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Resumo alargado

Vitis Vinifera L. é conhecida por ser uma das plantas mais cultivadas a nivel mundial, com um grande
impacto econémico e agricola. Com cerca de 7,5 milhdes de hectares de produgao a nivel global, o
produto final pode ser utilizado como uvas secas (passas) ou uvas de mesa, assim como para fabrico
de vinho. A produgdo de vinho € uma prética excecionalmente relevante em varios paises e como tal,
mais de metade das uvas produzidas sdo utilizadas para esse efeito. Portugal € um dos maiores
produtores de vinho a nivel europeu, ocupando a quinta posigdo em 2019. Apresentando mais de 250
variedades nacionais, a cultura vinicola portuguesa é muito rica, o que torna a industria no nosso pais
uma das mais conceituadas e apreciadas no mundo. No entanto, tanto em Portugal como noutros
paises vitivinicolas, a videira é afetada por um numero consideravel de agentes patogénicos que,
devido a danos e perdas causados na qualidade e rendimento da vinha, tm um impacto negativo na

producédo de vinho.

A doenca do mildio € uma das doengas mais conhecidas e devastadoras de Vitis vinifera. Esta doencga
€ causada pelo oomicete biotrofico obrigatério Plasmopara viticola (Berk. et Curt.) Berl. et de Toni,
nativo da América do Norte. Este patdgeno foi introduzido na Europa acidentalmente no século XIX
quando espécies nativas americanas de Vitis foram usadas como porta enxertos para prevenir a infegao
por filoxera. Uma vez que as espécies europeias evoluiram sem entrar em contacto com o P. viticola,
sdo altamente suscetiveis a este agente patogénico. Apds ser introduzido em Franga, este patégeno
alastrou-se rapidamente pelas regides vinicolas europeias, levando a graves perdas de produgéo,

gracas a sua capacidade de devastar culturas inteiras de vinha.

Dependendo inteiramente do seu hospedeiro para completar o seu ciclo de vida, o P. viticola inicia o
processo de infegdo quando as condi¢cdes ambientais sao favoraveis, isto é, quando a temperatura se
encontra entre os 21 e os 25°C e a humidade por volta dos 80%. Neste processo, o esporangio maduro
liberta zodsporos que sao capazes de infetar tecidos vegetais. Estas estruturas germinam na superficie
abaxial de folhas e penetram através da cavidade estomatica, criando uma vesicula responsavel por
dar origem as hifas primarias e ao micélio.

Os sintomas de infecdo por P. viticola nas folhas de videira ocorrem, primeiramente, através da
descoloragéo das lesdes (lesdo amarelada ou manchas de 6leo). Posteriormente os esporangiéforos
emergem através da cavidade estomatica, libertando esporangios para os tecidos e plantas

circundantes.

Atualmente a estratégia mais utilizada para controlar o mildio da videira esta dependente da aplicagao
preventiva de fungicidas durante a época de cultivo. No entanto, foram manifestadas preocupagdes
relativamente aos riscos que esta poderia causar, tanto para a saide humana como para o ambiente.
Assim sendo, foram estabelecidas diretrizes por parte da Unido Europeia para a redugéo do uso de
pesticidas e fungicidas na viticultura. Consequentemente, nos Ultimos anos, os produtores e

investigadores tém tentado encontrar solugdes alternativas sustentaveis para controlar esta doenca.
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A interagdo entre a videira e este agente patogénico foi amplamente estudada de forma a melhor
compreender o processo de infecdo, o complexo mecanismo de defesa da planta e a identificar
potenciais alvos para estratégias de controlo alternativas ao uso de pesticidas. As abordagens ao nivel
da transcritémica, metabolémica e protedmica demonstraram que o P. viticola tem a capacidade de
induzir uma forte e rapida reprogramagéo ao nivel dos transcritos e proteinas, bem como do
metabolismo primario e secundario. Alguns estudos demonstraram também que tanto em gendétipos de
videira suscetiveis como em tolerantes existe uma ativacdo de mecanismos de defesa. No entanto, na
interacdo incompativel, a planta tem a capacidade de detetar a presenc¢a do agente patogénico e ativar
a cascata de sinalizacdo mais rapidamente, permitindo assim o estabelecimento de mecanismos de
defesa mais eficazes. Em gendtipos suscetiveis, apesar de haver uma tentativa de ativagdo
mecanismos de defesa, o patdégeno é capaz de ultrapassar as defesas da planta e estabelecer o seu
ciclo de vida. Recentemente foi demonstrado que a metilagdo do DNA também tem um papel muito
importante nas interagdes entre planta e patégeno, nomeadamente através da modulagéo dos niveis
de expressao genética. Varios estudos demonstraram que a hipometilagdo global do genoma é uma
caracteristica comum em interacbes incompativeis, possivelmente através da modulacdo da
transcrigdo. Assim sendo, a procura e aquisicao de mais conhecimentos neste campo de investigagao
que se encontra em rapido crescimento, a epigenética, podera ser a chave para melhor compreender
a imunidade de V. vinifera ao P. viticola. A metilagado do DNA é um exemplo de uma marca epigenética
que pode ser responsavel por causar reprogramacao do transcritoma durante as interagdes entre planta
e patégeno. Contudo, a principal fungdo da metilagdo do DNA no estabelecimento de interagbes

compativeis e incompativeis permanece maioritariamente inexplorada.

O principal objetivo deste trabalho passa por identificar e perceber qual o papel das DNA
metiltransferases de Vitis vinifera no estabelecimento de interagdes compativeis e incompativeis entre
a videira e o patégeno P. viticola.

As DNA metiltransferases reconhecem uma sequéncia especifica de DNA para a qual transferem um
grupo metil para o carbono numero cinco do anel de pirimidina dos residuos de citosina. A metilagao
da citosina é essencial em algumas fungdes celulares das plantas e pode ocorrer de forma simetrica
(CG ou CHG) ou assimétrica (CHH), onde o H pode corresponder a qualquer nucleétido que nao seja
guanina.

De forma a conseguir alcangar o primeiro objetivo tragado para este trabalho, foi efetuada uma pesquisa
em bases de dados e comparagédo com outros organismos modelo onde as DNA metiltransferases ja
tinham sido previamente descritas. Desta forma, foi possivel detetar os genes de DNA metiltransferases
em Vitis vinifera. Foram identificados 9 genes que codificam para 17 possiveis proteinas (resultantes
de eventos de splicing alternativo), sendo que estes genes se encontram distribuidos em oito dos
dezanove cromossomas de Vitis vinifera. Foi também demonstrado neste estudo que alguns dos genes
de metiltransferases em videira estao localizados perto de /oci de resisténcia ao P. viticola.

As metiltransferases identificadas foram agrupadas em quatro grupos de acordo com a semelhanga
entre a sequéncia das proteinas, resultantes de uma analise filogenética, nomeadamente

methyltransferase (MET), chromomethylases (CMT), domains rearranged methyltransferase (DRM), e



DNA methyltransferase homolog (DNMT). Foi também prevista a presenca de quatro dominios
diferentes nas DNA metiltransferases da videira, nomeadamente DNMT1-RFD, BAH, Chromo € DCM.
Uma analise a nivel da localizacao subcelular revelou que, embora a maioria das metiltransferases de

videira estejam localizadas no nucleo, existem algumas presentes no cloroplasto e vacuolo.

O segundo objetivo deste projeto consistiu em determinar e correlacionar os padrées globais de
metilacdo de DNA com a expressao dos genes de DNA metiltransferases em duas cultivares, suscetivel
e tolerante, de Vitis vinifera, tolerante e suscetivel, apds a inoculagao com o P. viticola.

Os resultados obtidos sugerem um papel relevante da hipometilagdo do DNA na cultivar tolerante ao
patégeno, com uma maior capacidade de resistir ao ataque do P. viticola. Para além disso, dois dos
genes estudados demonstraram também poder estar envolvidos na modulag&o epigenética associada
ao estabelecimento da interagdo incompativel.

Futuramente, novos estudos serdo realizados no admbito de melhor compreender os padrbes de
metilacdo dos genes da familia de metiltransferases nas folhas de videira.

Palavras-chave:

Vitis vinifera; Plasmopara viticola; Epigenética; Metilagdo; DNA metiltransferases
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Resumo

Vitis vinifera L. é conhecida mundialmente por ser uma das plantas mais cultivadas, com cerca de 7,5
milhdes de hectares de producio. De todas as utilidades possiveis, a produgado de vinho é a pratica
mais comum e é excecionalmente relevante em varios paises. No entanto, a videira encontra-se sujeita
a um numero consideravel de patégenos que influenciam de forma negativa a qualidade e rendimento
da vinha, afetando assim a sua produgdo. A doenga do mildio, causada pelo oomycete biotréfico
Plasmopara viticola (Berk. et Curt.) Berl. et de Toni, foi introduzido na Europa acidentalmente no século
XIX. Apés a sua dispersao neste continente, a presenca deste patdégeno levou a graves perdas de
producdo. Atualmente, as estratégias usadas para lidar com esta doenga dependem do uso preventivo
de compostos fitoquimicos em cada época de cultivo, representando elevados custos ambientais,
econdmicos e sanitarios. Assim sendo, € necessaria a caracterizagdo da resisténcia de algumas
espécies de Vitis e genotipos de V. vinifera ao Plasmopara viticola de forma a definir medidas
sustentaveis de controlo a esta doenca.

As modificagbes epigenéticas sdo importantes na indugdo da diversidade fenotipica, incluindo em
respostas de resisténcia das plantas, através do controlo dos niveis de expressdo genética
relacionados com a defesa. Neste trabalho foi possivel identificar e caracterizar nove genes de DNA
metiltransferases presentes em Vitis vinifera. Estes genes encontram-se distribuidos em oito dos
dezanove cromossomas conhecidos de Vitis, estando alguns localizados perto de genes que estdo
associados a resisténcia de Vitis vinifera contra o P. viticola. Foi possivel agrupar as metiltransferases
identificadas em quatro grupos ja conhecidos em plantas, nomeadamente methyltransferase (MET),
chromomethylases (CMT), domains rearranged methyltransferase (DRM), e DNA methyltransferase
homolog (DNMT). Foram determinados e correlacionados os padrdes globais de metilagdo de DNA
com a expressao dos genes de DNA metiltransferases em duas cultivares distintas de Vitis vinifera,
tolerante e suscetivel, apds inoculagdo com o Plasmopara viticola. Os niveis de metilagdo do DNA
gendmico observado para ambas as cultivares foi distinto. A expressdo das metiltransferases
estudadas apresentou alguns indicios de presenca na regulacdo da metilagdo durante a interacao entre
a videira e o mildio. Os resultados obtidos sugeriram haver uma relagéo entre a hipometilagdo e a
cultivar tolerante ao patégeno. Deste modo, dois genes demonstraram poder estar envolvidos na
modulagao epigenética associada ao estabelecimento da interagao incompativel.

Novos estudos terdo que ser realizados no ambito de melhor compreender os padrdes de metilacao

dos genes da familia de metiliransferases nas folhas de videira.

Palavras-chave:
Vitis vinifera; Plasmopara viticola; Epigenética; Metilagdo; DNA metiltransferases
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Abstract

Vitis vinifera L. is known for being one of the most cultivated crops worldwide, with about 7.5 million
hectares of production. Of all the possible uses, wine production is the most common and exceptionally
relevant practice in several countries. However, the cultivated grapevine, Vitis vinifera, is susceptible to
a considerable number of pathogens, such as downy mildew, which negatively influences the quality
and yield of grapevine, thus affecting wine production. Downy mildew disease, caused by the biotrophic
oomycete Plasmopara viticola (Berk. et Curt.) Berl. et de Toni, was accidentally introduced in Europe in
the 19" century. After spreading throughout the European wine regions, the presence of this pathogen
led to severe production losses. Currently, the preventive use of phytochemical compounds on each
growing season is the strategy selected to deal with this disease, leading to high environmental,
economic and health costs. Therefore, characterization of the resistance of some Vitis species and V.
vinifera genotypes to Plasmopara viticola is necessary in order to define sustainable control measures
for this disease.

Epigenetic modifications are important in inducing phenotypic diversity, including in plant resistance
responses, by controlling defense-related gene expression levels. In this work, it was possible to identify
and characterize nine DNA methyltransferases genes present in Vitis vinifera. These genes are
distributed in eight of the nineteen known chromosomes of Vitis, and some are located near genes that
are associated with Vitis vinifera resistance against P. viticola. It was possible to classify the identified
methyltransferases into four groups already known in plants, namely methyltransferase (MET),
chromomethylases (CMT), domains rearranged methyltransferase (DRM), and DNA methyltransferase
homolog (DNMT). Global DNA methylation patterns were determined and correlated with the expression
of DNA methyltransferases genes in two distinct cultivars of Vitis vinifera, tolerant and susceptible, after
inoculation with P. viticola. The levels of genomic DNA methylation observed for both cultivars were
distinct. The expression of the identified methyltransferases showed some evidence of presence in the
regulation of methylation during the interaction between grapevine and downy mildew. The results
obtained suggested that there was a relationship between hypomethylation and the cultivar tolerant to
the pathogen. Thus, two genes were shown to be involved in the epigenetic modulation associated with
the establishment of the incompatible interaction.

Further studies will have to be carried out in the framework of better understanding the methylation
patterns of DNA methyltransferases genes in grapevine leaves.

Keywords:

Vitis vinifera; Plasmopara viticola; Epigenetics; Methylation; DNA methyltransferases
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1. Introduction

1.1. The economic and historical relevance of Vitis vinifera L.

Grapevine (Vitis vinifera L.), belonging to the Vitaceae family, is one of the crops with the highest
economic and agricultural impact worldwide (Terral et al. 2010; Buonassisi et al. 2017). Grapevine
history accompanied human development, with the first reports of Vitis species presence in the
European continent dating from 50 million years ago. Grapevine domestication started in Near East
Europe (a region corresponding to the modern Middle East) around 6000-8000 years ago, from its wild
relative Vitis vinifera L. ssp. sylvestris. Due to ancient civilizations' trade routes, it spread across Europe,
Asia, and North Africa (Zduni¢ et al., 2013). The Roman Empire was also responsible for introducing
new cultivars in the Lusitanian viticulture (Veloso et al., 2010). The domestication of grapevine selected
essential traits such as berry size and production yield. However, it led to a reduction in genetic diversity
and loss of resistance traits such as pathogen resistance (Terral et al., 2010).

Nowadays, viticulture is a worldwide practice, with a global area of around 7.4 million ha in 2019 and a
total grape production of 77.8 million tons, to be used as dried and table grape as well as in wine
production (OIV 2020). More than half of the produced grapes are destined for wine production since
this industry is exceptionally relevant in several countries. In 2019, the wine production exceeded 260
million hectoliters (Mhl) in the world, with the EU production representing 60% of global production and
Portugal standing in the fifth position within the European countries (FAOSTAT 2019; OIV 2020)
Despite the current circumstances where geopolitical tensions, climate change, and covid-19 pandemic
are generating a lot of instability and insecurity in the global wine market, 2020 world wine production
seems to be in line with that observed in 2019. This is also true for the Portuguese wine production, that
is comparable to that of 2019 and its last five-year average of 6.5 Mhl (OIV 2020).

1.2. Grapevine downy mildew — epidemiology

Grapevine is affected by a considerable number of pathogens that present a high impact on wine
production globally due to berry damage and losses in both quality and yield (Santos & Figueiredo,
2021).

Gray mold, powdery mildew and downy mildew caused by Botrytis cinerea Pers. Fr., Erysiphe necator
(Schwein.) and Plasmopara viticola (Berk. And Curt.) Berl. & de Toni., respectively, are known to be the
most important diseases of Vitis vinifera. Of those, downy mildew is undoubtedly one of the most
devastating (Williamson et al., 2007; Milli et al., 2012; Qiu et al., 2015; Armijo et al., 2016; Santos &
Figueiredo, 2021).

Plasmopara viticola, first observed and collected in 1834 in the USA's North East, is an obligatory
biotrophic oomycete that relies entirely on its host to complete the life cycle (Armijo et al., 2016;

Buonassisi et al., 2017). This pathogen is native to North America and was accidentally introduced in



Europe when native American Vitis species were used as rootstocks to prevent infection from
Phylloxera. As the European Vitis species evolved without contact with P. viticola, V. vinifera plants are
highly susceptible to this pathogen. Thus, after its introduction in France in 1878, it spread rapidly into
major European grape production regions causing severe production losses (Yin et al., 2017; Taylor et
al., 2019).

The infection caused by P. viticola occurs when environmental conditions are favorable, namely high
humidity and mild temperatures (Jirges et al., 2009). With temperatures above 10°C and rain
precipitation, sporangia are produced after oospores germination or by mycelium present in fallen leaves
and berries or dormant twigs, infected during previous seasons. In the presence of rain or wind, mature
sporangia are released and disperse zoospores capable of infecting plant tissues (Burruano 2000;
Armijo et al. 2016; Buonassisi et al. 2017; Brilli et al. 2018; Toffolatti et al. 2018). Motile zoospores can
place themselves close to stomata on leaves' abaxial surface (Armijo et al., 2016). After germination,
zoospores penetrate through the stomatal cavity, where a vesicle will be created, in order to develop
into a primary hyphae and intercellular mycelium (Armijo et al., 2016). Commonly, in a susceptible
cultivar, the first visible symptoms appear on the abaxial surface of the leaf 5-7 days after leaf infection,
characterized by green-yellow lesions that are also called oil spots (Burruano 2000; Armijo et al. 2016;
Buonassisi et al. 2017).

Secondary infections are prompted by sporangiophores that emerge through the stomata. Detachment
and dispersion of sporangia to new host tissues initiates a new infection cycle. Plasmopara viticola is
diploid in both sexual (primary infection) and asexual stages (secondary infection) and, under
appropriate conditions, secondary disease cycles can take place. Through the fertilization of oogonia
by antheridia, this asexual stage happens within the infected host tissue. An oospore is considered the
pathogen's survival stage, representing the primary inoculum for the next season and a source of
genetic variation. Several clonal cycles may occur in one season, depending on environmental
conditions (Burruano 2000; Buonassisi et al. 2017).

Downy mildew disease control relies on preventive fungicide applications during the crop season,
depending on the meteorological conditions (Gindro et al., 2006; Buonassisi et al., 2017; EIP-AGRI
2019). Consequently, concerns have been raised regarding the risks for human health and adverse
environmental effects. It is known that less than 0.1% of fungicides applied on crops actually act on the
pathogen (Buonassisi et al., 2017). The remaining 99.9% accumulate in soils, sifting into the ground or
shallow water, and might be toxic to some microorganisms as well as aquatic animals and humans
(Wilson & Tisdell, 2001; Buonassisi et al., 2017). Given that, there is a European Union demand for
reducing the use of pesticides and fungicides in viticulture (Directive 2009/128/EC). Hence, in the past
few years, producers and researchers have tried to find sustainable alternative solutions to control
diseases.



1.3. Grapevine resistance to Plasmopara viticola - current knowledge

Plants recognize an invading agent by activating defense mechanisms to restrain pathogen growth. On
the other hand, pathogens have the power to manipulate the plant, so it harbors the best environment
for its own growth and development by avoiding the plant response. Thus, the interaction between plants
and pathogens can be seen as a process that implicates mutual communication between these two
organisms (Méndez & Romero 2017). It can be classified as compatible interaction (when the infection
is successful, leading to the disease) or incompatible interaction (where the plant defense mechanisms

act successfully, impairing pathogen growth) (Ponzio et al., 2016).

The molecular mechanisms associated with pathogen recognition and disease resistance in plants have
started to be unraveled in the past years (Burgh & Joosten 2019).

Jones and Dangl developed a model describing the evolutionary battle between plants and pathogens,
known as the ‘zig-zag model’ (see Figure 1) (Jones & Dangl 2006). This model proposes the existence
of two layers of defense in the plant immune system that the pathogen tries to avoid by diversifying its
own effectors and developing new ones, while the plant evolves new receptors so it can detect a broader
range of pathogen effectors (Buonassisi et al. 2017).

PTI (PAMP (pathogen-associated molecular patterns) triggered immunity) is known as the first defense
level, providing plants with the capacity to respond rapidly and efficiently to a wide variety of pathogens.
This first layer of defense is activated through the recognition of conserved pathogen molecular patterns,
such as cell wall components, short peptides and lipopolysaccharides, by specific pattern recognition
receptors (PRRs) on the plasma membrane of plant cells (Ding & Wang 2015; Buonassisi et al. 2017;
Gouveia et al. 2017). During PTI, early defense responses such as reactive oxygen species (ROS),
calcium flux, plant cell wall modification and the activation of a cascade of mitogen-activated protein
kinases (MAPKSs) are triggered (Ding & Wang 2015). This first response is usually enough to defeat the
invading pathogen. However, some pathogens have developed the ability to overcome PTI through the
secretion of effectors, establishing the effector-triggered susceptibility (ETS). Pathogen effectors can be
responsible for, as an example, stimulating nutrient leakage, thus suppressing the plant immune
response as well as manipulating the physiology of the host cell (Ding & Wang 2015; Buonassisi et al.
2017). To overcome ETS, plants have developed a second level of resistance associated with effector
recognition by specific intracellular receptors or sensors, known as resistance proteins (R). When an R
protein recognizes pathogen effectors, effector-triggered immunity (ETI) is activated. ETI is the second
defense level regularly associated with the establishment of the hypersensitive response (HR) with fast
cell death at the point of infection, which may restrict pathogen growth. ETl is often related to ROS and
salicylic acid (SA) production, expression of defense-related genes and the establishment of the HR
(Ding & Wang 2015; Merz et al. 2015; Kelloniemi et al. 2015; Armijo et al. 2016; Buonassisi et al. 2017;
Gouveia et al. 2017).
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Figure 1 — The “zig-zag model” described by Jones and Dangl in 2006. PTI — is the first defense level, defined as
PAMP (pathogen-associated molecular patterns) triggered immunity; When this first defense mechanism is not
enough for defeat the invading pathogen, some plants have the ability to overcome PTI through the secretion of
effectors, establishing the ETS, known as effector-triggered susceptibility; To overcome ETS, plants developed the
second defense mechanism, ETl — effector-triggered immunity, associated with the establishment of the

hypersensitive response (HR). Adapted from (Jones & Dangl 2006)

Apart from PTI and ETI responses after the initial local infection, plant tissues that were not infected
usually develop systemic acquired resistance (SAR), which provides resistance in distal plant tissues
against subsequent pathogen challenges (Ding & Wang 2015).

In grapevine-P. viticola interaction, the knowledge of early host responses to pathogen attack, and the
complex grapevine defense mechanism have increased tremendously over the last decade. This
knowledge has been reviewed recently by Buonassisi and colleagues (Buonassisi et al., 2017). Downy
mildew infection is often associated with a considerable plant transcriptional reprogramming that
accounts for intense and rapid activation of stress and defense-related genes and thus of defense and
secondary metabolic processes (Figueiredo et al., 2008, 2012; Ali et al., 2012; Latouche et al., 2013;
Yu et al., 2016; Buonassisi et al., 2017; Negrel et al., 2018). Plant resistant genotypes response involve
the specific modulation of genes encoding components of signal transduction cascades, markers related
to HR, genes linked to stilbene and defense hormone biosynthesis, and activation of photosynthetic
apparatus protection (Polesani et al., 2008; Ali et al., 2012; Figueiredo et al., 2012; Liu et al., 2014; Yu
et al., 2016; Buonassisi et al., 2017; Laureano et al., 2018). For the establishment of incompatible
interactions, the accumulation of lipid-associated signaling proteins, proteases, cell death-related
proteins is also crucial (Figueiredo et al., 2017). It was recently highlighted the co-occurrence of proteins
associated with both ETS and ETI as soon as 6 hours post inoculation with the pathogen, revealing the
high plasticity of tolerant genotypes (Santos et al., 2020). Moreover, genotype-phenotype association
approaches have been made, involving the establishment of quantitative trait loci (QTL) analysis and



determination of resistance loci to Plasmopara viticola (RPVs) (Buonassisi et al., 2017; Yadav et al.,
2018).

1.4. Epigenetics

In 1942, the concept of “epigenetics” was firstly introduced by Conard Waddington to explain the process
through which, during organism development, genotypes generate phenotypes (Law & Jacobsen 2010;
Gomez-Diaz et al. 2012; Bej & Basak 2017). Epigenetics was later re-defined as “the study of changes
in gene function that are mitotically and/or meiotically heritable and that do not entail change in DNA
sequence” (Wu & Morris 2001; Seffer et al. 2013).

The epigenetics processes include DNA methylation, histone modifications (acetylation, methylation,
phosphorylation, ubiquitination, sumoylation), and chromatin remodeling (Gomez-Diaz et al. 2012; Bej
& Basak 2017). Small RNA’s (sRNA), like microRNA (miRNA), and small interfering RNA (siRNA),
recently became the extended part of the epigenetic regulation, being considered the bioregulators of
plant stress response. Nowadays, DNA methylation, histone modifications, and RNA-based
mechanisms have been considered “the three pillars of epigenetics” as they correlate with each other
(Bej & Basak 2017; Sudan et al. 2018).

Genetics, cancer genetics, aging, stem cell research, evolution, synthetic biology, conservation of
species, plant biotechnology, and agriculture are some of the biological fields that epigenetics have
been widely applied to in the last decade (Bej & Basak 2017). However, there is still very little information
about the dimension and significance of epigenetic variations in host-pathogen interactions. These
interactions are among the most plastic and dynamic systems in nature (Gomez-Diaz et al., 2012).
Developmental and environmental signals can be responsible for inducing epigenetic modifications in
the genome, and therefore, one single genome in a plant cell brings on multiple epigenomes
(Chinnusamy & Zhu, 2009). Chromatin structure is responsible for affecting the genome expression
through processes often associated with epigenetic regulation, namely histone variants, histone post-
translational modifications, and DNA methylation (Ramirez-Prado et al., 2018). Being closely linked,
different types of epigenetic changes often act in a self-reinforcing manner to regulate other cellular
processes. These mechanisms are crucial for development, cell differentiation, protection against viral
genomes and seem to have a critical role in integrating endogenous and environmental signals during

the life of a cell or an organism (Vaissiere et al. 2008; W. Chen et al. 2017).

1.4.1. DNA modifications

DNA methylation is a conserved mechanism responsible for regulating gene expression and for having
a crucial role in diverse biological processes. Such processes include plant adaptation mechanisms in
response to stress conditions, defense against invasion of mobile DNA elements, like transposons,
viruses and retroelements, genome management and development process (Ashapkin et al. 2016;
Moglia et al. 2019; Tirnaz & Batley 2019; Gahlaut et al. 2020; He et al. 2020)



The DNA methylation occurs when a methyl group is added to carbon five (C5) of the DNA strand's
cytosine base in both eukaryotes and prokaryotes. Cytosine-5 DNA methyltransferases (C5-MTases)
carry out two functions: the recognition of a specific DNA sequence and the catalysis of the transfer of
a methyl group from the cofactor/donor S-adenosyl-L-methionine (AdoMet) to carbon 5 in the pyrimidine
ring of cytosine residues. Cytosine methylation is essential in gene expression, transposon silencing,
and chromosome interaction, as well as in plant growth and development (Vaissiére et al. 2008; Jeltsch
et al. 2010; Schibeler 2015; Bej & Basak 2017; Zhang et al. 2018). 5-methylcytosine (5-mC) is seen as
a marker of epigenetic gene silencing and heterochromatin in plants as well as in mammals. Methylation
of DNA only occurs at cytosine residues and can be established by specialized de novo DNA
methyltransferases enzymes (Pikaard & Scheid, 2014). Due to genome size and complexity and the
significant number of transposons, DNA presents the highest methylation rate in plants. Furthermore, it
can occur predominantly on any of the following sequence contexts, respectively:

1. CG (cytosine — guanine).

2. CHG (cytosine — H — guanine), which are symmetrical sequences, with H corresponding to A

(adenine), T (thymine), or C (cytosine).
3. CHH (cytosine — H — H), an asymmetrical sequence, with H corresponding to A, T, or C.

Dense hypermethylation tends to occur in heterochromatin, which is rich in transposable elements (TEs)
and other repetitive DNA sequences, and it plays a preeminent role in silencing gene expression at a
transcriptional level (transcriptional gene silencing, TGS). TGS can be triggered by DNA methylation
when it is present in gene regulatory regions. Methylation in TEs and repeats have been shown to affect
mMRNA processing like alternative splicing and alternative polyadenylation (Zhang et al., 2018; Gallego-
Bartolomé 2020).

In plants, cytosine methylation is distributed nonrandomly, happening primarily in repetitive regions of
the genome that are enriched in transposable elements, centromeric repeats, or arrays of silent 5S or
45S rRNA gene repeats, showing correlations with several modifications on chromatin. Cytosine
methylation can also happen at some differentially regulated promoters and within the protein-coding
regions of highly expressed genes (Jeltsch & Jurkowska 2010; Pikaard & Scheid 2014; Schibeler 2015).
There are two different types of modifications that coexist in plants at two nucleotide bases, cytosine (5-
methylcytosine (5-mC)), which is more common in the genome, and adenine (N6-methyladenine (m6A)),
which is found in mitochondrial DNA (Bej & Basak 2017; K. J. Wu 2020). However, it is believed that
cytosine methylation might influence adenine methylation, even though their interaction is still unknown.
Cytosine methylation plays a vital role in the development of plants and survival, turning up transcription
regulation in specific development processes as well as in events like vernalization and stress
adaptation (Vanyushin & Ashapkin 2011; Bej & Basak 2017; Hoang et al. 2018). On the other hand,
mM6A's possible role in epigenetics in eukaryotes is starting to be unraveled. It has been observed that
this epigenetic mark plays crucial roles in transposon’s expression, transgenerational inheritance, and
stress response (K. J. Wu, 2020).

There are three types of processes that are involved in DNA methylation which are: de novo DNA

methylation, methylation maintenance, and DNA demethylation.



De novo DNA methylation is catalyzed by domains rearranged methyltransferase 2 (DRM2) through
small RNAs (RNA-directed DNA methylation (RdDM) pathway) requiring two plant-specific RNA
polymerases, Pol IV and Pol V (Tirnaz & Batley, 2019; Zhang et al., 2020). Maintenance of plant DNA
methylation depends on the cytosine sequence context and is catalyzed by DNA MTases, which are
regulated by different mechanisms. The DNA demethylation is carried out by DNA demethylase
enzymes that balance the genome's methylation level and maintain gene expression by removing 5-
methylcytosine and replacing it with unmethylated cytosine (Zhang et al., 2018; Tirnaz & Batley 2019;
Zhang et al., 2020).

The RdDM pathway, crucial for de novo methylation, has been implicated in several regulatory
processes in plants. Generally, the methyl groups added by this pathway result in DNA methylation
associated with the genetic sequences' transcriptional repression. Also, these changes can often be
firmly transmitted to progeny since DNA methylation patterns can be heritable through mitotic and/or
meiotic processes. As a result, one notable role of RdADM is the stable, transgenerational suppression
of transposable elements (TE) activity. This pathway has also been associated with pathogen defense,
abiotic stress responses, and even the regulation of several key developmental transitions (Erdmann &
Picard 2020).

Currently, four different types of DNA MTases have been identified in plants and implicated in DNA
methylation maintenance, namely: methyltransferase (MET), chromomethylases (CMT), domains
rearranged methyltransferase (DRM), and DNA methyltransferase homolog 2 (DNMT2) (Gahlaut et al.
2020).

The cytosine methylation in the CG context is the most abundant in plant genomes and is maintained
by methyltransferase 1 (MET1), the homolog of animal DNA methyltransferase 1 (DNMT1). Plant-
specific chromomethylase 3 (CMT3) is the enzyme responsible for CHG methylation maintenance,
together with chromomethylase 2 (CMT2), that also plays an essential role in CHH methylation
maintenance in some specific genomic contexts, namely central regions of large transposable elements
(Ashapkin et al. 2016; Gianoglio et al., 2017; Wang et al. 2019) (see Figure 2). The DRM is considered
to be homologous to animals’ DNA methyltransferase 3 (DNMT3) (Gianoglio et al., 2017). Domains
rearranged methyltransferase 2 (DRM2) catalyzes CHH methylation at histone H1-containing
heterochromatin. Through RdDM pathway, DRM2 is able to maintain CHH methylation at target regions
in euchromatin (Bewick & Schmitz, 2017; Gianoglio et al., 2017; Moglia et al., 2019) (see Figure 2). The
highly conserved MTase, DNMT2, has a shorter length than other MTases since it does not contain the
N-terminal regulatory domains. Despite the fact that this family has a substantial sequence similarity to
the MTases and their inclusion of a methyltransferase domain, they do not usually show any DNA MTase
activity. Taking this into account, the function of the only DNMT family in plants is still not entirely known
(Ashapkin et al., 2016; Gianoglio et al., 2017; Gahlaut et al., 2020). All MTases share a catalytic domain
harboring ten small, conserved motifs. However, the four families differ at their N-terminal, reflecting a

functional specialization degree (Gianoglio et al., 2017).



On the other hand, DNA demethylation may occur passively or actively (Ruie Liu & Lang, 2020). Passive
DNA demethylation is associated with the loss of DNA methylation during DNA replication due to a
reduction or inactivation of enzymes responsible for DNA methylation (Li et al., 2018). It also happens
when the newly synthesized DNA strand is not appropriately targeted and methylated by DNA MTases
(Ruie Liu & Lang, 2020). Active DNA demethylation is mediated by a specific family of plant enzymes,
namely Repressor of Silencing 1 (ROS1) and Demeter (DME). Both enzymes are recruited to the target
loci and remove 5mC and then cleave the DNA backbone leaving a gap. The resulting single nucleotide
gap is then filled with an unmethylated cytosine via the base-excision repair (BER) pathway, wherein
apurinic or apyrimidinic site lyase (ARP, APE1L), zinc finger DNA 3'-phosphatase (ZDP), and DNA
ligase | (LIG1) are involved (Bochtler et al., 2017; Ruie Liu & Lang, 2020). Until now, this active pathway
is less understood in both mammals and plants. Still, it has been gaining increasing attention since it
has been shown to be essential for many biological processes in plants, such as in various
developmental processes (regulation of seed, stomatal and nodule development, pollen tube formation,
and fruit ripening) (Li et al., 2018; Ruie Liu & Lang, 2020). Also, some authors state that defense
strategies against pathogen attack are able to generate active DNA demethylation, which is part of the
regulatory circuit for gene activation in response to pathogen attack (Weiberg & Jin, 2015; Islam et al.,
2018). As an example, some studies declare that some of the RdDM pathway genes are repressed
during bacterial infection, leading to demethylation and activation of several defense genes. Also, ROS1,
encoding a 5-methylcytosine DNA glycosylase that initiates active DNA demethylation, is repressed
after flg22 treatment, and ros7 mutant exhibits enhanced susceptibility to Pseudomonas syringae. This
suggests that active DNA demethylation is associated with the regulatory circuit for gene activation in

response to pathogen attacks (Yu et al., 2013; Weiberg & Jin, 2015)

Maintenance of DNA methylation De novo DNA methylation
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CHH methylation CMT2 gd DRM2

Figure 2 - Scheme of the described functions of enzymes involved in DNA methylation.

1.5. DNA methylation in plant-pathogen interactions: players and mechanisms

Epigenetic modifications are known to have a substantial role in inducing phenotypic diversity, including
plant resistance responses through the control of defense-related gene expression levels (Moglia et al.,
2019; Tirnaz & Batley, 2019; Gahlaut et al., 2020).



DNA methylation, mediated by C5-MTases, is a widespread epigenetic mark that may cause
transcriptome reprogramming during plant-pathogen interactions. However, DNA methylation's specific
role in establishing compatible and incompatible interactions (i.e., susceptibility and tolerance,
respectively) remains mostly unexplored (Elhamamsy, 2016; Gahlaut et al., 2020; Rambani et al., 2020).
Most of the existing studies about the epigenetic control associated with plant-pathogen interactions
were conducted in the Arabidopsis thaliana - Pseudomonas syringae (Pst) pathosystem.

In 2014, studies in A. thaliana response against Pst infection allowed to demonstrate that DNA
demethylases were associated with expression of stress response genes by targeting promoter
transposable element sequences (Le et al., 2014). Also, another study showed that exposure to the Pst
bacterial pathogen induced a significant level of DNA hypomethylation, which elevated the expression
of defense-related genes (Dowen ef al. 2012; Sahu et al. 2013; Elhamamsy 2016).

A recent study presented by Geng et al. in 2019 revealed that DNA methylation, especially CHH
methylation, is involved in the regulation of defense responses to powdery mildew caused by Blumeria
graminis f. sp. tritici (Bgt) in wheat diploid progenitor Aegilops tauschii. After being infected with Bgt,
abundant differentially methylated regions (DMRs) were associated with CHH hypomethylation (Geng
et al., 2019). Whole-genome bisulfite sequencing (WGBS) revealed that genes near transposable
elements with CHH-hypomethylated DMRs were enriched for “response to stress” functions, involving
receptor kinase, peroxidase, and pathogenesis-related genes, suggesting that DNA methylation is
involved in the regulation of plant defense responses in crops (Geng et al., 2019).

A year after, another report about the presence of DNA methylation in a compatible and incompatible
interaction of tomato with root-knot nematodes was published by Leonetti and his colleagues (Leonetti
& Molinari, 2020). In this work, DNA hypomethylation was considered to be the upstream mechanism
that triggers the general gene overexpression observed in plant resistance and that DNA
hypermethylation and MTase gene activation may give rise to gene silencing induced by nematodes
(Leonetti & Molinari, 2020).

Whole-genome bisulfite sequencing (WGBS) of watermelon leaves at different time-points after being
infected with cucumber green mottle mosaic virus (CGMMV) was performed by Sun et al. (Sun et al.,
2019). They noted that the number of differentially methylated regions increased during CGMMV
infection, but a clear relationship between DNA methylation and gene expression could not be
established since the hypo or hypermethylated genes did not have the correlation with a down-regulation
or up-regulation of its expression. Additionally, down-regulation of genes in the RdDM pathway
suggested that the reduced RdDM-directed CHH methylation plays a vital role in antiviral defense in
watermelon (Sun et al., 2019).

According to these studies, it can be hypothesized that hypomethylation may lead to host defense while
hypermethylation may result in higher susceptibility. Also, an epigenetic interplay between the plant host
and the pathogen was suggested in some studies since DNA methylation patterns in plants can change

when pathogens infect plants. (Hewezi et al., 2018).

A study conducted in 2015, is focused on the interaction between grapevine and a treatment with

salicylic acid (SA). It reveals that SA treatments selectively up-regulated expression of some stilbene



synthase (STS), and considerably reduced the cytosine DNA methylation level of these genes in Vitis
amurensis (Kiselev et al., 2015). As it is known, SA is vital in plant defense, being involved in the
activation of defense responses against biotrophic and hemibiotrophic pathogens and in the
establishment of systemic acquired resistance (Kiselev et al., 2015).

Although it has already been observed that grapevine presents several features that make it a relevant
model for the study of epigenetic mechanisms (Fortes & Gallusci, 2017), no study has been found

regarding epigenetic control of defense in grapevine-pathogen interactions.

1.6. Main Aims

Considering that DNA methylation may be one of the epigenetic modifications associated with plant
defense against pathogens, this work aims to characterize the Vitis vinifera DNA methyltransferase gene
family and start to unravel its role in the establishment of compatible and incompatible interactions
between grapevine and Plasmopara viticola.

To achieve this aim, a genome-wide characterization of DNA methyltransferases gene family was
conducted, candidate genes were selected, and expression analysis was carried out in V. vinifera cv
‘Trincadeira’ (susceptible) and V. vinifera cv ‘Regent’ (tolerant) at 6, 24, 48, 72 hours post inoculation
and 5 days post inoculation with P. viticola. DNA global methylation patterns were also determined and

correlated with DNA methyltransferase gene expression.
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2. Materials and Methods

2.1. Bioinformatic characterization

2.1.1. Grapevine methyltransferases identification and characterization

Methyltransferases (MTase) genes and putative protein sequences have been already identified in
model plants, namely in Arabidopsis thaliana (thale cress) (Pavlopoulou & Kossida 2007; Ashapkin et
al. 2016), Oryza sativa (rice) (Pavlopoulou & Kossida 2007; Ahmad et al. 2014), Nicotiana tabacum
(tobacco) (Pavlopoulou & Kossida 2007), Solanum lycopersicum (tomato) (Teyssier et al. 2008; Cao et
al. 2014) and Zea mays (maize) (Pavlopoulou & Kossida 2007; Qian et al. 2014).

DNA methyltransferases (MTases) protein sequences of the model organisms mentioned above were

used as queries in UniProt (https://www.uniprot.org/) and NCBI databases

(https://blast.ncbi.nim.nih.gov/Blast.cqi). MTases domain sequences, i.e., DNMT1-RFD (pfam12047),
BAH (pfam01426), Chromo (pfam00385), DCM (COG0270), and AdoMet_MTases (pfamQ07757), were

also used as query.

For the identified grapevine MTases protein sequences, the presence and distribution of conserved
domains were confirmed by Pfam (https:/pfam.xfam.org/) analysis. The mRNA sequences were

retrieved for the selected grapevine MTases.

2.1.2. Bioinformatic analysis of V. vinifera DNA methyltransferases: sequence
properties, subcellular location, and chromosomal localization

Molecular weight (Mw) and theoretical isoelectric point (pl) were predicted with the pl/Mw tool from
ExPASYy (https://web.expasy.org/compute_pi/).

TargetP 2.0 (http://www.cbs.dtu.dk/services/TargetP/), Localizer (http://localizer.csiro.au/)
(Sperschneider et al.,, 2017), SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/) (Almagro
Armenteros et al., 2019), Nuc-PLoc (http://www.csbio.sjtu.edu.cn/bioinf/Nuc-PLoc/) (Shen & Chou
2007), NucPred batch predictor (https://nucpred.bioinfo.se/cgi-bin/batch.cgi) (MacCallum et al. 2007),
NetNES 1.1 Server (http://www.cbs.dtu.dk/services/NetNES/) (Cour et al. 2004), Predotar
(https://urgi.versailles.inra.fr/Tools/Predotar) and Wolf Psort (https://wolfpsort.hgc.jp/), were used for

subcellular location prediction.
Biological function prediction for grapevine MTases was determined using the Blast2GO software

(https://www.blast2go.com/). Open Reading Frame (ORF) length was predicted using the ORFfinder

tool from NCBI (https://www.ncbi.nlm.nih.gov/orffinder/). The chromosomal location and position of the

MTases sequences, as well as the number of exons, introns, and gene length, were predicted using

Genome Data Viewer tool from NCBI (https://www.ncbi.nlm.nih.gov/genome/gdv/). MTase sequences

with a chromosomal location near to “Resistance to Plasmopara viticola” (RPV) loci on grapevine

genome were selected. All data were manually curated and compiled.
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2.1.3. Alignment of protein sequences and phylogenetic analysis

The protein sequences obtained from the NCBI database were aligned using the CLUSTAL X, with
version 2.0 (http://www.clustal.org/clustal2/) (Larkin et al., 2007). Alignment quality was verified through
MAFFT software with the L-INS-I option version 7 (http:/mafft.cbrc.jp/alignment/software/) (Katoh &
Standley 2013).

In order to compare the methyl family groups, a preliminary neighbor-joining phylogenetic tree was

constructed using MEGA-X software (v10.2.2; https://www.megasoftware.net), with the following

standard parameters: protein substitution model Maximum Composite Likelihood; bootstrap 1000
interactions (Kumar et al., 2018). The identified methyltransferase sequences of V. vinifera were used,
as well as the known DNA methyltransferases sequences from A. thaliana, O. sativa, and Z. mays. A
phylogenetic tree was created using the FIGTree software (v1.4.3,

http://tree.bio.ed.ac.uk/software/figtree/). Lastly, another phylogenetic tree was generated with only

DNA methyltransferases sequences from V. vinifera, using the same parameters. This analysis may
evidence some relationships between V. vinifera DNA methyltransferases.

2.2. Expression analysis

2.2.1. Plant material

Two V. vinifera genotypes, ‘Regent’ and ‘Trincadeira’, were used as models of an incompatible and a
compatible interaction with Plasmopara viticola, respectively.

The cultivar ‘Regent’ was bread by multiple introgressions from tolerant wild genotypes. It presents an
RPV3 loci, that revealed several candidates genes, which might be responsible for the expression of
resistance against P. viticola. Regent also displays a high degree of tolerance to both downy and
powdery mildew (Figueiredo et al., 2008; VIVC, 2020). ‘Trincadeira’ is a Portuguese elite grapevine
cultivar widely used for the production of high quality wine, and it is highly susceptible to these pathogens
(Welter et al. 2007; Figueiredo et al. 2008; VIVC, 2020)

Plant material, mock and inoculated with the pathogen, as described in Figueiredo et al. (2012), was
already available in the lab. Briefly, the third to the fifth fully expanded leaves beneath the shoot apex
were harvested at 6, 24, 48, 72 hours post inoculation (hpi) and 5 days post inoculation (dpi),
immediately frozen in liquid nitrogen and stored at —80 °C. For each genotype and condition (inoculated
and mock-inoculated), three independent biological replicates were collected, each consisting of a pool

of ten leaves from three different plants.

2.2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from V. vinifera cv. ‘Regent’ and ‘Trincadeira’ leaves, mock and inoculated,

using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, USA), according to manufacturer’s

12



instructions. Briefly, 500 pL of the Lysis Solution supplemented with 2-mercaptoethanol (10 uL) was
added to 1 g of tissue powder, vortexing for 30 seconds. Samples were incubated for 5 minutes at 56°C
and centrifuged at maximum speed for another 5 minutes to pellet cellular debris. Clear supernatant
was transferred into a filtration column, followed by maximum speed centrifugation for 7 minutes. 250
uL of Binding Solution were added to the clarified lysate, mixed immediately and thoroughly by pipetting
at least 5 times. After another centrifugation step, 300 yL of Wash Solution 1 were added into the
column, followed by centrifugation. Genomic DNA (gDNA) was digested with the On-Column DNase |
Digestion Set (Sigma-Aldrich, USA), by adding 40 pL of DNase, followed by an incubation of 30-40
minutes. 500 pL of Wash Solution 1 were added and centrifugated. Then, the flow-through liquid was
discarded, and 500 uL of Wash Solution 2 were added. This step was performed twice. Then, 30 uL of
Elution Solution were added twice directly onto the center of the binding matrix inside the column, and
RNA isolated.

Using a spectrophotometer (NanoDrop-1000, Thermo Scientific), purity and concentration of extracted
RNA were assessed through OD measurements at Azso2so nm and Azeor230 nm, While its integrity was
monitored by agarose gel electrophoresis.

All samples were tested for gDNA contamination by quantitative real-time polymerase chain reaction
(gPCR) using 1 uL of crude RNA by targeting the reference gene elongation factor 1-alpha (EF1a)
(Vandesompele et al., 2002).

Complementary DNA (cDNA) was synthesized from 2.5 pL of total RNA, using RevertAid®H Minus
Reverse Transcriptase (Fermentas, Ontario, Canada), anchored with 1 pL oligo(dT)23 primer (100 pM)
(Fermentas, Ontario, Canada) by incubating at 70°C for 10 minutes. Then, 7 pL of a prepared mix
containing 4 yL of Reaction Buffer (5X), 2 uL of dNTP Mix (10 mM), 0.5 pL of RevertAid H Minus M-
MuLV Reverse Transcriptase (200U/uL) as well as0.5 yL RiboLock RNase Inhibitor (20U/uL), were
added to the solution and cDNA synthesis occurred during 90 minutes at 42°C. A final denaturation step
was added by incubating the mixture for 10 minutes at 70 °C as described previously (Figueiredo et al.,
2017).

2.2.3. Quantitative Real-Time PCR (gqPCR)

Using the iTag™ Universal SYBR® Green Supermix (Bio-Rad, USA), gPCR experiments were
conducted according to the manufacturer’s instructions. Briefly, 5 L of SYBR Green 5x and 0.5 pL of
each primer (10 yM) were used in 10 pL volume reactions, together with 1 uL of cDNA as template. A
control without a cDNA template (NTC) was included in each set of reactions. Three biological replicates
and two technical replicates were used for each sample. Primer sequences and amplification details are
provided in Table 1. Reactions were carried out in a StepOne™ Real-Time PCR system (Applied
Biosystems, USA). To confirm single product amplification and the existence of non-specific PCR
products, a dissociation curve analysis was performed. Gene expression (fold change) for both
compatible (‘Trincadeira’ versus mock-inoculated control samples) and incompatible interactions
(‘Regent’ versus mock-inoculated control samples) was calculated as described in (Hellemans et al.,

13



2008). Elongation factor 1-alpha (EF1a) and SAND family protein (SAND) genes were used for

expression data normalization (Monteiro et al., 2013).

Table 1 - Reference and interest genes primer sequences, amplicon length, amplification efficiency, annealing, and

melting temperature are represented.

Adopted identifier

Amplification

. . Amplicon . Ta Tm
NCBI Accession Primer sequence efficiency o N
Number length (bp) (E) (°C) (°C)
Reference genes (5’-3)
EF1a
(Elongation factor 1-alpha) Fw: GAACTGGGTGCTTGATAGGC 149 201 60 79.95
XM, 002284888 .2 Rev: ACCAAAATATCCGGAGTAAAAGA : :
SAND
(SAND family protein) Fw: CAACATCCTTTACCCATTGACAGA 76 204 60 78.86
XM_002285134.2 Rev: GCATTTGATCCACTTGCAGATAAG : :
Family
DNA MTase Group
WiIDNMT1 Fw: CAACTTTCGTGAAGGCACTG
XM_002282418.4 PNMT  Roy. GCTTCTCGAATGATGGGTG 69 1.98 58 7965
WIDRM2 & Fw: CAGAACCCATGCACTTACTC
XM_010651350.1 P°”M  Rev: AACACGGACAAACTCACAAAA 102 1.98 58  76.48
WiDRM1 Fw: GCAAGATGGGGAAGGAAACA
XM_010662592.2 PRM  Rev- GACAGTTCTCAAGAGCCGAG 71 2.07 60 7523
WiCMT2 ¢ ovr  Fw: GTTAACTTACCATCACCATACGC 19 ] o ]
XM_010666729.2 Rev: TACCATCTTCTAATCCTCCTGT
WiCMT2 a Fw: GGAATTGCCATCTGGAAAGC
XM 0106638372 MT  Rev: GCAGTGAGGGTCAGGTTTAG 136 1.95 60 79.20
WiCMT1 8 Fw: CCCCCAAAATTCCCTAACAT
XM 0106530422 SMT  Rev: TCCACCAAAAGAGACATCCC 103 1.94 58 7587
WiCMT1 a Fw: GGCTTTCCTGACTGCTACAA
XM_002275896.3 °MT  Rev: CTAACGGGTGGTCATCACAG 145 1.99 60 8115
WIMET1 Fw: GCACAGGCAGATTGGAAATG
XM_002267164.3 MET  Rev: AAGATGGACCTCTTGCTGTC 93 2.03 60 78.98
WIMET2 a ver  Fw: TCCCAAAGGCACCCAAAATAG 16 1 o7 s 7785

XM_002267248.4

Rev: CACCTCACGGATGTCAGAAG
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2.2.4. Genomic DNA (gDNA) extraction

The innuPREP Plant DNA Kit (Analytik Jena AG, Germany) was used to isolate genomic DNA from
frozen samples of V. vinifera cv. ‘Regent’ and ‘Trincadeira’ leaves, mock and inoculated, according to
the manufacturer’s instructions. Summarily, 0.1 g of leaf powder was used and 400 pL of lysis solution
OPT were added. The mixture was vortexed for 5 seconds. After being incubated for 30 minutes at
65°C, 100 pL of precipitation buffer were added, mixed in the vortex for 5 seconds, followed by
incubation at room temperature for 5 minutes. After centrifugation at maximum speed for 5 minutes,
clear supernatant was transferred onto a prefilter in a receiver tube and centrifuged. 4 yL of RNase A
solution were added to the previously filtered solution and incubated for 5 minutes at room temperature.
A total of 200 pL of binding solution SBS were added to the obtained lysed sample, creating a
homogeneous solution, and allowing the binding of DNA to a spin filter column. New centrifugation steps
were performed, ending with two washes with 650 pL of washing solution MS. 50 pL of elution buffer
were added and samples were incubated at room temperature for 1 minute.

Genomic DNA quality was evaluated at A260/280 nm, and Aze0/230 nm USing a spectrophotometer (NanoDrop-

1000, Thermo Scientific, USA) and its integrity was assessed on an agarose gel electrophoresis.

2.2.5. Detection of global 5-methylcytosine (5-mC) in DNA

The concentration of 5-methylcytosine (5-mC) present in gDNA was quantified using the 5-mC DNA
ELISA Kit (Zymo Research, California, USA), measured according to the manufacturer’s instructions.
Briefly, 100 yL of DNA samples were denatured at 98°C for 5 minutes in a thermal cycler, being
immediately transferred into ice for 10 minutes. Denatured DNA was then coated onto a plate by
incubating at 37°C for 1 hour. The plate was washed with 5-mC ELISA buffer three times. 5-mC ELISA
buffer was added to each well, and the plate was after covered with aluminum foil and incubated at 37°C
for another 30 minutes. The kit features a unique anti-5-methylcytosine monoclonal antibody, sensitive
and specific for 5-mC, that was added to the plate mixed with a secondary antibody (with the horseradish
peroxidase reporter — HRP). 100 pL of the antibody mix were added to each well, the plate was covered
with foil and incubated again at 37°C for 1 hour.

The antibody mix was discarded from the wells, and each well was washed three times with 5-mC ELISA
buffer. Subsequently, an HRP developer was added to each well and color development occurred. All
samples were assayed in duplicate. The absorbance was read at 405 nm after approximately 20 minutes
of color development, and a standard curve was plotted. % 5-mC in the DNA samples (mock and
inoculated) was quantified from the standard curve generated with specially designed controls included
with the kit.
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2.2.6. Statistical analysis

Statistical significance (p-value < 0.05) of gene expression between target and control samples from the
two genotypes was determined by the Mann-Whitney U test using IBM® SPSS® Statistics version 23.0
software (SPSS Inc., USA).

In addition, statistical analysis was also performed on DNA methylation data, using a Welch’s t test from

GraphPad Prism software version 8.2.1.

16



3. Results and Discussion

3.1. Characterization of DNA methyltransferases in Vitis vinifera

3.1.1. Grapevine methyltransferases identification

Eukaryotic DNA methyltransferase protein sequences from A. thaliana, O. sativa, N. tabacum, S.
lycopersicum, and Z. mays, as well as methyltransferase domains, i.e., DNMT1-RFD (pfam12047), BAH
(pfam01426), Chromo (pfam00385), DCM (COG0270) and AdoMet_MTases (pfam07757), were used
as a query in NCBI to retrieve both Vitis vinifera DNA methyltransferases mRNA and protein sequence
identifiers.

Nine grapevine methyltransferases genes were identified, and 17 methyltransferases proteins were
predicted due to alternative splicing (see Supplementary Table 1). Alternative splicing of pre-mRNA is
a conserved mechanism that is known to increase transcriptomic plasticity, proteomic complexity, and
phenotypic diversity through the production of multiple mRNA isoforms from just a single gene (Vitulo
et al. 2014; Laloum et al., 2018). These events have been observed in A. thaliana, Z. mays, O. sativa,
and V. vinifera and have been linked to plant development and stress responses (Vitulo et al., 2014;
Thatcher et al., 2016). To date, alternative splicing events were identified in the MET subfamily from O.
sativa (OsMETT1) (Yamauchi et al., 2008) and in DRM genes from strawberry (Chang et al., 2009). The
number of C5-MTases genes found in V.vinifera is comparable to that of other plants, such as A. thaliana
(11), O. sativa (10), and Z. mays (8) (Pavlopoulou & Kossida 2007; Qian et al. 2014; Ahmad et al. 2014;
Li et al. 2018).

V. vinifera C5-MTase genes were distributed among 8 of the 19 grapevine chromosomes (see Figure
3). In Z. mays, the 8 C5-MTase genes were found to be distributed equally across 6 of the 10
chromosomes (Qian et al., 2014). Regarding S. lycopersicum C5-MTases genes, Cao and co-workers
showed that the 7 genes were dispersedly located in 7 of the 12 tomato chromosomes (Cao et al.,
2014). By analyzing the Vitis vinifera results with those obtained in these two organisms, we can
conclude that the distribution of C5-MTases genes is much wider and more dispersed in maize and

tomato than in grapevine.
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Figure 3 - Prediction of the MTases genes’ location in the grapevine chromosomes using Genome Data Viewer tool
from NCBI. Proposed Vitis MTases nomenclature is shown in each chromosome. DNA methyltransferase homolog
(DNMT), chromomethylases (CMT), domains rearranged methyltransferase (DRM) and methyltransferase (MET)
are represented with different colors. Chloroplast (Chl) and mitochondrial (Mt) DNA are also symbolized.

3.1.2. Phylogenetic analysis of grape methyltransferases

To understand the phylogenetic relationships between grapevine DNA methyltransferases, an unrooted
neighbor-joining phylogenetic tree was constructed using full-length protein sequences of the 17 C5-
MTases from V. vinifera and other plant species, i.e., A. thaliana, O. sativa, and Z. mays with 11, 5, and
5 proteins, respectively (see Figure 4).

Four subfamilies were observed in the tree with well-supported bootstraps values, namely
methyltransferase (MET), chromomethylase (CMT), domains rearranged methyltransferase (DRM), and
DNA methyltransferase homolog 2 (DNMT2), which is consistent with previous studies (Pavliopoulou &
Kossida 2007; Cao et al. 2014; Qian et al. 2014; Du 2016; Gahlaut et al. 2020).

Analyzing the obtained results, VViIDNMT1 was grouped into the first subfamily with only one protein,
sharing a remarkable similarity to the DNMT2-like class in Arabidopsis, whose function is still unknown
(Pavlopoulou & Kossida 2007; Ashapkin et al. 2016; Wendte & Schmitz 2018).

The class of chromomethylases, found only in plants (Bewick et al., 2017), can be grouped into two
clades, WiCMT1 (CMT1/CMT3/ZmMET2 in Arabidopsis and maize, respectively) and VviCMT2 in
grapevine. In A. thaliana, this division is associated with sequence specificity, since CMT2 methylates
cytosines mainly in the CHH context and CMT3 methylates cytosines mostly in the CHG context.
Although AtCMT1 has no function, according to Wendte & Schmitz, its retention across angiosperms
suggests that one is yet to be discovered (Wendte & Schmitz, 2018). Some studies carried out in Z
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mays have shown that the specificity for CHG versus CHH contexts, is not as robust as observed in A.
thaliana since ZmMET2a and ZmMET2b are responsible for methylating both CHH and CHG contexts
(Li et al. 2014; Qian et al. 2014; Wendte & Schmitz 2018).

Considering the MET subfamily, VVIMET1 and VViIMET2 were identified, sharing significant similarity
with A. thaliana (AtMET2a, AtMET2b, and AtMET3) and O. sativa proteins (OsMET1-1 and OsMET1-
2). Orthologous to mammalian DNMT1, the MET proteins maintain the methylation status by recognizing
hemi-methylated CG sites and methylating the newly synthesized DNA strand during DNA replication
(Wendte & Schmitz 2018; Moglia et al. 2019).

Belonging to the DRM subfamily, VviDRM1 shared higher similarity with ZmMET3a and ZmMET3b,
while VViDRM2 exhibited a higher similarity to AADRM3, OsDRM1, and ZmMET3c. This subfamily is
responsible for catalyzing de novo methylation in all sequence contexts, although CHH methylation
tends to be first (Wendte & Schmitz 2018) (Moglia et al., 2019). DRM2 is also known to maintain DNA
in CHH methylation (Leonetti & Molinari 2020).

A phylogenetic tree with only Vitis vinifera protein sequences was created to classify the Vitis sequences
within each group (see Figure 5). Four groups were defined as previously, and the CMT group contains
seven proteins (VviCMT1 a, VViICMT1 B, VViICMT2 a, VviCMT2 3, VWviCMT2 y, VViCMT2 &, and VviCMT2
€). DNMT group contains a single protein in grapevine, which is VViDNMT1. The evolutionary branch of
DRM shows up to six protein sequences (VviDRM1, VviDRM2 a, VviDRM2 3, VviDRM2 y, VViDRM2 9,
and VViDRM2 €) and MET group comprises three proteins (VVIMET1, VVIMET2 a and VViIMET2 B).
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Figure 4 - Phylogenetic tree with Vitis vinifera protein sequences compared with proteins from other plant species, i.e.,
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chromomethylase (CMT), domains-rearranged methyltransferases (DRM) and DNA methyltransferase homologue
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relevant). Scale bar represents the number of changes per site (estimated branch length).
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3.1.3. Grapevine methyltransferase proteins: protein structure and properties

For the identified grapevine DNA methyltransferases protein sequences, molecular weight (Mw) and the
isoelectric point (pl), the identification of the conserved domains, the subcellular location, and function
were determined (see Supplementary Table 1).

Our results showed that Vitis vinifera MTases proteins have a broad spectrum of molecular weights,
between 44.85 and 176.94 kDa, which is in agreement with the already described for other plant MTases
(Sharma et al. 2009; Qian et al. 2014; Li et al., 2018). Of the 17 MTases analyzed, we can verify that
about 47.05% of the proteins have a molecular weight between 44 and 100 kDa. This group includes all
proteins from VviDRM and VViDNMT1 subfamilies and VviCMT1 a. The remaining 52.94% of proteins
corresponding to the VVIMET and VviCMT subfamilies, have values between 100 and 177kDa. Very
similar results have been observed in A. thaliana. 54.55% of protein’'s molecular weight is within the
range of values 43.7 and 94.9 kDa. The remaining percentage includes 145.0 and 174.8 kDa values

with all MET proteins and one protein from the CMT group (Li et al., 2018).
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Analyzing the isoelectric point values, grapevine MTases present a theoretical pl between 4.93 and

8.84, predicted with the pl/Mw tool from ExPASy. The same range of values was reported for A. thaliana,

which varies between 4.87 and 8.64 (Li et al. 2018). Considering the protein sequences from rice, the

pl values are not entirely in the same spectrum, having 5.14 as the lowest value and 6.65 for the highest

pl. The same occurs in maize, which has a range of values between 5.13 and 6.58 (Qian ef al., 2014).

These differences may be associated to different functions in DNA cytosine methylation.
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The presence and distribution of the conserved domains in V. vinifera sequences were analyzed by
Pfam and NCBI pBLAST tools. The N-terminals have diverse combinations of conserved domains
among subfamilies. DNMT1-RFD (PF12047), BAH (PF01426), Chromo (PF00385) and DCM
(COG0270) were observed in V. vinifera MTases proteins.

Generally, the CMT and MET families that presented greater domain diversity - between 2 and 3
conserved domains. DRM and DNMT families present only one conserved domain, except for VviDRM1,
that possesses 3 conserved domains. Our results are in agreeance with those obtained by Li et al.
regarding the MET and CMT families, as all MTases in VVIMET enzymes possess two BAH domains
while the MTases in VviCMT have only one. In addition, we note that VVIMET enzymes are characterized
by having two domains of each, BAH and DNMT1-RFD, while VviCMT possess one BAH domain and
one CHROMO domain. Present in almost every protein identified, the BAH domain was detected in 11
proteins (VViDRM1, VWiCMT1 a, VVviCMT1 3, VViCMT2 a, VVICMT2 B, VViCMT2 y, VviCMT2 8, VviCMT2
€, WIMET1, WIMET2 a and VIMET2 (), as well as the DCM domain that was predicted in almost all
of the analyzed proteins, except for one (VVIMET2 B). Analyzing the domain prediction results, not all
grapevine MTases have all 4 domains simultaneously, as is shown in Figure 6 and Supplementary Table
2.

Prediction of the subcellular location of grapevine MTases was performed using different software
packages. Fourteen MTases proteins from V. vinifera were predicted to be located in the nucleus
(VviDNMT1, VviDRM1, VviDRM2 8, VviDRM2 @8, VviDRM2 y, VViDRM2 ¢, VViDRM2 a, ViCMT1 q,
WICMT2 a, WICMT2 g, ViCMT2 6, VWiCMT2 y, VWiCMT2 B and VviCMT1 B), one in the chloroplast
(WIMET1) and the remaining proteins were predicted to be located in the vacuole (VVIMET2 a and
VVIMET2 ), as shown in Figure 7. In accordance with this, some studies revealed that the majority of
C5-MTases in rice, tomato, wheat, and peanut were reported to be in the nucleus and/or cytoplasm
(Malik et al., 2012; Cao et al., 2014; Wang et al., 2016; Gahlaut et al., 2020). Gahlaut and coworkers in
2020 revealed that the nucleus localization of many DNA methyltransferases might indicate their role in
DNA methylation, replication, and transcriptional regulation. He also stated that it is possible that C5-
MTases, which are predicted to be in the cytoplasm and nucleus, might function in the stress-
management machinery in the cell (Gahlaut et al., 2020).

Interestingly, in Ricinus communis, two members of the DRM family (DRM1 and DRM3) were predicted
to be in the nucleus, chloroplast, and mitochondria, suggesting that this MTase family might be dual-
targeted to mitochondria and chloroplasts to regulate gene expression through DNA methylation
modification in organelle genomes (Victoria et al., 2018). A dual localization may allow some of these
proteins to act as direct regulators for the coordinated expression of the mitochondrial, chloroplast, and
nuclear genomes in response to environmental and developmental signals (Victoria et al., 2018).
Another work with the same plant material suggested that the presence of these MTases in the
chloroplasts might be related to DNA methylation since their samples were from young leaf tissues (He
et al., 2017). Also, the chloroplast has been recognized for playing a significant role in the plant's stress
responses, since it has the presence of DNA and MTases methylate in this complex molecule (Ding et

al., 2019). Once immune responses are activated, chloroplasts are the source of multiple defensive
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signals, including reactive oxygen species (ROS) (Ding et al., 2019). Recent findings have observed
that chloroplasts cluster around the nucleus during plant-pathogen interactions, suggesting a pivotal
role of this positioning in plant defense, and identifies ROS as being sufficient and necessary for the

initiation of this response (Ding et al., 2019).

Blast2GO was used to determine possible roles of MTases, GO terms associated to DNA methylation,
methyltransferase activity or protein and chromatin binding activities were found which is in accordance
to the MTases general role (Finnegan & Kovac, 2000; Pavilopoulou & Kossida, 2007; Li et al., 2014).
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Figure 7 - Predicted subcellular localization of Vitis vinifera MTases. V - Vacuole; N - Nucleus; Chl - Chloroplast;
Mt - Mitochondria; ER - Endoplasmic Reticle. Created with BioRender.

3.1.4. Gene structure analysis: ORF length and exons/introns

A gene structure analysis was made through the determination of the ORF length as well as the number
of exons and introns. The length of ORFs of MTases grapevine genes varies from 1182 bp to 4710 bp
(see Supplementary Table 3). This scale of values is very similar to that observed in A. thaliana, which
show a minimum ORF length of 1152 bp corresponding to 383 aa and a maximum value of 4638 bp
corresponding to 1545 aa (Li ef al. 2018) and Z. mays with 1074 bp and 4611 bp of ORF length (Qian
et al., 2014).

The organization of exons/introns of V. vinifera MTases genes was analyzed. As shown in
Supplementary Table 3, the number of exons in the V. vinifera MTases varied from 10 to 25. We
observed that genes belonging to VWVIMET and VviDRM subfamily had around 11 to 12 exons, the
VVICMT subfamily displayed 21 to 25 exons, and the VviDNMT1 subfamily carried 10 exons. A similar

pattern was observed in A. thaliana MTases genes, which varied from 7 to 22 exons (Li et al., 2018).
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3.1.5. Methyltransferases potentially involved in grapevine immunity

Considering that MTases may play a role in grapevine defense against P. viticola, the association of
their chromosomal location with “Resistance to Plasmopara viticola” (RPV) loci was assessed. To date,
27 quantitative trait loci (QTL) associated with P. viticola resistance have been identified (Possamai et
al., 2020). Our results showed that only two MTases genes were located near to RPV loci. At 4.5
Megabase pairs (Mbp) in chromosome 4, the LOC109121395 (adopted identifier: VWiDNMT1) gene was
located near Rpv4, found at 4.7 Mbp. The LOC100258788 (adopted identifier: VviCMT1 8) gene located
at 1.2 Mbp in chromosome 6 was near the Rpv20, found at 0.9 Mbp (see Table 2). Following Divilov et
al. (2018) research, QTL on chromosome 6 may be associated with sporulation and hypersensitive

response (Divilov et al., 2018).

Table 2 - Chromosomal location of grapevine MTases genes and chromosomal location of ‘Resistance to

Plasmopara viticola — RPV’ sites

Chromosome RPV

ngz:?:r Nucleotide Gene D Chromosome Position RPV IZ?‘sri;irzgsigr:‘hee

(Mbp) (Mb)
WIDNMT1 XM_002282418.4 LOC109121395 4 4.5 Rpv4 4.7
VWIDRM1 XM_010662592.2 LOC100254189 14 27.5 Rpv19 29.5
VWIDRM2 6 XM_010651350.1 LOC100247823 5 24 Rpv11 4.1
WiCMT1 a XM_002275896.3 LOC100252100 8 20.5 Rpv17 11.7
WiCMT1 8 XM_010653042.2 LOC100258788 6 1.2 Rpv20 0.9
WIiCMT2 a XM_010663837.2 LOC100249359 16 27 - -
WICMT2 ¢ XM_010666729.2 LOC100255190 2 14.9 - -
WIMET1  XM_002267164.3 LOC100251127 7 20.7 Rpv9 16.6
WIMET2 a XM_002267248.4 LOC100240896 7 20.7 Rpv9 16.6

3.2. Vitis vinifera global 5-mC DNA levels modification upon P. viticola inoculation

The quantification of the 5-mC levels on genomic DNA was assessed in two different Vitis vinifera
cultivars, ‘Regent’ (tolerant cultivar) and ‘Trincadeira’ (susceptible cultivar) at 6, 24, 48, 72 hours post-
inoculation (hpi) and 5 days post-inoculation (dpi) with P. viticola (Figure 8). Later on, inoculated samples
were compared to the non-inoculated controls.

Through the obtained results it was possible to verify that, in general, ‘Trincadeira’ presented higher
levels of DNA methylation in the first and last timepoint after inoculation, when compared with ‘Regent’.

Furthermore, it is noteworthy that both cultivars reached their maximum level of methylation at 48 hpi.
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The susceptible cultivar ‘“Trincadeira’ presented a global hypermethylation pattern on the inoculated
samples when compared to the non-inoculated controls. At 5 dpi, inoculated samples are
hypomethylated. The tolerant cultivar ‘Regent’ presents an hypomethylation of the inoculated samples
at 6 hpi, with a continuous increase in 5-mC methylation levels up to 48 hpi, where the higher methylation
levels occur. At 5dpi, inoculated samples are again hypomethylated. It is noteworthy that only at 6 hpi,
as shown in Figure 8, the difference between these two cultivars is statistically significant.

Leonetti and co-workers reported the presence of DNA methylation in resistant and susceptible tomato
to root-knot nematodes. They showed that DNA hypomethylation was observed in roots from resistant
tomato, while DNA hypermethylation was observed in successfully infected susceptible plants (Leonetti
& Molinari 2020). Comparing with our results, we observed the same tendency. They also reported that
the regulation in the incompatible interaction was associated with DNA hypomethylation, which could
probably be linked with the inhibition of de novo methylation and the repression of methylation
maintenance. Also, it was said that all DNA MTases tested in fully infected roots were up-regulated,
sustaining the finding of a high DNA methylation state in such type of interactions with a promising
consequent gene silencing (Leonetti & Molinari, 2020).

In 2019, Sun and his colleagues investigated the variation of global DNA methylation in watermelon
(Citrullus lanatus) leaves after infection with the cucumber green mottle mosaic virus (CGMMV) at 0, 48
hpi, and 25 dpi (Sun et al., 2019). In this study, the methylation levels varied greatly after CGMMV
infection. The highest methylation level was observed in the control sample at O hpi and the lowest
methylation level at 48 hpi. After that, the global methylation level increased in the 25 dpi (Sun et al.,
2019).

Hypomethylated genes were shown to present higher expression levels, while those that suffer
hypermethylation were mainly shown to be down-regulated in plant-pathogen interactions (Hewezi et
al., 2017; Wang et al., 2018; Geng et al., 2019; Leonetti & Molinari, 2020). During cucumber mosaic
virus infection on N. benthamiana tissues, differential methylated regions (DMRs) were positively
correlated with gene expression, indicating the complex regulation of DNA methylation in the response
of tobacco to viral processes (Wang et al., 2018). Geng and co-workers also stated that, at least some,
if not all, of the defense-related genes from Aegilops tauschii that were up-regulated upon Blumeria
graminis f. sp. tritici (Bgt) infection, caused DNA hypomethylation, especially CHH hypomethylation, via
TEs (Geng et al., 2019).

Hypomethylation allows the transcription machinery to access the DNA more easily, enabling higher
levels of gene transcription, including defense-related ones. Previous studies revealed that, during the
time course of infection, signaling and defense mechanisms were preferentially more activated in
‘Regent’ (Figueiredo et al., 2012). The shown hypomethylation at 6 hpi may be contributing for the
activation of gene transcription, which may in turn aid the plant to respond faster to the pathogen attack.
The opposite can be observed when there is hypermethylation, where it can be more difficult to activate
defense genes, since there is a greater methylation of DNA. Consequently, there will be a greater
susceptibility to the pathogen, as is the case of the ‘Trincadeira’ cultivar.

At 5 dpi, hypomethylation is observed in both cultivars perhaps due to the absence of the stress
condition at this timepoint.
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Figure 8 — Global 5-methylcytosine (5-mC) in Vitis vinifera cultivars — ‘Trincadeira’ (susceptible) and ‘Regent’
(tolerant) - at five different time points (6, 24, 48, 72 hpi, and 5 dpi), when compared to the non-inoculated controls.

Asterisks (*) represent a significant difference (p value < 0.05) between susceptible and tolerant cultivars.

3.3. Expression of grapevine DNA MTases genes involved in DNA methylation

In the present study, the expression profile of grapevine DNA methyltransferases (MTases) was
evaluated in two Vitis vinifera cultivars, ‘Regent’ and ‘Trincadeira’, at five time-points 6, 24, 48, 72 hours
post-inoculation (hpi) and 5 days post-inoculation (dpi). Melting curves of reference and targeted genes
are shown in the Appendix 2 (Supplementary data 1).

When comparing the mock with the inoculated samples, the expression of some DNA methyltransferase
genes was significantly altered in the later time-points on both genotypes. WIDNMT1 presented a
statistically significant modulation in ‘Regent’ at 6 hpi and 48 hpi; VWviDRM1 in ‘Trincadeira’ at 72 hpi and
in ‘Regent’ at 6 and 48 hpi; VWiCMT2 a in ‘Trincadeira’ at 6 hpi and in ‘Regent’ at 48 hpi and 5 dpi;
WICMT1 a at 6 hpi in ‘“Trincadeira’ and at 24 hpi and 5 dpi in ‘Regent’; and finally, VWIMET2 a at 24 and
48 hpi in the ‘Regent’ cultivar (see Figure 9). DNA MTases expression cannot be directly associated to
the global methylation patterns as our global analysis comprehends all different contexts of 5-mC and
the genes studied code for DNA methyltransferases that promote sequence specific methylation.
Nonetheless, their regulation presents some cues on the regulation of this process during grapevine -

downy mildew interaction.
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3.3.1. WIDNMT1

Studies focusing on methylation have not yet unraveled the function of this methyltransferase.

In “Trincadeira’, VVIDNMT1 expression was observed to be up-regulated at 6 and 24 hpi, down-regulated
at 48 hpi and 72 hpi and then, at 5 dpi, the expression levels rose again. In contrast, expression patterns
of this DNA MTase in the ‘Regent’ cultivar, exhibited a down-regulation at 6 hpi (p value < 0.05), followed
by a slight increase in expression at 24 hpi and becoming down-regulated again at 48 hpi. An increase
of expression was then observed at 72 hpi and 5 dpi.

Overall, the expression of this MTase in the tolerant cultivar was characterized by a very pronounced
down-regulation at 6 hpi and 48 hpi. Despite no direct relation can be made, in ‘Regent’ an
hypomethylation pattern occurred at 6 hpi, thus at this specific time point the down-regulation of DNMT1
might be contributing for the methylation pattern identified.

Unfortunately, no studies have been found regarding the expression of this MTase gene in plant-
pathogen interactions.

3.3.2. WIDRM genes

The DRM genes are known to catalyze de novo methylation (Leonetti & Molinari, 2020). Also, the
maintenance of the CHH methylation includes the RdDM pathway and occurs de novo through the
activity of DRM2 (Hewezi et al., 2018; Leonetti & Molinari, 2020).

At 6 hpi, both VViDRM1 and WiDRM2 were up-regulated or presented no expression alteration in each
cultivars (Figure 9). During the remaining inoculation time-course, in the compatible interaction (V.
vinifera cv. ‘Trincadeira’), both genes were mainly up-regulated while in the incompatible interaction (V.
vinifera cv. ‘Regent’) there’s a down-regulation at 48 hpi and 5 dpi.

In fact, a study on tomato roots inoculated with the root-knot nematode detected a down-regulation of
DRM genes in the incompatible interaction (Leonetti & Molinari, 2020). The authors have hypothesized
that DNA hypomethylation in the incompatible interaction can be associated with the suppression of de
novo methylation and the inhibition of methylation maintenance (Leonetti & Molinari, 2020). A similar
pattern is observed in grapevine compatible and incompatible interaction with P. viticola (Figure 8 and
9).

3.3.3. WiICMT genes

The CMT's primary function is to maintain methylation in CHG contexts through a reinforcing loop
between CHG methylation and the methylation of lysine 9 of histone H3 (H3K9) (Zhu et al., 2020). CHH
methylation can also be performed by this class of MTases (Leonetti & Molinari, 2020).

In grapevine we have identified two clades, VWiCMT1 (similar to CMT1/CMT3/ZmMET in Angiosperms)
and WiCMT2.
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Considering both compatible and incompatible interactions, VWiCMT2 a was significantly up-regulated
in ‘Trincadeira’ at 6 hpi, remaining mostly up-regulated during the inoculation time-course. In ‘Regent’,
this gene was down-regulated (see Figure 9) up to 5 dpi where it sustained a significant up-regulation.
In the susceptible cultivar, the WiCMT1 a presented a statistically significant increase of expression at
6 hpi, while in the remaining inoculation time-course it presented a down-regulation at 48 and 72 hpi.
WIiCMT1 pwas down-regulated at 24, 48 hpi and 5 dpi (Figure 9). In the tolerant cultivar ‘Regent’, both
WIiCMT1 a and WiCMT1 g presented the same modulation pattern, being down-regulated at most of
the inoculation time-course with the exception of 24 hpi, where both genes were up-regulated (Figure
9). WIiCMT1 is similar to CMT3, previously shown to be involved in de novo DNA methylation (Kuznicki
et al., 2019). CMT3 expression was previously described to be accompanied by ROS17 activation in a
study where potato leaves were immunized by spraying with $-aminobutyric acid (BABA) (Kuznicki et
al., 2019). The up-regulation of ‘Regent’ VviCMT1 genes might be associated to the methylation pattern
identified in ‘Regent’, with an increase of DNA methylation from 6 hpi to 48 hpi.

Moreover, WiCMT genes appear to be the most down-regulated in ‘Regent’, suggesting that their
regulation might be associated with the DNA demethylation pattern. The down-regulation of the CMT
genes has been previously reported in tomato roots inoculated with the root-knot nematode at 7 dpi
(Leonetti & Molinari, 2020) and in watermelon when infected with cucumber green mottle mosaic virus
at 48 hpi (Sun et al., 2019), further illustrating that this family of enzymes can be relevant in the context

of infection.

3.3.4.WIMET genes

The CG methylation is maintained by methyltransferase 1 (MET1). The expression profile of both
WIMET1 and WIMET2 a genes was mainly constant throughout the inoculation time-course in both
genotypes, except for VWIMET2 a in ‘Regent’ that presented a statistically significant up-regulation at 24
hpi and a down-regulation at 48 hpi.

In the compatible interaction, VWIMET2 a showed a similar up-regulation to that observed in tomato
MET1 genes in roots inoculated with the root-knot nematodes (Leonetti & Molinari, 2020). The authors
also stated that this up-regulation may support a high DNA methylation state with a possible consequent
gene silencing (Leonetti & Molinari, 2020). The up-regulation of VWIMET2 a in the compatible interaction
may indicate the existence of gene silencing after P. viticola inoculation which is consistent with previous
studies that shown down-regulation of defense-related transcripts in ‘“Trincadeira’ leaves inoculated with
P. viticola (Figueiredo et al., 2012; Figueiredo et al., 2016).
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Figure 9 - Heatmap of 8 grapevine DNA C5-MTases expression in V. vinifera cv ‘Regent’ and V. vinifera cv ‘Trincadeira’ at 6, 24,

48, 72 hpi and 5 dpi with P. viticola. Each column indicates a time-point (6, 24, 48, 72 hpi and 5 dpi) and each row represents a

MTase gene in the susceptible grapevine genotype (‘Trincadeira’) or in the tolerant grapevine genotype (‘Regent’). Green indicates

low expression levels, red indicates high expression levels. Asterisks (*) represents significant difference (p < 0.05) between target

and control samples.
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4. Conclusion and future perspectives

This project's main aim was to untangle the role of the Vitis vinifera DNA methyltransferase (MTase)
gene family in the establishment of compatible and incompatible interactions between grapevine and
Plasmopara viticola, the causal agent of downy mildew disease. Nine grapevine MTase genes were
identified, distributed among 8 of the 19 grapevine chromosomes, coding for 17 methyltransferases
proteins as a result of alternative splicing.

These MTases were grouped into four different classes, namely methyltransferase (MET),
chromomethylases (CMT), domains rearranged methyltransferase (DRM), and DNA methyltransferase
homolog (DNMT), according to their similarity. A subcellular location analysis showed that most of the
grapevine MTases were located in the nucleus, vacuole, and chloroplast, which had been already
described in the literature as some of the organelles with a significant role in the plant's stress responses.
Moreover, some of the grapevine MTases genes showed to be located near to the loci associated with
Vitis vinifera resistance against Plasmopara viticola.

The second goal of this project was to determine and correlate the DNA global methylation patterns with
DNA MTase gene expression in two Vitis vinifera cultivars (‘Regent’ and ‘Trincadeira’) after P. viticola
inoculation. A global analysis of 5-mC methylation and gene expression of grapevine DNA
methyltransferases in the two different Vitis vinifera genotypes, susceptible and tolerant to P. viticola,
was conducted. ‘Trincadeira’ 5-mC percentage results revealed that inoculated samples presented
higher methylation than the control samples up to 5 dpi. Also, in ‘“Trincadeira’, MTases genes were
mostly up-regulated. On the other hand, ‘Regent’ gene expression analysis revealed that both the CMT
genes and DNMT1 appear to be the most down-regulated at both 6 and 48 hpi, suggesting that the
down-regulation of these enzymes may be associated to the DNA demethylation pattern observed at 6
hpi and after 48 hpi. Our results may suggest that CMT and DNMT1 genes may be involved in the

epigenetic modulation associated to the establishment of the incompatible interaction.

In the future, it will be interesting to study, through bisulfite genomic sequencing analysis, the
methylation state of the promoters of the defense genes in order to understand if there are differences
between the two V. vinifera genotypes, ‘Regent’ and ‘Trincadeira’.

Furthermore, instead of performing global methylation analysis, it would also be exciting to study the
concentration of each type of cytosine methylation along genic regions. It would be possible to see
where there is a greater or lesser amount of methylation along the gene by using the bisulfite sequencing
method. Just as several studies have done so far, by comparing with their expression, it would be
possible to be more certain of the function of this gene.

Therefore, understanding the MTases family genes' methylation patterns in grapevine leaves would also
be quite intriguing, as well as, studying the expression of DNA demethylation.

As can be concluded, epigenetics is a very dynamic mechanism with much to investigate and discover,
both at the animal and plant level.
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6. Appendix

6.1. Appendix 1

Supplementary table 1 - General features of grapevine DNA methyltransferases. Adopted identifier, gene, nucleotide and protein accessions, protein name predicted, enzymes

code, length, molecular weight, and isoelectric point are represented.

NCBI
Adopted Position . ; i . Length Mol Wt.
identifier Chr Gene Locus Start (bp) End (bp) (mean) Nucleotide Protein Sequence Description (Predicted) (aa) (kDa) pl
WIDNMT1 4 LOC109121395 4545263 4550254 4,545 XM 002282418.4 XP_ 0022824542 tRNA (cytosine-5-)-methyltransferase 4992 44,85 577
VVIDRM1 14 LOC100254189 27478355 27491506 27,478 XM 0106625922 XP_010660894.1 DNA (CytOSi”e'é’)é,r\"ﬂgthy'”ans‘cerase 13152 67,63 4,93
WIDRM25 5 LOC100247823 2360357 2376603 2,360 XM_010651350.1 XP 010649652.1 Propableinactive DNA (cytosine-S)-  yer47 8537 562
methyltransferase DRM3 isoform X1
WIDRM2B 5 LOC100247823 2360357 2376603 2,360 XM 0192201531 XP_ 0190756981 Probable inactive DNA (cytosine-8)- 14547 g9 14 554
methyltransferase DRM3 isoform X2
WIDRM2y 5 LOC100247823 2360357 2376603 2,360 XM_002264190.2 XP 0022642261 Propableinactive DNA (cytosine-S)-  yer47 7980 563
methyltransferase DRM3 isoform X3
. probable inactive DNA (cytosine-5)-
WiDRM2e 5 LOC100247823 2360357 2376603 2,360 XM 0192201541 XP_019075690.1 Propsiie acle D (VOBN-Cr 16247 7844 578
WIDRM2a 5 LOC100247823 2360357 2376603 2,360 XM_019220155.1 XP 0190757001 Propableinactive DNA (cytosine-S)-  4er47 g5 a4 636
methyltransferase DRM3 isoform X5
WICMT1a 8 LOC100252100 20455472 20461551 20455 XM_002275896.3 XP_002275932.1 putative DNA (cytosine-5)- 6080 9274 564

methyltransferase CMT1
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Supplementary table 1 (cont.) - General features of grapevine DNA methyltransferases. Adopted identifier, gene, nucleotide and protein accessions, protein name predicted,

enzymes code, length, molecular weight, and isoelectric point are represented.

Adopted

identifier

VWiCMT2 a

VVIiCMT2 ¢

VviCMT2 &

VVIiCMT2 y

VViCMT2 8

VViCMT1 8

VVIiMET1

VVIMET2 a

VVIMET2 B

Chr

16

Gene Locus

LOC100249359

LOC100255190

LOC100255190

LOC100255190

LOC100255190

LOC100258788

LOC100251127

LOC100240896

LOC100240896

Start (bp)

2651859

14901820

14901820

14901820

14901820

1170549

20695405

20683937

20683937

End (bp)

2694284

14984120

14984120

14984120

14984120

1184405

20704884

20691274

20691274

Position
(mean)

2,652

14,902

14,902

14,902

14,902

1,171

20,695

20,684

20,684

NCBI

Nucleotide

XM_010663837.2

XM_010666729.2

XM_010666733.2

XM_010666739.2

XM_019225253.1

XM_010653042.2

XM_002267164.3

XM_002267248.4

XM_019221170.1

Protein

XP_010662139.1

XP_010665031.1

XP_010665035.1

XP_010665041.1

XP_019080798.1

XP_010651344.1

XP_002267200.1

XP_002267284.3

XP_019076715.1

Sequence Description (Predicted)

DNA (cytosine-5)-methyltransferase
CMT2 isoform X2

DNA (cytosine-5)-methyltransferase
CMT2 isoform X1

DNA (cytosine-5)-methyltransferase
CMT2 isoform X2

DNA (cytosine-5)-methyltransferase
CMT2 isoform X4

DNA (cytosine-5)-methyltransferase
CMT2 isoform X3

DNA (cytosine-5)-methyltransferase
CMT3

DNA (cytosine-5)-methyltransferase 1

DNA (cytosine-5)-methyltransferase 1
isoform X1

DNA (cytosine-5)-methyltransferase 1
isoform X2

Length Mol Wt.

(aa) (kDa)
42426 100,35
82301 160,80
82301 160,55
82301 151,24
82301 153,52
13857 108,07

9480 174,74

7338 174,62

7338 176,94
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pl

8,37

8,75

8,75

8,84

8,75

5,25

5,79

5,93
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Supplementary table 2 - Domain prediction results from the identified grapevine DNA methyltransferases

Domains

Adopted
identifier

DNMT1-RFD BAH Chromo DCM AdoMet_MTases
VviDNMT1
VviDRM1
VviDRM2 &
VviDRM2 B
VviDRM2 y

VviDRM2 ¢

o O o o o o o
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o o ol o o o o o
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Supplementary table 3 - Gene structure analysis of grapevine methyltransferases. Open Reading Frame (ORF)

length and the number of exons and introns are represented

Qgﬁﬁ:?; Exons Introns ORF Length (nt| aa)
VviDNMT1 10 9 1182 | 393
VviDRM1 11 10 1809 | 602
VviDRM2 & 12 11 2205|734
VviDRM2 B 12 11 2151|716
VviDRM2 y 12 11 2139|712
VviDRM2 ¢ 12 11 2097 | 698
VVviDRM2 a 12 11 1770 | 589
VViCMT1 a 21 20 2490 | 829
VViCMT2 a 24 23 2679 | 892
VViCMT2 ¢ 25 24 4299 | 1432
VVviCMT2 & 25 24 4293 | 1430
VVviCMT2 y 25 24 4050 | 1349
VviCMT2 25 24 4095 | 1364
VViCMT1 B 22 21 2898 | 965

VVIMET1 12 11 4650 | 1549
VVIMET2 a 11 10 4650 | 1549
VVIMET2 B 11 10 4710 | 1569
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6.2. Appendix 2

Supplementary data 1 — Melting curves of reference and targeted genes: A) SAND; B) EF1a; C) WiDNMT1; D)
WIDRM?2 &; E) WiIDRM1; F) WiCMT2 a; G) WiCMT1 B; H) WiCMT1 a; |) WIMET1; J) WIMET2 a.

A) SAND - Melt Curve B) EF1a — Melt Curve
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Supplementary data 1 (cont.) — Melting curves of reference and targeted genes: A) SAND; B) EF1a; C) VWiDNMTT,

D) WIDRM2 &; E) WiDRMT; F) WICMT2 a; G) WiCMT1 B; H) WiCMT1 a; 1) WIMET1; J) WIMET2 a.

E) WiIDRM1 — Melt Curve F) WICMT2 a — Melt Curve
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Supplementary data 1 (cont.) — Melting curves of reference and targeted genes: A) SAND; B) EF1a; C) ViDNMTT,

D) WIDRM2 &; E) WIDRMT; F) WICMT2 a; G) WiCMT1 B; H) WiCMT1 a; 1) WIiMET1; J) WIMET2 a.
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) WIMET1 — Melt Curve
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