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Biocontrol of a pioneer fungus of esca, a frequent grapevine trunk disease, was investigated by deciphering the
tripartite interaction between this trunk-esca pathogen (Phaeomoniella chlamydospora), grapevine and the
biocontrol-oomycete, Pythium oligandrum. Grapevine-defense was enhanced in response to P. chlamydospora
attacks, with P. oligandrum acting as a plant-systemic resistance inducer, promoting jasmonic/ethylene signaling
pathways and grapevine priming. P. chlamydospora pathogenicity genes, such as those related to secondary
metabolite biosynthesis, carbohydrate-active enzymes and transcription regulators, were also affected in their
expression. Shifts in grapevine responses and key-fungal functions were associated with the reduction of P.
chlamydospora wood necroses. This study provides evidence of grapevine-wood fungal pathogen transcriptional
changes induced by a root biocontrol agent, P. oligandrum, in which there is no contact between the two

microorganisms.
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| 1. Introduction

Applying biocontrol agents (BCAs) to plants can be useful to control diseases, particularly when chemical
pesticides have been banned or do not exist L2, This is the case for grapevine trunk diseases (GTDs), which
have increased worldwide over the last two decades following the ban, in Europe in the early 2000s, of sodium
arsenite, due to its toxic effect on the environment and humans 2B GTDs, especially esca, cause considerable
economic losses to the viticulture sector 4, with decreases in plant productivity and longevity, and wine quality
alteration I8, The worldwide annual incidence and cost for the replacement of dead plants due to GTDs is very
high. In Italy, for instance, depending on the cultivars, the incidence of GTDs ranged from 8% to 19% and around
10% in Spain; in France, approximately 12% of French vineyards are unproductive during the period of 2012-2017
[, with losses, in 2014, estimated at around € 1 billion.

In order to control esca, various beneficial microorganisms, used as BCAs, have been tested to control the fungal
pathogens associated with this disease B8, Two biocontrol products called Esquive WP® and Vintec® based on
two different strains of Trichoderma atroviride, 1-1237 and SC1, respectively, have been registered to control esca
on the adult grapevine 219, However, their protection levels usually vary from year to year. Consequently, the few
BCAs available against GTDs, particularly esca, need their levels of protection to be optimized. Improving our
understanding of the molecular mechanisms involved in a defined grapevine, esca-pathogen and biocontrol agent

interaction would facilitate the development of this control method.
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Among the potential microbial BCAs, we have selected here the oomycete, Pythium oligandrum, because it is
naturally present in the rhizosphere of many plants, including vineyards 2, and has shown potential in controlling
many plant pathogens 22131 As regards the plant protection provided by P. oligandrum, it results from: (1) the
direct effect of the oomycete on the pathogens by destroying them via mycoparasitism, antibiosis and/or
competition for nutrient elements and (2) the indirect effect P. oligandrum has on plants by inducing host
resistance. Scientists generally considered plant-induced resistance as the main mode of action of P. oligandrum
(23 Three elicitin-like proteins produced by P. oligandrum, such as oligandrin, POD1 and POD2, are also able to

trigger this host-resistance when they are applied on plants.

Regarding grapevines, previous studies showed that treating Vitis vinifera L. roots with P. oligandrum was
associated with a reduction in Botrytis cinerea infection at the leaf level 14, It also reduced the wood attacks of two
fungal pathogens involved in GTDs 131, Phaeomoniella chlamydospora and Neofusicoccum parvum 817 Hence,
the use of a BCA to control esca could well prove an interesting approach for growers in developing sustainable

viticulture.

Various molecular aspects of a grapevine, esca-pathogen and biocontrol agent interaction will be investigated here,
since little is known about the molecular events associated with GTD pathogens. The complete genome
sequencing of several GTD pathogens 181920 has also paved the way for obtaining molecular insights about the
genes involved in the pathological process. Moreover, this enables improved understanding of the plant resistance
induced by the BCA.

| 2. Evaluation of Grapevine Transcriptomic Responses

Differentially expressed (DE) genes in the plant wood tissues were investigated using a time- frame approach with

V. vinifera microarrays (0- vs. 14-dpi corresponding to 2 h and 14 days after pathogen infection).

2.1. Grapevine Trunk Transcriptional Response to P. oligandrum Root Colonization

Transcriptomic analysis of P. oligandrum-treated plants at 0- vs. 14-dpi revealed that a total of 189 genes were
differentially expressed. Seventy percent of these genes (green genes) were overexpressed at O-dpi. A few
functional categories showed statistical significance (Figure 1). Stress-associated genes showed overexpression at
0-dpi (PR-proteins and heat shock protein). On the contrary, polyamine metabolism (two S-adenosylmethionine
decarboxylase genes, SAM) and three GCNb5-related-N-acetyltransferase associated genes showed
overexpression at 14-dpi. As regards the hormone metabolism category, whereas DE genes related to ethylene

(ET), gibberellin and salicylic acid were induced at 0-dpi, those concerning cytokinin were overexpressed at 14-dpi.
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Figure 1. Global aspects of the grapevine transcriptome evolution from 0- to 14-dpi according to the treatments.
Major functional categories obtained after Limma analysis and Mapman classification for root-inoculated grapevine
with Pythium oligandrum, in the absence of pathogen infection. The red color means overexpression at 14-dpi and

the green color means overexpression at 0-dpi.

Other important functional categories, albeit of lesser statistical significance, concerned transcriptional regulation
factors: apetala2 ethylene-responsive element binding protein transcription factor family (AP2-EREBP), which was
overexpressed, at 0-dpi (3 genes), and basic helix-loop-helix type transcription factor (bHLH), overexpressed at 14-

dpi (1 gene).

2.2. Transcriptomic Changes in Grapevine Wood Tissues Following P.
chlamydospora or P. oligandrum + P. chlamydospora inoculations

In order to evaluate grapevine transcriptomic changes, plant responses to the different treatments (mock
inoculation, P. chlamydospora and P. oligandrum + P. chlamydospora) were compared. DE genes between 0- and

14-dpi were obtained using Limma analysis (p < 0.01), which gave the following results: mock treatment (1371
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genes), pathogen treatment (2235 genes) and pathogen treatment in the presence of the root BCA (1858 genes).
The number of specific and common DE genes detected is shown in the Venn diagram (Figure 2). Specific genes
for each treatment were thus obtained, and their biological significance compared (Mapman functional category

enrichment).

Mock P

PoPch

Figure 2. Venn diagram showing gene numbers in grapevine wood tissues common or specific to the three
conditions considered ((i) mock inoculation, (i) Phaeomoniella chlamydospora-wood infection, (iii) Phaeomoniella
chlamydospora-wood infection and Pythium oligandrum Po2-root inoculation). Mock: mock inoculation; Po: P.

oligandrum; Pch: P. chlamydospora; PoPch: P. oligandrum and P. chlamydospora.

The combined effect of all treatments revealed numerous DE genes (898), and analysis by functional categories
using Mapman software indicated that the amplitude of expression appeared to play a major role. Although many
interesting features can be obtained from these microarray result analyses, it is important to focus on the optimal
points in high-throughput data regarding the biological system under investigation. In our case, these concerned (1)
V. vinifera defense induction by P. chlamydospora and (2) V. vinifera induced resistance by P. oligandrum. The

expected differences among treatments at the induction level for the most important DE genes, and statistically
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significant functional categories related to induced systemic resistance, ISR, (hormones, secondary metabolites,
transcription factors and stress related genes), were effectively found. These results were observed when the
genes were considered as common to all treatments, rather than when they were considered as specific to each
treatment. Our analysis compared the expression of genes at 0-dpi against those at 14-dpi. Overexpression, for the

most important functional categories involved in the establishment of ISR, took place at 0-dpi.

In all conditions where wounding occurred (mock inoculation and P. chlamydospora infection), the functional
category presenting the strongest statistical significance was “secondary metabolism”. More detailed analyses
revealed that several genes involved in phenylpropanoid biosynthesis (Figure 3) presented overexpression at 0-dpi
(green genes) in the different treatments. These genes included four phenyl-alanine-ammonia lyase genes (PAL),
one gene for 4-coumarate-CoA ligase (4CL) and three cinnamyl alcohol dehydrogenase (CAD) genes. One of the

CAD genes was highly overexpressed at 0-dpi in plants treated with both microorganisms.
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Figure 3. Characteristics of the grapevine transcriptome evolution for genes involved in the phenylpropanoid
biosynthesis pathway between 0- and 14-dpi. Expression level values of phenylpropanoid genes (PAL: phenyl-
alanine-ammonia lyase, 4CL: 4-coumarate-CoA ligase and CAD: cinnamyl alcohol dehydrogenase) are given as
the fold change on a log, basis. The red color means overexpression at 14-dpi and the green color means
overexpression at 0-dpi. Mock: mock inoculation; Po: Pythium oligandrum; Pch: Phaeomoniella chlamydospora;

PoPch: P. oligandrum and P. chlamydospora.

The “hormone” functional category was statistically significant for all treatments considered, with the jasmonate
functional category having the largest number of DE genes (51) in the case of plants inoculated by both P.
oligandrum and P. chlamydospora. Selected genes common to all treatments are presented in Figure 4. Two genes

were particularly overexpressed at 0-dpi, but only in the joint presence of P. oligandrum and P. chlamydospora.
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One of the genes was involved in ET hormone regulation (log, (FC) = -5.23), and the other one, annotated as
allene oxide cyclase (log,(FC) = —6.12), was involved in the jasmonic acid (JA) biosynthesis pathway. Seven other
genes of that pathway were induced at O-dpi at various levels. One was lipoxygenase, two allene oxide synthase,
and four related to 12 oxo-phytodienoic acid reductase, thereby confirming the strong involvement of the jasmonate

pathway in the P. oligandrum induction of plant defenses.
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Figure 4. Characteristics of the grapevine transcriptome evolution for genes involved in hormone biosynthesis
pathways between 0- and 14-dpi. Expression level values of genes encoding proteins involved in the synthesis or
regulation of hormones (ABA: abscisic acid, ACC: 1-aminocyclopropane 1-carboxylate and GA: gibberellin) are
given as the fold change on a log, basis. The red color means overexpression at 14-dpi and the green color means
overexpression at 0-dpi. Mock: mock inoculation; Po: Pythium oligandrum; Pch: Phaeomoniella chlamydospora;

PoPch: P. oligandrum and P. chlamydospora.

Two other functional categories, stress-related genes and transcription factors, presented the induction of
numerous genes in all treatments at 0-dpi. In the case of stress-related genes induction of abiotic- (heat shock
proteins, wounding) and biotic-related genes (pathogenesis-related proteins and receptors), slight differences were
detected according to the treatment. However, for transcription factors (Figure 5), P. oligandrum + P.
chlamydospora treated plants showed globally a higher gene induction at 0-dpi than those inoculated with P.
chlamydospora. Numerous functional categories were presented such as the Apetala2-Ethylene responsive
element-binding protein (AP2-EREBP), Basic Helix-Loop-Helix (bHLH), MYB domain and WRKY domain.
Moreover, AP2-EREBP was the most represented family, with several genes showing a stronger induction in the

presence of P. oligandrum and P. chlamydospora.
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Figure 5. Global aspects of the grapevine transcriptome evolution for the transcription factor functional category
between 0- and 14-dpi. Expression level values are given as a fold change on a log, basis. The red color means
overexpression at 14-dpi and the green color means overexpression at 0-dpi. Mock: mock inoculation; Po: Pythium

oligandrum; Pch: Phaeomoniella chlamydospora; PoPch: P. oligandrum and P. chlamydospora.
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