evidence of the modulation of genes related to
DNA demethylation in the grapevine-P. viticola interaction. DME was down-regulated in our
study on the tolerant cultivar, although, it is considered a key player in biotic and abiotic stress
protection (Schumann et al. 2019; Ashapkin et al. 2020; Kong et al. 2020; Vyse et al. 2020;
Zeng et al. 2021). Zeng and colleagues reported that DME is important for the regulation of
genes related to defense/resistance since dme mutant presents a disease susceptibility and a
pathogenesis related protein 5 (PR5) repression in Arabidopsis-bacteria/fungus interaction with
increase pathogen presence (Zeng et al. 2021). In our study PR5, also known as thaumatin-like
proteins, are up-regulated at the same time as DME was down-regulated (24 hpi). Nevertheless,
studies have shown that DNA demethylation status is regulated by DME which therefore
influences gene expression through targeting defense genes structure (Schumann et al. 2019;
Zeng et al. 2021). Also, it has been reported that DME could need help of other DNA
demethylases for their regulatory activity (Schumann et al. 2019; Zeng et al. 2021).

To further understand if epigenetic regulation is one of the key factors influencing the higher
tolerance/susceptibility of the crossing hybrids, we have conducted a global DNA methylation
evaluation at the first hours after pathogen contact. The 5-methylcytosine (5-mC) DNA ELISA
kit provided in this work a highly specific 5-mC antibodies for any DNA context (CG, CHG or
CHH) allowing the guantification of global DNA methylation. This methodology was already
used in several works published (Atighi et al. 2020; Rasmussen et al. 2021). In fact, a similar
approach has been already used in grapevine to differentiate the % 5-mC of two grapevine
genotypes, a Portuguese susceptible cultivar and a RPV3 background crossing hybrid (Pereira
et al. 2022). In our study, the global methylation patterns (5-mC) differ between the susceptible
and tolerant crossing hybrids. In accordance with that, global methylation focusing on 5-mC
presented a lower increase in the tolerant genotype. Analysis of global DNA methylation pattern

modification on several species after infection with different pathogens has been reported on
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tomato roots, Poplar bark or Arabidopsis leaves (Leonetti and Molinari 2020; Xiao et al. 2021).
Often, resistant species showed DNA hypomethylation patterns while susceptible ones
presented a hypermethylated DNA after pathogens attack (Leonetti and Molinari 2020; Xiao et
al. 2021). Also, studies have observed that altering DNA methylation levels (hypo- or
hypermethylation) on genomic regions could influence gene and phenotypic responses to plant
diseases (Geng et al. 2019; Leonetti and Molinari 2020). Our results are in agreement with
recent work done by Pereira and authors which reported that the global cytosine analysis
performed on the tolerant cultivar Regent revealed a decrease of global methylation levels in
the early hours of infection by P. viticola in comparison to the Trincadeira, a susceptible
genotype (Pereira et al. 2022).

111.4.3. Involvement of epigenetic mechanisms in grapevine defense response

In our study variation in the expression of chromatin remodelers subunits such as SYD (part of
the SWI/SNF chromatin complexes) could lead to alteration of chromatin conformation.
Studies in Arabidopsis thaliana have shown that SYD is recruited to the promoter of a set of JA
and ET responsive defense genes, and it is essential for their expression (Walley et al. 2008;
Berr et al. 2012; Ding and Wang 2015; Johnson et al. 2015; Ramirez-Prado et al. 2018c, 2018a;
Zhi and Chang 2021; Kim 2021; Panigrahi et al. 2021; Ramos-Cruz et al. 2021; Song et al.
2021).

Besides chromatin and DNA methylation, histone modifications are also involved in the plant
defense responses (Ramirez-Prado et al. 2018c). In our study, several genes related to histones
modifications, encoding for structural or regulatory proteins, were differentially expressed after
P. viticola infection (Table Il1. 8). An important gene encoding protein of the WD-40 repeat
family (HOS15) was downregulated on both analysed genotypes at different time periods of
infection. HOS15 plays an important role in the plant immunity against different stresses via
histone acetylation/deacetylation pathways (Kumar et al. 2021). Li and colleagues observed
that wheat infected with powdery mildew has a negative regulatory role on HOS15 in the
defense system (Liu et al. 2019). The authors suggested that a mediation between HOS15-
HDAG and histone acetyltransferases could be occurring to regulate the transcription of defense
related genes (Liu et al. 2019).
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Additionally, in our study the gene expression of one of the encoding genes of histone variant
H2A.Z (HTAS8) is repressed in the susceptible genotype early after the infection which could
be a preliminary indication of the H2A.Z complex relevance on the plant-pathogen interaction,
as shown in the literature (Berriri et al. 2016; Cai et al. 2021). Cai and colleagues observed that
an increased plant susceptibility is present in Arabidopsis H2A.Z mutants (hta8 hta9 htall)
after inoculated with Slerotinia sclerotiorum, a necrotrophic fungus (Cai et al. 2021). Also, in
case of H2A.Z encoding genes inexistence, the others could play a compensatory role (Berriri
et al. 2016). Moreover, studies have shown that H2A.Z could be a player in the resistance
against different pathogens with influence in JA/ET pathways (Berriri et al. 2016; Cai et al.
2021; Pujara et al. 2021).

The deposition of H2A.Z histone variant on nucleosomes and histone modifications, is possible
through the SWR1 complex and ER signalling pathway thus modulate gene’s expression in
plant immunity against biotic stress (Cai et al. 2021). Interestingly, in our work ARP6, subunit
of SWR1 complex, was downregulated on the tolerant variety. Several studies have shown that
Arabidopsis SWR1 subunits mutated displays different susceptibilities against pathogens such
as ARPG6 that presents a wild-type behaviour (Berriri et al. 2016; Cai et al. 2021). Still Cai and
authors reported that with a gene-gene interaction analysis between double mutants arp6 and
ERECTA- mitogen-activated protein kinase (ER-MPK) signalling genes, a susceptible

phenotype in the presence of the S. sclerotiorum was obsereved (Cai et al. 2021).

Furthermore, the linker histone 1 (H1) was downregulated in the tolerant genotype at 6 hpi.
Histone H1 is known to regulate chromatin condensation (Sheikh et al. 2023). Sheikh and
colleagues observed the effect of the absence of H1 in Arabidopsis when inoculated P. seryngae
and treated with flagellin 22 (flg22) for prime analysis (Sheikh et al. 2023). They eluded that
the genes related to defense are influenced by H1 to respond immediately or not to the pathogen
attack (Sheikh et al. 2023). Also, while analysing DNA methylation and histone modifications
throughout the plant immune defense system, Arabidopsis H1 indicated a possible role in plant
immunity since H1 impacts chromatin rearrangement through the influence of the epigenetic
profile (Sheikh et al. 2023). Therefore, H1 seems to part of the defense and epigenetic regulation

of the incompatible interaction between grapevine and P. viticola.

Beyond the more studied epigenetic traits, small RNA can influence plant defense responses
and plant adaptation mechanisms. It is well known that Dicer-like proteins are essential
components of the miRNA and siRNA biogenesis and that these molecules have a recognised
role in plant defense mechanisms (Qin et al. 2017). In our study the repression of the Dicer-like
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2 (DCL2) gene in the tolerant genotype could suggest a role in grapevine-oomycete interaction.
Studies have shown that DCL2 and DCL4 are associated with virus infection immune defense
with the purpose of attaining viral sSiRNA (vsiRNA) as a strategy against viruses (Prakash et al.
2017; Lee and Carroll 2018; Ashapkin et al. 2020; Erdmann and Picard 2020). In agreement
with our finding Brilli et al. were able to observe modulation of different components of the
RNA machinery while analysing V. vinifera-P. viticola interaction (Brilli et al. 2018). Also,
Wang et al analysed B. cineria interaction with a wide variety of hosts where it was identified
a bi-directional defense process between host and pathogen RNAi and DCL2 targeted genes
(Wang et al. 2016). Another important small RNA biogenesis molecule evident in our study is
the serine/arginine-rich splicing factor RS41-like (RSP40) that were up-regulated in the
susceptible cultivar. Literature has shown that DCL1 plays a defense role in plant-B. cinerea
interaction whereas Coolen and colleagues observed that the expression of DCL1 in RS40/41
mutant Arabidopsis after B. cinerea infection decreased (Weiberg et al. 2013; Coolen et al.
2019).

The Retinoblastoma Related 1 (RBR1), RAD51 and gamma-H2AX are corelated with to the
epigenetic machinery as well as interact with defense mechanisms against biotic stresses (Wang
et al. 2010, 2014; Bouyer et al. 2018; Camborde et al. 2019; Desvoyes and Gutierrez 2020).
RBR1 has been revealed as a member of the DNA Damage repair machinery (DDR) together
with RAD51 (Bouyer et al. 2018; Camborde et al. 2019). Furthermore, gamma-H2AX and
RADS51 affect the DNA through direct DSB when interacting with other plant-necrotrophic
pathogens (Song and Bent 2014). Overall, these data support the involvement of these
mechanisms in the epigenetic regulation of the grapevine at the defense response against P.

viticola and open the possibility of new functional regulations of stress responses in grapevine.

Evidence of the involvement of epigenetic modulation in plants resistance has been increasingly
reported for a wide variety of biotic stresses (Ding and Wang 2015; Elhamamsy 2016; Espinas
et al. 2016; Ramirez-Prado et al. 2018a; Kuznicki et al. 2019; Kong et al. 2020; Cui et al. 2021;
Zhi and Chang 2021). Therefore, in this work we focused on the DEGs involved in the plant
epigenetic machinery and to its interplay with its defense system (Figure I11. 14). The Figure
I11. 14 represents at a nuclear and cytoplasmic level the interaction of the epigenetic related
DEGs and the correlation with signalling pathways after P. viticola inoculation in either
grapevine populations studied (yellow — Tolerant and Blue — susceptible) indicating the
possible impact of intermediary genes (grey) that could be playing also a role in these

connections.
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Figure I1l. 14 - Schematic representation of the epigenetic machinery interaction and modulation after Plasmopara viticola
infection of grapevine leaf tissue. Main blue structure: cell wall; Iner blue structure: nucleus; two circular structures: chromatin
remodelling complexes; Yellow arrows: genes differentially expressed in the tolerant genotype. Blue arrows: genes
differentially expressed in the susceptible genotype. Up arrows indicate up-regulation, down arrows indicate down-regulation;
Grey genes: intermediated genes reported to interact with genes.
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Chapter IV - Final Remarks




IV.1. Conclusion

In this PhD dissertation, the research performed was an intent to deepen the knowledge on the
plant epigenetic machinery involved in the grapevine defense responses after the biotic stress

created by the pathogen P. viticola.

So far, an in-depth analysis of the response of table grape genotypes with different
susceptibilities against P. viticola has been reported for the first time. The transcriptomic
characterisation allowed us to observe the modulation of important classes of defence genes
during V. vinifera—P. viticola interaction, as those encoding for proteins involved in PAMP

perception, phytohormone signalling and response, PR proteins and defensin-like proteins.

In this study, an observation of the epigenetic associated machinery was also performed. Our
work indicates that the DNA methylation is affected by P. viticola inoculation and suggests that
differences in the DNA methylation levels might be related to the different susceptibility to P.
viticola. Moreover, a differential regulation of genes involved in chromatin and histone
modification, small RNA biogenesis and DNA damage and reparation processes were also
observed, suggesting that these processes may also play a role in the grapevine defence

responses to this pathogen.

Finally, we found that the tolerant V. vinifera genotype analysed for the early modulation of
defence genes and the effect on global DNA methylation resemble what has been observed in
the resistant grapevine genotypes derived from other Vitis species, showing an intermediate
behaviour between resistance and susceptibility. These data support the presence of tolerance
mechanisms in V. vinifera and the presence of similar strategies to counteract P. viticola among

different Vitis species.

IV.2. Future Perspectives

The focus of this thesis is to deepen the knowledge of the involvement between epigenetic
machinery and grapevine immune system specifically while V. vinifera responds to P. viticola

infection.

For the continuation and improvement of knowledge in epigenetics in this work, one topic that
was not tackled within this PhD thesis was the involvement in-dept of chromatin/histones

alteration on grapevines after P. viticola. Chromatin has been observed to be an important
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player in the epigenetic machinery from its conformation alteration, the chromatin remodeling
complexes influence and the histones alteration (Palmaet al. 2010; Yan et al. 2019). The impact
and intricate relationship of these chromatin regulation factors on genes leads to an active or
repressing modulation of the gene’s expression (Palma et al. 2010; Crespo-Salvador et al. 2018;
Yan et al. 2019; Atighi et al. 2020). The fine tuning of the gene expression helps the defense
plasticity of the plants against pathogens attacks known as priming state (Palma et al. 2010;
Yan et al. 2019). Chromatin immunoprecipitation technique (ChlP) has been shown to be one
of the best approaches to study histone modifications in grapevine responses to pathogens as
shown in other plant-pathogens interaction studies (Alvarez-Venegas et al. 2007; Chakraborty
et al. 2018; Crespo-Salvador et al. 2018). ChIP is an important tool to observe the interactions
between genomic DNA and DNA-binding proteins therefore a good approach regarding
epigenetic research to observe gene expression and histone modification relationship (Alvarez-
Venegas et al. 2007; Gomez-Diaz et al. 2013; Lee et al. 2017; Chakraborty et al. 2018; Crespo-
Salvador et al. 2018). Moreover, when combined with other techniques it also allows to study
in-depth DNA-binding motifs, putative target genes, proteins biological roles and provide for a

genome-wide map of epigenetic modifications (Lee et al. 2017).

Another interesting point of view that this research observed is the presence of RNA machinery
and the potential role in V. vinifera - P. viticola interaction which also has been seen by Brilli
and colleagues (Brilli et al. 2018). The presence of this mechanism could be considered a
bidirectional process since in the plant-pathogens interactions an interactive impact of the
pathogen with the targeted hosts cells has an effector-like structure, to delay all processes, or a
host defense strategy on the surrounding infection (Wang et al. 2016; Brilli et al. 2018). To
confirm this hypothesis small RNA silencing techniques should be performed focusing on
either the RNA machinery of the host and/or the pathogen (Brilli et al. 2018). Recent techniques
have been developed to analyse possible cross-kingdom RNA such as spray-induced gene
silencing (SIGS) and Host-induced gene silencing (HIGS) (Brilli et al. 2018; Chen et al. 2023).
In regard of SIGS, Haile and colleagues already observed on the V. vinifera - P. viticola
interaction which showed that PvDCLs silencing through engineered dsRNA affects the disease
though its control (Haile et al. 2021). Meanwhile HIGS technique could be an interesting
technique to observe since for it an RNAI construct with a focus on target genes that are
pathogen restrictive which therefore can help in the day-by-day crop management (Capriotti et
al. 2020).
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With the results obtained in this work regarding the epigenetic machinery, the promising
outcomes could be applied in breeding programs identified has epibreeding programs
(Clippinger et al. 2024). Breeding program has one of its main goals the obtention of grapevine
populations with resistance to different pathogen (Clippinger et al. 2024). This is possible with
the creation of crossing hybrids where there is the introgression of QTLs (one or more) from
pathogens resistant cultivars (Clippinger et al. 2024). However, one of the major concerns of
this processes is the lack of quality of the hybrid cultivars as well as the process length since it
needs more than one generation to be able to achieve goal (Clippinger et al. 2024). The use of
epigenetic machinery in breeding programs seems promising since the use of a variety traits
without changing the genomic structure and with the results being visible in one generation and
possible transgenerational allows breeders to fight different stressful stimuli (Dalakouras and
Vlachostergios 2021; Gupta and Salgotra 2022).
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Chapter V — Supporting Information




V.1. Supplementary Tables

Table S 1 - Rating scale applied for the phenotypic evaluation of Plasmopara viticola sporulation in Gape bunches analysis.

Scale

Bunch damage surface signs

0 without symptoms

5 -20%

25 - 40%

45 - 60%

65 - 80%

QB WIN|

85 - 100%

Table S 2 - Microsatellites profiling of Red Globe x Regal Seedless progenies. Analysis of two Italian microsatellite markers
(ISV2, ISV4) and one real assistance selection marker for sedlessness (VVagl11).

Microsatellites markers |

Samples ISV2 ISV4 VVagl11 Presence

R.G. R.S. R.G. R.S. R.G. RS. | Ofseeds

Nr+44 | Nr+48 | Nr+22 [ NR+22 | Nr+18 | NR+24 | Nr+8 | Nr+22 | 206 [ 206 206 | 216

N23/018 | Nr+44 Nr + 22 Nr + 24 Nr + 22 206 216 False
N20/029 | Nr+48 Nr + 22 Nr + 24 Nr + 8 206 216 False
N20/020 | Nr+48 Nr + 22 Nr + 24 Nr + 22 206 216 False
N20/012 | Nr+48 Nr + 22 Nr + 18 Nr + 22 206 216 False

R.G. - Red Globe; R.S. - Regal Seedless
Nr — Shorter allele find in the microsatellite

Table S 3 - Percentage of Disease Incidence (DI) and Severity (DS) of P. viticola in different assays performed between 2016
and 2018 in different table grape varieties and crossings. Data on grapevine varieties and crossings derived from the cross
QRed Globe x 4 Regal Seedless are reported. For grape bunch, a total of 115 new genotypes from the cross Red Globe x Regal
Seedless (5 plants/genotype) were observed. The grape bunch analysis of the entire cross population and its statistical
assessment is reported in the Figure S 2. Genotypes belonging to C1 cluster showed higher susceptibility to P. viticola,
compared to C2 (lower susceptibility), as assessed by cluster analysis. In the leaf disk assay, the four crossing genotypes
represent a selection of 40 individuals analysed. The values followed by different letters are statistically different according to
non-parametric Conover’s test.

Grape Bunch” Leaf disk assay™
Table Grape DI (%) . DS (%) Dl (%) és (%)

" Regal Seedless 90.5 74.0 C1 100.0 a 93.6 a
2 Italia 215 16 c2 | 714 ab 64.2 be
}E Crimson Seedless 6.7 1.1 Cc2 100.0 a 85.7 ab
Red Globe 37.1 12.6 C2 61.9 ab 52.4 bc

c N20/012 34.0 16.6 C2 62.0 ab 25.2 C
‘B N20/020 79.3 46.5 Cl 85.7 ab 80.3 ab
8 N20/029 76.0 47.9 C1 100.0 a 79.6 abc

N23/018 38.3 19.1 C2 35.7 b 27.6 c

“Field observation performed in 2018.
™ Leaf disk assay performed on varieties (in 2016) and cross progenies (in 2017).
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V.2. Supplementary Figures

1 3 5 7 9

Figure S 1 - Rating scale applied for the phenotypic evaluation of Plasmopara viticola sporulation in leaf disc assays. 1: absence
of sporangiophores; 3: sparse sporangiophores, localised in the inoculation point; 5: patches of sparse sporulation intermixed
with necrotic flecks underneath sporulating area; 7: dense sporulation limited to inoculation point; 9: dense sporulation beyond
the point of inoculation
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Figure S 2 - Degree of tolerance/susceptibility to P. viticola within the cross population Red Globe x Regal. Cluster analysis
(k-means) (A) and cluster profile (B) performed on 115 new genotypes (Red Globe x Regal seedless) based on their
tolerance/susceptibility to P. viticola infections on grape bunches. Genotypes belonging to C1 cluster showed higher
susceptibility to P. viticola, compared to C3 (middle susceptibility) and C2 (lower susceptibility). Cb_12 = N20/012 (C2);
Ch_18 = N20/020 (C1); Cbh_20 = N20/029 (C1); Ch_115 = N23/018 (C2). DI = Disease index; DS = Disease severity. Circle
dimension is proportional to indices values.
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