Early events of grapevine resistance towards downy
mildew by a systems biology approach

Compreensao dos mecanismos de resisténcia da videira ao mildio usando uma
abordagem de biologia de sistemas

Andreia Figueiredo®, Mdnica Sebastiana?, Joana Martins?, Filipa Monteiro?, Ana V. Coelho? e
Maria S. Pais!

Lpiant Molecular Biology and Biotechnology Group, Biosystems & Integrative Sciences Institute (BioISI), Science Faculty of Lisbon University, 1749-016 Lishoa, Portugal
E-mails: *aafigueiredo@fc.ul.pt, author for correspondence; mgsebastiana@fc.ul.pt; fimonteiro@fc.ul.pt; msalomepais@gmail.com

2Instituto de Tecnologia Quimica e Bioldgica Antdnio Xavier, Universidade Nova de Lisboa, Av. da Republica - EAN, 2780-157 Oeiras, Portugal
E-mails: jfmartins88@gmail.com; varela@itgb.unl.pt

Received/Recebido: 2015.02.27
Accepted/Aceite: 2015.04.30

ABSTRACT

Grapevine downy mildew, caused by the fungus Plasmopara viticola (Berk. & Curt.) Berl. & de Toni was introduced in
European vineyards in the 1870s and quickly spread to all major grape-producing regions worldwide. The early events
of grapevine resistance to P. viticola were accessed using transcriptomic, metabolomic and proteomics approaches in
the cultivars, ‘Regent” and ‘Trincadeira’, resistant and susceptible to downy mildew, respectively. At the transcript level
the resistant genotype ‘Regent’ presents signalling and defence-related transcripts up-regulated as soon as 6hpi. At the
metabolome level, our results show that “Trincadeira” and ‘Regent” are intrinsically different as ‘Regent’, the resistant
cultivar, is able to activate the phenylpropanoid pathway and to accumulate linolenic acid, the precursor of jasmonate
in the octadecanoid cascade. At the proteome level ‘Regent” presents upregulated proteins mainly belonging to the
functional categories of photosynthesis, carbohydrate metabolism and defence, indicating that this cultivar makes a
more efficient use of light, in CO, assimilation and obtaining intermediate metabolites from photoassimilates for the
biosynthesis of secondary metabolites and subsequent defence responses. Our data brings new insights on the molecu-
lar processes underlying resistance to Plasmopara viticola, which may eventually enable the design of novel strategies
for pathogen control.
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RESUMO

O mildio da videira, causado pelo fungo oomycete obrigatdrio Plasmopara viticola (Berk. & Curt.) Berl. & de Toni foi
introduzido na Europa em 1870 e rapidamente se espalhou para todas as regides produtoras de vinho no mundo. Neste es-
tudo foram utilizadas abordagens de transcritémica, proteémica e metabolémica e duas cultivares de videira, ‘Regent’
e “Trincadeira’, resistente e suscetivel ao fungo P. viticola tendo em vista a caracterizagao dos mecanismos de defesa. Ao
nivel da transcritémica, o gendtipo resistente ‘Regent’ apresenta uma ativagao de transcritos associados a processos de
sinalizagao e defesa, 6 horas apds inoculagao. No que se refere a metabolémica, os resultados obtidos demonstram que
os dois gendtipos sao inerentemente diferentes sendo que na cultivar ‘Regent” hd uma ativacao da via biossintética dos
fenilpropanoides e uma acumulagao de acido linolénico, o precursor do acido jasmoénico logo ap6s a inoculagao com o
P. viticola. Ao nivel da proteémica verificou-se que no gendtipo resistente ha indugao de proteinas ligadas a fotossintese,
metabolismo dos carbohidratos e defesa apds a inoculagao com o fungo, o que sugere que este genétipo é mais eficaz
na assimilagdo de CO,, na produgao de energia através da fotossintese e na produgao de compostos intermedidrios para
subsequente ativagao dos mecanismos de defesa. Os nossos resultados constituem um contributo para a compreensao
dos processos moleculares subjacentes a ativacao de mecanismos de defesa no gendtipo resistente ‘Regent’, o que se
podera refletir no estabelecimento de novas estratégias para o controlo desta doenca.
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Introduction

Grapevine (Vitis vinifera L.) is currently the most
important fruit plant cultivated worldwide due
to its economic impact in the wine industry. This
industry is highly strategic for the Portuguese
economy since it accounts for more than 680 mil-
lion euros per year of exports (Global Agricultural
Information Network, 2013). Grapevine downy
mildew is caused the oomycete fungus Plasmopara
viticola (Berk. et Curt.) Berl. et de Toni, which has
been introduced in Europe during the 19th centu-
ry and is still considered one of the most destruc-
tive grapevine diseases affecting leaves, fruits, and
shoots thereby causing significant yield losses and
reduction in berry quality. Unfortunately, most Vi-
tis vinifera cultivars, commonly used for wine pro-
duction, are susceptible to downy mildew. Hence,
typical viticulture requires extensive fungicide
applications every growing season, with great
impact in the economic costs and the environ-
ment (Gessler et al.,, 2011). Since nearly all V. vin-
ifera cultivars are susceptible to P. viticola, resist-
ance traits have been introduced from other Vitis
species through breeding programs. American
grapevines exhibit natural host resistance against
P. viticola (Jurges et al., 2009) and have been used
in breeding programs for resistance to grapevine
pathogens resulting on the obtention of V. vinif-
era cultivars such as ‘Regent’ and ‘Solaris” (Vitis
International Variety Catalogue 2011). Grapevine
resistance to downy mildew has a large genotypic
component with different cultivars responding to
infection with defense reactions presenting vari-
able promptness and magnitude, timing, and in-
tensity (Kortekamp and Zyprian 2003; Jurges et
al., 2009). Advances towards the elucidation of this
specific pathosystem have been made using ap-
proaches from transcriptional analysis (Figueiredo
et al.,, 2008; Kortekamp et al., 2008; Polesani et al.,
2008; Polesani et al., 2010; Wu et al., 2010; Malacarne
et al., 2011) to quantitative trait loci (QTL) analysis
of segregating populations (Dalbo et al., 2000; Fis-
cher et al., 2004; Welter et al., 2007; Bellin et al., 2009;
Peressotti et al., 2010; Blasi et al., 2011; Schwander et
al., 2012; Venuti et al., 2013). Despite the knowledge
gathered on grapevine-downy mildew interaction,
recent reports documented the emergence of P.
viticola resistance-breaking isolates in Europe (Per-
essotti et al., 2010). These findings support the need
to continue identifying resistance candidate genes
and to pursue breeding strategies for performing
knowledge-based pyramiding of resistance in ap-

propriate genetic backgrounds, thus contributing
for the increase of resistance durability (Palloix et
al., 2009).

In our previous studies (Figueiredo et al.,, 2008;
Figueiredo et al., 2012; Ali et al., 2012; Monteiro et al.,
2013; Figueiredo et al, unpublished data) we have
compared two different grapevine genotypes (re-
sistant and susceptible) prior and post-inoculation
with downy mildew using field and greenhouse
grown plants. We have used an ‘Omics approach
towards elucidating the defence mechanisms of
the resistant genotype, ‘Regent’, towards P. vitico-
la. In the next sections we highlight the outcomes
of the different ‘Omics approaches, integrating
knowledge gathered trough a systems biology ap-
proach. Future research directions will be defined.

Grapevine resistance to P. viticola: a systems
biology approach

Two representative resistant and susceptible Vitis
vinifera cultivars (‘Regent” and “Trincadeira’) were
compared using transcritome, metabolome and
proteome analysis. ‘Regent’, bred at the Institute
for Grapevine Breeding Geilweilerhof in Germany,
was chosen as a model since its resistance traits
were achieved by multiple crosses introgress-
ing resistance genes from American wild species
(Eibach and Topfer, 2003). It combines high wine
quality and resistance to downy and powdery
mildew pathogens. The cultivar ‘Trincadeira’ is
a highly susceptible Portuguese cultivar used to
produce much appreciated Portuguese wines with
high economic interest (Figueiredo et al., 2008).

For the systems biology approach, we have studied
both genotypes under field conditions in order to
get the constitutive differences that may account
for downy mildew resistance (non-inoculated). Af-
terwards we have used greenhouse controlled con-
ditions (inoculated and non-inoculated) in order to
access cultivar-specific kinetics of gene induction
after downy mildew inoculation. We have used
costume-made cDNA microarrays, proton NMR
spectroscopy ('H NMR) and two dimension dif-
ference gel electrophoresis (2D-DIGE) for the tran-
scriptome, metabolome and proteome analysis.
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Transcript and metabolic profiling of ‘Regent’
and ‘Trincadeira’ leaves under field conditions

A combined metabolomics and transcriptomics
approach was used to identify transcripts and me-
tabolites which could constitutively discriminate
‘Regent’ and ‘Trincadeira’ (Figueiredo et al., 2008).
Under field conditions the resistant genotype ‘Re-
gent’ presents an induction of several transcripts
known to be associated with defence against stress,
such as subtilisin-like protease, S-adenosyl methio-
nine synthase (AdoMet synthase), phenylalanine
ammonia lyase (PAL), WD-repeat protein like, and
J2P protein. ‘Regent” also presents a higher accu-
mulation of metabolites such as inositol, alanine,
glutamine, glutamate and caffeic acid (Figueiredo
et al., 2008). All together, these data suggest that
secondary metabolite production is constitutively
higher in ‘Regent’ than in ‘Trincadeira” which is
corroborated by the higher accumulation of caf-
feic acid in the resistant cultivar (Figueiredo et al.,
2008). Moreover, the constitutive up-regulation of
a subtilisin-like protein and accumulation of ino-
sitol in the resistant cultivar may be related to a
higher signal perception and transduction capac-
ity, enabling a rapid response to pathogen attack
(Hamzehzarghani et al., 2005; Ramirez et al., 2013.
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Transcript, metabolic and proteomic profiling
of ‘Regent’ and ‘Trincadeira’ leaves under
greenhouse conditions

Prior to pathogen challenge, differences in basal
gene expression levels between the two grapevine
cultivars were determined by comparing uninfect-
ed samples of both genotypes under greenhouse
conditions. The differential expression of 22 genes
was found between both genotypes with the ma-
jor differences being associated to photosynthesis
(27.2%) and general metabolism (18.2%) (Figueiredo
et al., 2012). Also, ‘Regent’ constitutively accumulat-
ed more phenolic compounds (caffeoyl derivative:
trans-caftaric acid, feruloyl derivative: trans-fertar-
ic acid, and quercetin-3-O-glucoside) than ‘Trinca-
deira’ (Table 1) (Ali et al., 2012). At a proteome level,
proteins related to photosynthesis, carbohydrate
and metabolism discriminated both genotypes
(Figueiredo et al., submitted). The results obtained
by these approaches suggest that ‘Regent” may be
more efficient than “Trincadeira’ in cellular mecha-
nisms like CO, assimilation, transformation of light
into chemical energy, and production of intermedi-
ate metabolites from photoassimilates, needed for
the biosynthetic pathways. There has long been
evidence that a constitutive expression of resistance
leads to a reduction in plant growth and fitness as
a consequence of “metabolic competition” directed
towards the synthesis of defense elements (Walters
and Heil, 2007). The increased intensity of spots cor-
responding to components of the primary metabo-
lism and biosynthetic machinery in ‘Regent’ could
pay for the fitness cost of the constitutive resistance,
hence resulting in more stress-resistant plants.



Table 1 - Identification of the metabolites that discriminate ‘Regent’ and ‘Trincadeira’ prior (Oh) and after inoculation (6, 12,
24, 48 hpi) with P. viticola. + represents the cultivar where the compound was more accumulated.

Regent Trincadeira
Oh 6hpt  12hpt 24hpi 48hpi | Oh 6hpi 12hpi 24hpi 48hpi

Linolenic acid + + + + +

Succinic acid + + + +
Glutamic acid + + + + +
Inositol + + +

Alanine + + + + +

Glucose + + +
Quercetin-3-O-glucoside + + + + +

Caffeoyl derivative + + + + +

Feruloyl derivative + + +

After pathogen challenge a broad reprogramming
of the transcriptome occurs (Fig.1A) with major
changes associated to the stress response and bi-
otic stimulus and with the regulation of metabolic
and biological processes. Several transcripts ap-
pear to be preferentially activated in ‘Regent” when
compared to “Trincadeira’, representing a number
of functional categories whose expression appears
to be coordinated, such as signalling and defense
(Figueiredo et al., 2012). Signalling and defense ap-
pear to be more activated in ‘Regent’ as soon as
6 hours post inoculation (hpi), with transcripts
encoding signal transduction components like
subtilisin-like proteins, IQ calmodulin-binding re-
gion- Apoptosis regulator Bcl-2 protein, cyclophi-
lin and CBL-interacting serine/threonine protein
kinase induced specifically in ‘Regent” (Figueiredo
et al., 2012; Monteiro et al., 2013). Apart from sig-
nalling events, several defense-related transcripts
are preferentially induced in ‘Regent’ at 6 and
12hpi as is the case of a protein with homology to
leucine-rich repeat (LRR) receptor like proteins,
PR10 proteins and a chitinase-like protein. Of the
metabolism-related transcripts we have shown an
activation of a lipid binding protein and of a chal-
cone synthase suggesting activation of both lipid
and phenylpropanoid metabolisms (Figueiredo et
al., 2012). The metabolome analysis by 'HNMR re-
vealed considerable differences between both gen-
otypes with a higher accumulation of secondary
metabolites in ‘Regent’” upon pathogen challenge
(Table 1). The accumulation of metabolites such as
trans-caftaric acid (caffeoyl derivative), trans-fer-
taric acid (feruloyl derivative), and quercetin-3-O-
glucoside, in the resistant genotype suggests their

possible involvement in successful defense against
downy mildew. Also the first 12hpi seems to be
very critical with ‘Regent’” showing an increased
synthesis of phenolics in this time period. Moreo-
ver it was shown that linolenic acid accumulates in
‘Regent’” after inoculation with P. viticola (Ali et al.,
2012). Since linolenic acid is the precursor of jas-
monate in the octadecanoid cascade, these results
open new insights into jasmonate signaling in
grapevine resistance against a biotrophic fungus
as P. viticola.

At a proteome level, the major differences between
resistant and susceptible cultivars account for
proteins involved in response to stress and biotic
stimulus and also to the regulation of primary and
cellular metabolic processes (Fig.1B).
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B single-organism metabolic
process

M single-organism cellular process

M response to stress

M response to biotic stimulus

M regulation of biological process
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I catabolic process

M cellular metabolic process
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W single organism signaling

" regulation of molecular function

B single-organism metabolic
process

M single-organism cellular process

W response to stress

B response to biotic stimulus

W regulation of biological process

M carbon utilization

I catabolic process

M cellular metabolic process

primary metabolic process

Figure 1- GO terms of up-regulated (A) genes and (B) proteins in the resistant grapevine genotype ‘Regent’ after
inoculation with P. viticola, in comparison to the susceptible genotype ‘Trincadeira’, within the category of

biological process

Oxidative stress and defense-related proteins were
found to be down-regulated in ‘Regent” during the
early interaction (up to 24hpi). However, at 24hpi
defense related proteins appear up-regulated in
the resistant genotype. Also, a putative plastid li-
pid associated protein increases its expression at
12hpi, corroborating both transcriptome and me-
tabolome data and suggesting that there is an acti-
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vation of lipid metabolism in ‘Regent’. This activa-
tion may be related to jasmonic acid signalling.

Conclusions

This systems biology approach allowed us to char-
acterize the genotype-associated differences prior



and after P. viticola challenge. We have shown that
both genotypes are inherently different and that
constitutive metabolic differences may account
for a faster response to a pathogen stimulus in the
resistant cultivar. We also demonstrated that the
susceptible cultivar “Trincadeira” appears to mount
a resistance reaction, which is neither fast nor ro-
bust enough to prevent the pathogen from spread-
ing. With these approaches new research strategies
are already under development, such as the char-
acterization of subtilisin-like proteins as targets
for introgression in breeding programs and the
confirmation of jasmonic acid as a key player on
grapevine signalling against the biotrophic fungus
P. viticola.
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