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SUMMARY

Grapevine is one of the most important fruit plants in the world, mainly due to its grapes and related products, with a highly economic and
cultural importance. Every year, vineyards are affected by several pathogen outbreaks and the only way to control them is through
preventive applications of agrochemicals every 12 to 15 days. This approach is not sustainable and not always effective. The Vitis genus
comprise different species that exhibit varying levels of resistance to pathogens, thus the understanding of the innate
resistance/susceptibility mechanisms of these different Vitis species is crucial to cope with these threats. In this work, an untargeted
metabolomics approach was followed, using Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR-MS), to analyse the
metabolic chemical diversity of two Vitis species: Vitis rotundifolia (resistant to pathogens) and V. vinifera cv. ‘Cabernet Sauvignon’
(susceptible to pathogens). Chemical formulas from both Vitis were used to build Van Krevelen diagrams and compositional space plots,
which do not require full metabolite identification and provide an easy comparison method. Based only on these visualization tools, it was
shown that the V. rotundifolia metabolome is more complex than the metabolome of V. vinifera cv. ‘Cabernet Sauvignon’. Moreover, the
regions that present a higher density are associated to lipids, polyketides and carbohydrates. Also, V. rotundifolia metabolome presented a
higher ratio O/C compounds.

RESUMO

A videira, devido as uvas e seus derivados, ¢ uma das plantas de fruto mais importantes em todo o mundo, com elevada importancia
economica e cultural. Todos os anos, as vinhas sdo afetadas por diversos agentes patogénicos e a unica forma de os controlar ¢ a através do
uso preventivo de fitoquimicos a cada 12-15 dias. Esta abordagem néo ¢ a mais sustentavel e nem sempre é a mais eficaz. O género Vitis
possui diferentes espécies que exibem diferentes niveis de resisténcia a patdgenos, sendo por isso importante o estudo dos mecanismos de
defesa de Vitis que sdo naturalmente resistentes/suscetiveis de forma a conseguir minimizar os impactos causados por estas ameagas. Neste
trabalho, foi seguida uma abordagem de metabolomica nao direcionada, usando espectrometria de massa de ressonancia ciclotronica de ido
e transformada de Fourier (FT-IC-MS), para analisar a diversidade quimica de duas espécies de Vitis: Vitis rotundifolia (resistente a
patogenos) e V. vinifera cv. ‘Cabernet Sauvignon’ (suscetivel a patégenos). As formulas quimicas obtidas de ambas as Vitis foram usadas
para construir diagramas de van Krevelen e graficos de composigéo elementar. Estas analises ndo requerem uma identificagdo absoluta do
metabolito, permitindo uma réapida, facil visualizagao e interpretacdo dos dados. A partir destas técnicas de visualizagdo, percebeu-se que o
metaboloma de V. rotundifolia ¢ mais complexo que o metaboloma de V. vinifera cv. ‘Cabernet Sauvignon’. As regides que apresentaram
uma maior densidade de formulas quimicas encontram-se associadas a classe dos lipidos, glicidos e policetideos. O metaboloma de V.
rotundifolia apresentou compostos com racio O/C mais elevado.
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INTRODUCTION

The history of the grapevine is long and extremely
complex with different theories and is present in the
human culture since ancient times. Geographical and
archaeological studies show that cultivation and
domestication of grapevine appear to have occurred
between the 7000 and the 4000 BC (Garcia and
Revilla, 2013; Fortes and Pais, 2016), with
fermentation processes being developed since 6000
BC (Terral et al., 2010). Despite its importance, only
one grapevine species was domesticated, while the
others remain practically wild.

The genus Vitis comprises two sub-genera:
Muscadinia and Fuvitis differing in morphological,
anatomical and cytological characters. The
Muscadinia sub-genera comprise three species,
while the Euvitis includes Vitis vinifera, with the
subspecies sylvestris (wild vines) and vinifera (or
sativa), the domesticated one. A great majority of
cultivars, now widely cultivated for fruit, juice and
mainly for wine belong to Vitis vinifera subsp.
vinifera (Sefc et al., 2003; This et al., 2006).

Due to its cultural and economic importance, V.
vinifera is considered one of the most important fruit
crops in the world, with a global market size of 31
billion euros (OIV, 2019). However, it is highly
susceptible to different pathogens, such as
Plasmopara viticola (Berk. & Curt.) Berl. & de
Toni) Beri, et de Toni, Erysiphe necator (Schweinf.)
Burrill and Botrytis cinerea Pers., the causal agents
of downy, powdery mildew and gray mold,
respectively, requiring preventive applications of
chemical products for disease control. On the other
hand, Muscadinia species exhibit varying levels of
resistance to the pathogens. Understanding the
innate molecular basis resistance/susceptibility
mechanisms of these different Vitis species became
crucial for the development of new V. vinifera
varieties, more resistant to pathogens. Recently, our
group showed that the metabolome of V. vinifera
cultivars is different from other Vitis species (Maia
et al, 2020a) with different degrees of
tolerance/susceptibility to fungal and oomycete
related pathogens, highlighting the importance of
chemical fingerprinting and its relevance in the
identification of resistance/susceptibility-related
biomarkers.

The ultra-high-resolution and ultra-high-mass
accuracy Fourier Transform Ion Cyclotron
Resonance mass spectrometry (FT-ICR-MS) is
considered to be superior to any other analytical
technique and is one of the best approaches to
perform untargeted analysis of complex samples
(Kuhnert et al., 2020). Due to its characteristics, it
allows the detection of a large number of analytes in
a single experiment providing a chemical fingerprint
of any given sample and a reliable information on
the elemental composition of all analytes detected

(Wu et al., 2004; Gougeon et al., 2009; Kuhnert et
al., 2020). Such characteristics allow the
characterization of different samples, eg: wine
(Roullier-Gall et al., 2017, 2018), black tea (Kuhnert
et al., 2010), coffee (Jaiswal et al., 2012) and
grapevine leaves (Becker ef al., 2013; Maia et al.,
2016, 2020a; Adrian et al., 2017).

Untargeted analysis of complex samples generates
very complex mass spectrum (Gutiérrez Sama ef al.,
2018), making the analysis challenging due to the
difficulty to easily represent and visualize the data.
Hence the wvalidation of graphical methods
supporting the interpretation and comparison of
FT-ICR-MS complex data is very important. Two
types of graphical representation were developed,
allowing a comprehensive interpretation of complex
mass  spectrometry data from  untargeted
metabolomics approaches, both based only on the
identified chemical formulas: two-dimensional van
Krevelen (VK) diagrams displaying H/C
(hydrogen/carbon) versus O/C (oxygen/carbon)
ratios (Van Krevelen, 1950) and compositional
space plots that use double-bond equivalents (DBE)
values (Wu et al., 2004; Mann et al., 2015; Kew et
al., 2017; Brockman et al., 2018; Gutiérrez Sama et
al., 2018). Analyzing the elemental composition of
the different samples allows the qualitative
comparison between series of related samples in
terms of their chemical complexity. Van Krevelen
diagrams and compositional space plots convey
simple, albeit qualitative information on the main
molecular classes represented (Tziotis et al., 2011,
Roullier-Gall ef al., 2014, 2017; Adrian et al., 2017,
Gutiérrez Sama et al.,, 2018). Moreover, in VK
diagrams, the H/C ratio is related to the degree of
separation, whereas the O/C ratio is related to
oxidation (Wu et al., 2004). In plants, the degree of
oxidation of certain compounds and their saturation
are extremely important as they can be associated to
defense responses to biotic and abiotic stresses
(Torres et al., 2006). This tool has been mainly used
in organic matter samples but due to its easy
application to the analysis of complex samples, VK
diagrams have recently been used to discriminate
samples of biological origin. So far, these plots have
been used to study the volatile profile of varietal
olive oils from Alentejo region (Martins et al.,
2020), satureja essential oils (Maccelli et al., 2020),
bottle-aged Chardonnay wines (Roullier-Gall et al.,
2017) and for early detection of grapevine leaves’
infection (Maia et al., 2019).

The present work aimed to compare the chemical
diversity of two Vitis species (Vitis rotundifolia and
V. vinifera cv. ‘Cabernet Sauvignon’), without any
stress, with different resistance levels to pathogens,
through an untargeted metabolomics approach. In
this study, both van Krevelen (VK) diagrams and
compositional space plots were applied to the
comparison of Vitis rotundifolia and V. vinifera cv.



‘Cabernet Sauvignon’ metabolomes in order to
identify  visually differences between both
metabolomes and associate their
resistance/susceptibility to pathogens to these
metabolic differences. Grapevine genotypes were
selected according to their resistance/susceptibility
towards pathogens and importance in the wine
industry. V. rotundifolia, the best known Muscadinia
species, originated in the south-eastern United States
serves as a rootstock to cope with the high sensitivity
of European grapevines to Phylloxera disease
(Fortes and Pais, 2016). Also, V. rotundifolia is
highly resistant to the different pathogens
(https://www.vive.de/). Vitis vinifera cv. ‘Cabernet
Sauvignon’ is one of the most planted grapevine
cultivar in the world, covering an area of 341000 ha,
and one of the most widely distributed across the
world, mainly grown in China, France, Chile, the
United States, Australia, Spain, Argentina, Italy and
South Africa (OIV, 2017). This cultivar, widely
cultivated worldwide, is highly susceptible to
different pathogens.

MATERIALS AND METHODS
Plant material

Vitis vinifera cv. ‘Cabernet Sauvignon’ and Vitis
rotundifolia leaves were collected in the spring
(May) from field grown plants belonging to the
Portuguese Ampelographic Grapevine Collection
(CAN, international code PRTO051, established in
1988), at INIAV- Estagdo Vitivinicola Nacional
(Dois Portos) (Veloso et al., 2010). CAN occupy
nearly 2 ha of area with homogeneous modern
alluvial soils (lowlands) as well as well drained soil.
For all accessions in the field, a unique cultivar
rootstock was used - Selection Oppenheim 4 (SO4)
and each accession come from one unique plant. The
climate in this region is temperate with dry and mild
summer. The degree of resistance of the genotypes
was accessed through bibliographic searches
following the classification of International
Organisation of Vine and Wine
(https://www.oiv.int) and Vitis International Variety
Catalogue VIVC (https://www.vivc.de/). For plant
material collection, the best possible health status
was guaranteed. The third to fifth leaves, from the
shoot to apex, were collected from seven fully
developed plants and immediately frozen in liquid
nitrogen. Leaves were stored at —80 °C until
analysis. Three biological replicates were
considered for analysis. Plant material was ground in
liquid nitrogen and used for metabolite extraction in
the week after material collection.

Metabolite extraction and FT-ICR-MS analysis

Metabolite extraction from V. vinifera cv. ‘Cabernet
Sauvignon’ and V. rotundifolia leaves was
performed following a previously developed
protocol (Maia et al, 2016), with minor

modifications (Maia et al., 2020a). Briefly, after
metabolite extraction with different solvents, the
methanol fraction collected was diluted 1000-fold in
methanol and analysed by direct infusion on an
Apex Qe 7-Tesla Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer (FT-ICR-MS, Briiker
Daltonics). Leucine enkephalin (YGGFL, Sigma
Aldrich) was added to all replicates as internal
standard ([M+H]" =556.276575 Da or [M-H] =
554.262022 Da). For positive ion mode analysis
(ESI"), formic acid (Sigma Aldrich, MS grade) was
added to all replicates at a final concentration of
0.1% (v/v). Spectra were acquired at both positive
(ESI") and negative (ESI") electrospray ionization
modes and recorded between 100 and 1000 m/z, as
previously described (Maia et al., 2020a).

Data processing and chemical formula analysis

For all mass spectra, single point calibration with
leucine enkephalin was performed using Data
Analysis 5.0 (Briiker Daltonics, Bremen, Germany).
Peaks were considered at a minimum signal-to-noise
ratio of 4. For each replicate of V. vinifera ‘Cabernet
Sauvignon’ and V. rotundifolia, mass lists were
extracted. The metabolomics data are available in
figshare data repository (Maia et al.,, 2020b).
Putative assigned formulas were calculated using
Data Analysis 5.0 smart formula tool following the
upper formula (CsgH 26027P9S14Ny) and lower
formula (C;H;0O¢P,S¢Ny). Formulas were exported
to build van Krevelen (VK) diagrams, for
compositional space analysis and determination of
the elemental composition. The H/C ratio versus the
O/C ratio for every compound in the sample were
calculated and plotted, double bond equivalents
(DBE) values were calculated (DBE =
C-H/2+N/2+1) based on the CcHhOoNnSn
molecular formula of each compound and plotted as
a function of the number of carbon atoms. For
elemental composition analysis, putative assigned
formulas from each replicate were firstly combined
and formulas presented only in one replicate were
excluded. Only formulas presented in 2/3 replicates
were considered for the analysis. Chemical formulas
detected in each Vitis were divided in seven classes
(CHO, CHOS, CHONS, CHOP, CHONP,
CHONSP, OTHER) according to the chemical
elements present: carbon, hydrogen, oxygen,
nitrogen, sulphur, phosphorus and other.

RESULTS AND DISCUSSION

There is an increasing demand for more sustainable
agricultural practices. In fact, since 2009, guidelines
from the European Union (Directive 2009/128/EC)
demand a reduction and sustainable use of pesticides
(Scoones, 2016). To cope with these demands,
researchers have been trying to uncover the
defense/resistance grapevine mechanisms through
“omics” studies aiming to help producers and
industries for a sustainable viticulture (Buonassisi et



al.,2017; Li and Yan, 2020). Hence, the comparison
of different Vitis genotypes with different
resistance/susceptibility levels towards pathogens
may allow a better understanding of these
mechanisms. Since the metabolome is the first to be
affected by changing conditions and provides
information of current state of the organism, the
study of different grapevine  genotypes
metabolomes, without stress, may highlight their
innate resistance/susceptibility capabilities (Maia et
al., 2020a). Having this in mind, the metabolome of
two Vitis species, with different resistance levels to
various pathogens was analysed in order to compare
their chemical diversity and possibly relate their
resistance or susceptibility to pathogens.

An untargeted metabolomics analysis using
FT-ICR-MS was performed and the number of peaks

Table I

detected in V. vinifera cv. ‘Cabernet Sauvignon’ in
positive ionization mode was around 1600 peaks per
replicate and in negative mode was around 750
(Table I). In V. rotundifolia around 1100 peaks were
detected in ESI'-MS and around 600 peaks were
detected in ESI'-MS (Table I). Replicates results
demonstrate a high analytical reproducibility of the
data obtained, indicating that the analysis of the
metabolome profile of each Vitis leaves appears to
be sufficiently consistent to distinguish these two
Vitis species with different resistance levels to
various pathogens. To provide insight into
metabolite diversity, chemical formulas were
assigned to the detected masses of each Vitis. A total
of 385 and 1227 different formulas were detected
respectively in V. vinifera ‘‘Cabernet Sauvignon’’
and V. rotundifolia (Table II).

Number of peaks detected with ESI'-MS and ESI'-MS in both Vitis genotypes

Number of peaks detected

Vitis Replicates
ESI'-MS ESI'-MS

V. vinifera ‘Cabernet Sauvignon’ CS1 1642 768
CS2 1599 838
CS3 1631 710
V. rotundifolia ROT 1 1162 649
ROT 2 1091 558
ROT 3 1092 607

Table 11

Number of elemental formulas detected in both Vitis according to their elemental composition: CHO, CHOS, CHON, CHONS, CHOP,

CHONP, CHONSP

and other

Number of elemental formulas

Vitis
Total by
CHO CHOS CHON CHONS CHOP CHONP CHONSP Other Tonization Total
mode
V. vinifera 8¢ 0¢ 9¢ 3¢ 3¢ 23 ¢ 1¢ 12° 59 ¢
‘Cabernet 385
Sauvignon 6V 4v 38V 33V 14" 1 45" 75 326"
13¢ 0° 29¢ 2¢ 15¢ 88 ¢ 29¢ 19¢ 195°¢
V. rotundifolia 1227
20V 39V 121V 140 ¥ 55V 232V 174V 251V 1032 ¥

¢ EST-MS; ¥ ESI'-MS.



Compositional space plots and VK diagrams were
generated for both genotypes and ionization modes
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(Figure 1) highlighting a wide chemical diversity
between the two Vitis genotypes under analysis.
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Figure 1. Van Krevelen diagrams of V. vinifera cv. ‘Cabernet Sauvignon’ (CS) and V. rotundifolia (ROT) in ESI'-MS and
ESI'-MS. Areas with the highest point density are highlighted for the three most important major classes of metabolites: lipids,
polyketides, carbohydrates.

The positive ionization mode presented a higher
number of peaks and consequently a higher number
of chemical formulas (Table I and II) in both species
analyzed. Empirical regions of metabolic classes of
the chemical formulas detected were also created in
each VK diagram. The regions that present a higher
density are associated to lipids, polyketides and
carbohydrates. The lipids class is one of the most
represented in both Vitis genotypes analyzed. V.
rotundifolia presented a higher number of
compounds in the carbohydrate and polyketides
region (Figure 1). In fact, polyketides are secondary
metabolites involved in plant defense against
pathogens. Within polyketides, flavonoids can be
highlighted, considered to be one group of aromatic
polyketides. In grapevine, flavonoids have already
been identified as been associated to grapevine
defenses against downy mildew (Buonassisi et al.,
2017; Chitarrini et al., 2017; Nascimento et al.,
2019). Recently, our group also associated these
compounds to resistant/tolerant and susceptible
cultivars discrimination in no stress conditions (Maia
et al., 2020a). Concerning carbohydrates, these
metabolites are important signaling molecules
involved in biotic and abiotic stresses (Trouvelot et
al., 2014). Moreover, by comparing both samples, it
is clear that V. rotundifolia presents a higher number
of compounds with a higher O/C value, suggesting
the presence of a higher number of oxidized
compounds. Since plants do not possess mobile

defense cells, their innate immunity depends on an
effective signal transduction between cells to
activate defense responses. One of these signals is
the production of reactive oxygen species (ROS)
(Torres et al., 2006; Frederickson Matika and Loake,
2014; Gonzalez-Bosch, 2018). The majority of the
studies regarding oxygenated species in plants are
performed upon plant challenge with a pathogen and
not at a constitutive level (Doke et al., 1996;
Figueiredo et al., 2017; Nascimento et al., 2019).
Hence, the significance of this accumulation of
oxidized compounds observed in V. rotundifolia
must not be discarded and should be investigated in
future experiments.

The DBE vs. the number of carbons were plotted for
FT-ICR-MS data (Figure 2). Vitis rotundifolia, in
both ionization modes, presented a larger number of
compounds with a DBE values and with more carbon
atoms in their structure. A recent study with Vitis
vinifera cv. ‘Regent’ (a tolerant cultivar to
pathogens) and Vitis vinifera cv. ‘Trincadeira’ (a
susceptible cultivar to pathogens) infected with
Plasmopara viticola, showed that, after infection the
tolerant cultivar presented a higher content of
unsaturated fatty acids which leads to a more fluid
and permeable membrane and as a consequence to a
better defense response to the pathogen (Laureano et
al., 2018). The results obtained, although without
pathogen challenge, are consistent with that study.
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Figure 2. Compositional space plot of V. vinifera cv. ‘Cabernet Sauvignon’ (CS) and V. rotundifolia (ROT) in ESI'-MS and ESI'-MS.

To better understand and investigate this Significant differences between the two Vitis
phenomenon, future studies should be performed. genotypes were observed, being CHON, CHONS,
CHOP, CHONP and CHONSP the -elemental
formulas with the highest differences and more
present in Vitis rotundifolia (Figure 3).

Elemental formulas of each compound detected were
also investigated for both genotypes (Figure 3).
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Figure 3. Chemical histogram of V. vinifera cv. ‘Cabernet Sauvignon’ (CS) and V. rotundifolia (ROT) according to the elemental formulas
detected: CHO, CHOS, CHON, CHONS, CHOP, CHONP, CHONSP and other.



CONCLUSIONS

In this work, two different Vitis genotypes that
present different resistance levels towards pathogens
were compared at the constitutive metabolic level
through different visualization approaches. The
results showed that both compositional space plots
and VK diagrams allowed a fast comparison of
chemical diversity between both metabolomes.
Through these visualization techniques, it was
shown that V. rotundifolia metabolome presented
higher complexity than the metabolome from V.
vinifera ‘Cabernet Sauvignon’. Also, higher
representation of compounds from the polyketides
and carbohydrates groups was found in V.
rotundifolia, which is in accordance with other
studies. The presence of more oxidized compounds
in the resistant Vitis at the constitutive level was also
observed, and further studies should be conducted to
better understand if their presence is associated to a
higher capability to react upon pathogen challenge.
These results open new insights into the study of
constitutive compounds in grapevine through the
analysis of complex untargeted data through visual
tools.
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