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ARTICLE INFO ABSTRACT

Keywords: Grapevine trunk diseases (GTDs), particularly Esca, represent a major challenge for viticulture worldwide,

Esca leading to substantial economic losses. With no effective control treatments available, developing new methods

1}: Seud_gm‘.’l'lws such as biocontrol is crucial for managing GTDs. Our aim was to select biocontrol bacteria effective against the
aenibacuiius

white-rot fungal pathogen Fomitiporia mediterranea (Fmed) and to investigate their mechanisms of action. A
stepwise screening of 58 bacterial strains was conducted in vitro to assess their ability to inhibit Fmed growth
through volatile and diffusible metabolites production. The screening was also done on wood sawdust from seven
different grapevine cultivars. Out of 58 tested strains, 49 inhibited Fmed growth by over 50 % through their
volatile organic compounds, only eight achieving this through their agar-diffusible metabolites. Pseudomonas
lactis SV9, Pseudomonas paracarnis S45, and Paenibacillus polymyxa SV13 exhibited a strong efficacy in inhibiting
Fmed on wood sawdust in a cultivar-dependent manner. We selected these strains for whole genome analysis and
metabolomic profiling via LC-MS/MS for diffusible compounds and SPME GC-MS for volatile compounds.
P. polymyxa SV13 inhibited Fmed primarily through diffusible metabolites, producing mainly fusaricidin-type
compounds. Conversely, Pseudomonas strains acted mainly via their volatile metabolites, producing mainly the
antifungal compound dimethyl disulfide. Genome analysis of the three bacterial strains revealed gene clusters
responsible for regulating both direct and indirect mechanisms in biocontrol agents (BCAs). Our findings
highlight the importance of comprehensive studies that combine in vitro experiments mimicking field conditions,
with detailed investigations into modes of action to improve BCAs efficacy.

Genes clusters
Antifungal metabolites

1. Introduction

Viticulture plays a major role in agriculture contributing consider-
ably to the economy of several countries. However, grapevine trunk
diseases (GTDs), mainly Esca, are currently among the most important
challenges for viticulture in the world (Mondello et al., 2018a). Esca
causes significant economic losses throughout the viticulture sector by
decreasing vineyard longevity and affecting wine quality (Fontaine
et al., 2016). While sodium arsenate was highly effective in controlling
Esca, it was banned in Europe in 2003 due to its toxicity. Since then, Esca

has re-emerged and became a major concern for the wine industry in
many wine regions around the world.

Esca is a complex disease caused by several pathogenic fungi, mainly
the ascomycetes, Phaeomoniella chlamydospora and Phaeoacremonium
minimum and the basidiomycete Fomitiporia mediterranea (Fmed)
(Bertsch et al., 2013; Mondello et al., 2018b). Fmed is a wood-decaying
basidiomycete associated with Esca of grapevine in Europe and Medi-
terranean regions, and the primary basidiomycete responsible for the
white rot (Fischer, 2002; Moretti et al., 2021). It is generally assumed
that the wood colonizing pathogens, P. chlamydospora and P. minimum
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act as precursors and cause initial wood degradation, which facilitates
Fmed to complete wood degradation with the formation of white rot
necrosis (Bruez et al., 2014; Haidar et al., 2021; Surico et al., 2006;
Valtaud et al., 2009). Here, we focus on Fmed because numerous authors
have suggested a strong connection between white rot necrosis, the
congruent presence of Fmed and the development of Esca symptoms
(Ouadi et al., 2021; Bruez et al., 2020). Ouadi et al. (2021), reported that
in 17-year-old Cabernet Sauvignon grapevines exhibiting Esca foliar
symptoms, at least 10 % of plants had been affected by white rot. On
10-year-old diseased grapevines of the same cultivar, Bruez et al. (2020)
demonstrated that the most abundant pathogens in white rot necrosis
were Fmed and P. chlamydospora, with Fmed being far more abundant
than P. chlamydospora (relative abundances between 60 % and 90 % for
Fmed, and 5-15 % for P. chlamydospora). Regarding bacteria, their in-
teractions with fungi have a major influence on plant health, either by
promoting the degradation of wood components, or by preventing it.
Haidar et al. (2021, 2024) have shown that Paenibacillus spp. interact
synergistically with Fmed accelerating the wood degradation.

On the other hand, numerous microorganisms that colonize wood
tissues inhibit Fmed development. For instance, fungal strains belonging
to the genera Aphanocladium, Epicoccum, Pleurotus and Trichoderma were
evaluated in dual culture assays against Fmed, and caused a significant
reduction in Fmed growth (Del Frari et al., 2019; Mannerucci et al.,
2023; Riedle-Bauer et al., 2023). Riedle-Bauer et al. (2023) used
grapevine wood discs and showed that Trichoderma strains completely
inhibited Fmed growth. Furthermore, other bacterial strains inhibit
Fmed growth and can be used as biocontrol agents against Fmed. Strains
belonging to the genera Bacillus, Novosphingobium, Pseudomonas and
Stenotrophomonas have been shown to inhibit the development of Fmed
in vitro (Haidar et al., 2021; Riedle-Bauer et al., 2023). Despite the few
studies conducted on the antagonistic activity of bacteria isolated from
grapevines against Fmed, further research is needed to explore the po-
tential of these biocontrol agents, especially to understand their mech-
anisms of action against Fmed.

Even though Esca is one of the oldest diseases of grapevine (Bruno
et al., 2020), no effective chemical products are available to control it in
vineyards. One control method consists in sound crop management,
such as pruning or grapevine curettage (Cholet et al., 2021) on Esca
diseased plants. For instance, curettage decreased plant mortality,
restored plant vigor and increased production and grape quality (Cholet
et al., 2021). However, this method is not often set up in vineyards, as it
requires strong technical knowledge and sound practice to cure plants
effectively, without disrupting the sap flow.

In this context, bacteria isolated from grapevines tissues have
emerged as a promising alternative, offering a sustainable biocontrol
strategy that harnesses natural microbial interactions within the plant.
The underlying idea is therefore to use bacteria that naturally colonize
grapevines, as they are adapted to growing on and within this plant.
Knowing the key role of Fmed in Esca disease, our study aims to isolate
bacterial grapevine endophytes having antagonistic activities against
this pathogenic fungus. Additionally, we aim to identify their mecha-
nisms of action using genomic and metabolomic approaches to promote
the development of innovative, eco-friendly solutions for managing Esca
disease in grapevines.

2. Materials and methods
2.1. Fungal isolates

Six F. mediterranea isolates were selected for this study. They were
obtained from INRAE-UMR 1065 SAVE collection and isolated from
trunk necrosis from French vineyards. The two strains, Ph CO 36 and
CO31, were isolated from the Ugni Blanc cultivar; strains SO21 and
SO71 were obtained from Cabernet Sauvignon, while strain SO70 was
isolated from Cabernet Franc the strain SO23 was isolated from the
Sauvignon cultivar. These strains were cultivated on Malt Agar medium

Microbiological Research 293 (2025) 128085
and incubated for 15 days at 28 °C before being used in in vitro tests.
2.2. Bacterial strains

We used 58 bacterial strains from the collection of UMR SAVE,
INRAE, Bordeaux. Thirty-three of them were isolated from the woody
tissues of Esca symptomatic grapevines of Sauvignon Blanc (Haidar
et al.,, 2021). Twenty-five were obtained from Cabernet Sauvignon
(Bordeaux vineyards) and Ugni Blanc sap (Cognac vineyards). Bacterial
strains were identified by sequencing the 16S rRNA gene using the
primers 799 f and 1492r (Eurofins, France). They were grown on TSA
(Trypticase Soy Agar) at 28 °C.

2.3. Engymatic assays for wood degradation

Wood degradation was studied via the ability of the 58 bacterial
strains to grow on three selective media containing cellulose, lignin or
xylan (hemicellulose) at 28 °C for seven days in the dark.

(i) CMC medium contained carboxymethylcellulose as a sole carbon
source [1 g/1 KogHPOy4; 1 g/1 (NH4)2SO4; 0.5 g/1 MgSO47H20;
0.5 g/1 NaCl; 5 g/1 sodium of carboxymethylcellulose (CMC,
Sigma); and 20 g/1 of agar pH = 5] (Ulrich et al., 2008).

(i) Xylan medium contained xylan beechwood as the sole carbon
source [1 g/1 KoHPOy; 1 g/1 (NH4)2SO4; 0.5 g/1 MgS0O47H20;
0.5 g/1NaCl; 5 g/1 beechwood xylan (Apollo Scientific); and 20 g/
1 of agar; pH= 5] (Alexander and Zuberer, 1991).

(iii) RBBR (Remazol Brilliant Blue R) medium contained 0.05 % RBBR
(Sigma) [1 g/l NaCl; 0.1 g/l of yeast extract; 1.95 g/l MES
(Sigma); and 20 g/1 agar] (Ulrich et al., 2008).

Xylanolytic and cellulolytic activities were detected using 0.1 %
Congo red, staining for 40 min followed by a counter-coloration using
1 M NaCl (Teather, Wood, 1982). The ligninolytic activity was indicated
by RBBR medium color from blue to pale pink when positive (Murray
and Woodward, 2007). Each enzymatic activity was measured accord-
ing to the size (mm) of the discoloration/coloration zones formed
around the bacterial colonies. The degradation is classified as moderate
(5-40 mm), strong (41-70 mm), and very strong (>71 mm) (Haidar
et al., 2021). Four replications were performed for each strain and each
medium.

2.4. Antagonistic activity: dual culture assays for inhibition of Fmed by
bacteria

2.4.1. Inhibition by direct confrontation

During seven days at 28 °C a mycelial plug of Fmed Ph CO 36 was
cultivated in the center of Malt Agar plates. The bacterial strains were
grown over night on TSA at 28 °C, then were streaked at the edge of each
plate with Fmed. The plates were then incubated in the dark at 28 °C.

2.4.2. Inhibition by indirect confrontation

For volatile organic compounds assays (VOCs), the bottom parts of
two Petri plates, one with a 1-week culture of Fmed Ph CO 36 on malt
agar and one with a fresh culture of each bacterial strain (TSA) were
placed face-to-face with the bacterial culture on the bottom, and the
pathogen culture at the top. The plates were then sealed with parafilm
and incubated in the dark at 28°C. The control plates consisted of Fmed
plate inverted over sterile TSA medium.

For both assays, the inhibition of Fmed growth by the bacterial iso-
lates was assessed by measuring the radius of the colony in mm
compared to the control after seven days of the coculture (Haidar et al.,
2021). In details the mycelial growth inhibition percentage (GI%) was
calculated using the following equation: GI% = 100 x (R2-R1)/R2. R1 is
the radial distance (mm) grown by Fmed in the direction of the bacterial
strain and R2 is the radial distance (mm) grown by the Fmed in the
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opposite direction for the direct confrontation assay. In the VOCs assay,
R1 represents the radial colony diameter (mm) of the pathogen on plates
faced to the bacterial cultures, while R2 indicates the radial growth of
the pathogen on plates faced to TSA medium (control). Four biological
replicates were performed for each bacterial strain/Fmed combination
and for the control.

To determine to what extent our results from one strain of Fmed can
be generalized to the diversity of Fmed strains in nature we selected 15
bacterial strains (five from wood and 10 from sap) to be tested against
five additional Fmed strains. These simultaneously most efficient Ph CO
36 inhibitors and weakest wood degraders were selected for down-
stream procedures.

2.5. Antagonistic activity: wood microcosms for inhibition of Fmed by
bacteria

To be used as a more realistic cultivation media, pruning wood and
healthy wood of trunk (7-year-old cultivar Ugni Blanc from Cognac
vineyard, France) was dried and ground to 1 mm chips, and then ster-
ilized twice for 20 min at 120 °C, with an interval of two days in
between.

Petri plates, each containing 2 g of sterile pruning or trunk wood
sawdust, were inoculated with a mycelial plug of Fmed Ph CO 36. The
plates were then incubated for one week at 28 °C with 3 mL of sterile
distilled water. The bacterial strains were grown overnight in TSB
(Tryptic Soy Broth) (28 °C, 200 rpm), then centrifuged twice at 5000 g,
5 min each time. The concentration of the bacteria was standardized at
0.1 OD in sterile physiological water (OD = 0.1 ~ 10® CFU/mL). Four
mL of the bacterial suspension were added to the one-week culture of
Fmed. The control plates consisted of 1-week Fmed culture on which
4 mL of sterile physiological water were added. The mycelial growth of
Fmed was assessed by measuring (i) the radius of the colony in mm and
(ii) mycelium density after seven, 14 and 21 days of incubation at 28°C.
The mycelial growth inhibition was calculated with respect to the con-
trol, using the following equation: GI% = 100 x (R2 - R1)/R2. Four
biological replicates were performed for each bacterial strain/Fmed
combination and for the control.

To evaluate the variability in the efficacy of a given bacterial strain
across different cultivars, the bacterial strains with the most efficient
inhibition of Fmed Ph CO 36 on wood sawdust from the cultivar Ugni
Blanc, were selected for further antagonism studies on microcosms of six
grapevine cultivars including: Baroque (BRQ), Cabernet Franc (CF),
Cabernet Sauvignon (CS), Gros Manseng, (GM), Fer Servadou (FS) and
Sauvignon Blanc (SB) originating from the Tursan Vineyards near Pau,
France.

In these experiments, we studied the antagonistic activity of selected
bacteria using the same protocol as described above for curative appli-
cation assays. We then evaluated the ability of these bacteria to prevent
wood colonization by Fmed using the following procedure: in Petri
plates containing 2 g of sterile wood sawdust from each cultivar, we
inoculated 4 mL of a bacterial suspension prepared in sterile physio-
logical water at 108 CFU/mL, prepared from an overnight culture in TSB
(28 °C, 200 rpm). The plates were incubated for three days at 28°C. On
the third day, a plug of Fmed Ph CO 36 was added to the center of each
plate. For the control, a Fmed plug was added to wood sawdust inocu-
lated with sterile physiological water. The plates were then incubated at
28 °C for three weeks. Mycelial growth of Fmed was assessed by
measuring (i) the radius of the colony in mm and (ii) mycelium density
after seven, 14, and 21 days, which was assessed using a scale from 1 to
5, with 1 representing the plate with the lowest density and 5 indicating
the highest density observed. Five biological replicates were performed
for each condition.

2.6. Genome sequencing and assembly

To sequence the whole genome of the three bacterial strains the
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bacterial DNA was extracted using the DNA extraction kit DNeasy®
UltraClean® Microbial Kit following the manufacturer’s instructions.
Whole genome sequencing was performed at Eurofins Genomics GmbH
(Konstanz, Germany) using the Illumina NovaSeq 6000 platform, with
an S4 flowcell and sequencing mode PE150 XP. Genome sequences,
along with related metadata, are available on NCBI under the BioProject
PRJNA1105748. The BacFlux workflow v1.1.2 was used for quality
control, adapter trimming, genome assembly, contaminant inspection,
genome completeness evaluation, taxonomic assignment, antimicrobial
resistance and virulence gene screening, as well as plasmid and phage
investigation (Antonielli et al., 2024).

2.7. Annotation and comparative genomic analysis

Functional annotation of the three genomes, was performed using
the Classic RAST (Rapid Annotation using Subsystem Technology) web
server (http://rast.nmpdr.org) (Aziz et al., 2008) and the hierarchical
orthology framework EggNOG 4.5 (Huerta-Cepas et al., 2016). Antimi-
crobial resistance (AMR) gene sequences were identified by mapping
quality-filtered reads (processed using fastp v0.23.4) from the
whole-genome sequencing to the Comprehensive Antibiotic Resistance
Database (CARD v3.2.9) using BBMap v39.06, with a minimum identity
threshold of 99 %. Features with a covered length of at least 70 % were
considered as a match, according to the EFSA criteria (European Food
Safety Authority (EFSA (EFSA, (2024)). Putative genes for carbohydrate
active enzymes (CAZymes) were classified by dbCAN2 based on the
HMMER database (Lombard et al., 2014). Biosynthetic gene clusters and
secondary metabolites were predicted using antiSMASH version 7.1.0
(Blin et al., 2023). The three genomes were also annotated by comparing
the DIAMOND-+MEGAN pipeline analysis (Bagci, et al., 2021) to the
PLaBAse database for the identification of potential PGPT genes (Patz
et al., 2024).

2.8. Identification of antifungal VOCs using SPME-GC/MS

The identification of the antifungal VOCs produced by the three
bacterial strains with strongest effect against Fmed, was performed
using SPME GC-MS.

Briefly, a 1-week culture of Fmed Ph CO 36 on malt agar was placed
onto one base of TSA plate on which 100 pL of a fresh bacterial sus-
pension with a concentration of 10° CFU/mL was inoculated (one strain
per condition), the two plates were sealed using parafilm and then
incubated at 28 °C for seven days. Cultures of Fmed or bacteria and an
uninoculated medium were used as control. Three biological replicates
were performed per condition.

The VOCs were extracted using the SPME fiber 50/30 um DVB/CAR/
PDMS, 24 Ga, Manual Holder, 3 pk (Supelco, Sigma-Aldrich, US) that
was carefully inserted in the headspace between the two petri plates.
The fiber was placed in between the two plates during 30 min at 28 °C, to
extract the microbial volatile metabolites. The analytes were desorbed
for 5 min at 240 °C in the GC injector, the injection is carried out in
splitless mode at 240 °C in the GC injector. A gas chromatograph Clarus
680 (Perkin-Elmer, USA) coupled with a MS detector (Perkin-Elmer,
USA) was used to analyze the volatile compounds. The separation of the
volatile compounds was achieved on the capillary column, ELITE-5MS
60 m x 0.25 mmID, 0.25 um df (Perkin-Elmer, USA), Helium 6.0 (Air
Liquide, France) was used as carrier gas with a constant flow rate of
1 mL/min. The oven temperature was initially held at 40 °C for 4 min,
followed by a first temperature rise to 200 °C at a rate of 5 °C/min, then
a second temperature rise to 250 °C at a rate of 20 °C/min. The total time
of analysis was 34 min 50 s. Acquisition was carried out in scan mode
with mass ranging from 35 to 350 m/z and identified using the library
NIST (National Institute of Standards and Technology, v2.4-2020).

2.8.1. Invitro antifungal activity of selected individual VOC
The major metabolite produced by the two bacterial strains which
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demonstrated the strongest inhibitory activity against Fmed in the in-
direct confrontation assay was selected to investigate whether this
metabolite can inhibit Fmed growth in its pure form.

Briefly, four cultures of Fmed Ph CO 36 of seven days were placed in
a sealed box, 20 ppm of the pure metabolite were injected in the air-tight
box, the setup was incubated seven days at 28 °C. An uninjected set-up
with four Fmed cultures of seven days was used as control. The per-
centage of Fmed growth inhibition was assessed by measuring the radius
of the colonies in mm after seven days.

2.9. Identification of the extracellular bacterial metabolites using LC-MS/
MS

The characterization of extracellular metabolites produced by the
selected bacteria was investigated using LC-MS/MS.

To identify the extracellular metabolites produced by the bacteria,
we cultivated Fmed Ph CO 36 in 15 mL of malt extract for seven days at
28 °C and 200 rpm, by the day seven, 100 pL of the bacterial suspension
with a concentration of 10° CFU/mL was added, then incubated seven
days at 28 °C, 200 rpm. Seven days later, the tubes were centrifugated
10 min at 5000 rpm, the obtained supernatant was filtered through 0.22
pm sterile Millex® syringe-driven filters (Merck Millipore). A cut-off at
2000 Da was performed using Vivacon® 500, 2000 MWCO HY filter, the
collected filtrate was used for the characterization of the metabolite by
LC-MS/MS. Cultures of Fmed or bacteria and an uninoculated medium
were used as control, four biological replicates were prepared for each
condition.

The chromatographic system used was an ultimate 3000 RSLC sys-
tem (ThermoFisher Scientific, Germany), coupled with the MS detector
Orbitrap Fusion Lumos high-resolution mass spectrometer (Thermo-
Fisher Scientific, USA). The LC parameters were as follows: Column
ACQUITY UPLC BEH C18 130 A 1,7 um 2,1 x 100 mm (WATERS). Flow
rate 0.4 mL/min, the column temperature was 45 °C. Mobile phase A
was 0.1 % formic acid in water, mobile phase B was 0.1 % formic acid in
acetonitrile. The LC separation was carried out with the following
gradient: 0-1 min, 5 % B; 1-13 min, 5-95 % B; 13-15 min, 95 % B;
15-18 min, 5 % B. The AcquireX data acquisition workflow was used in
deep scan mode. The sample injection volume was 10 pL per injection,
with a total of four injections per sample. The first injection was used to
perform a full MS scan and create a list of inclusion references. The
subsequent three injections were used for the fragmentation of the m/z
peaks that were added in the inclusion reference list (MS2). The FullMS
resolution was set to 120000, and MS2 scans resolution set to 15000.

Data processing was carried out using Compound Discoverer 3.3 SP2
software (ThermoFisher Scientific, Waltham, MA). The annotation of the
putative antifungal compounds was performed by comparing their
calculated elemental composition with a manual constructed library of
compounds reported in the literature for each strain. ChemSpider
database was also used for the annotation of the detected metabolites.
The function Fragment Ion Search (FISh) scoring algorithm was used to
calculate the matching score by comparing the predicted fragment ions
with the observed fragment ions. The data analysis was performed after
the exclusion of the molecules identified in the cultural medium. A more
detailed analysis was performed by focusing exclusively on molecules
that are overexpressed in the coculture condition of Fmed with the
biocontrol bacteria (ratio > 1.2), while excluding metabolites from
Fmed. Based on scientific literature on antifungal compounds from
Pseudomonas and Paenibacillus, we compiled a mass list of these anti-
fungal compounds and incorporated them into Compound Discoverer
for targeted analysis.

2.10. Statistical analyses
Statistical analyses were performed using the R statistical software

(version R4.2.1). Data obtained from microcosm assays were compared
using an analysis of variance (ANOVA) Pairwise comparisons, were
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performed using Tukey’s test (p < 0.05). PCoA were performed using the
FactoMineR and factoextra packages.

3. Results
3.1. Invitro degradation of wood compounds

The 58 bacterial strains isolated from grapevines wood and sap were
assessed for their in vitro ability to metabolize the three main compo-
nents of wood, i.e., cellulose, hemicellulose (xylan) and lignin.

None of the bacterial isolates was able to degrade the Remazol
Brilliant Blue R (RBBR) dye, suggesting the absence of ligninolytic ac-
tivity in vitro (Table S1). In addition to the absence of ligninolytic ac-
tivity, 14 bacterial isolates among the 33 isolates obtained from wood
and nine isolates from sap were unable to degrade cellulose and xylan
(Table S1), suggesting the absence of cellulolytic and xylanolytic ac-
tivity in vitro. Seventeen strains obtained from wood and 13 from sap
have shown moderate cellulolytic activity, while one strain obtained
from sap (Bacillus sp. SV57) has shown a high cellulolytic activity. Two
strains isolated from wood and three from sap have shown a moderate
degradation of cellulose and xylan. This indicates that, overall bacterial
strains either from wood or sap have similar degradative abilities.

3.2. Invitro activity of bacterial grapevine isolated against Fmed

The antagonistic activity of the 58 bacterial strains was evaluated in
vitro against Fmed strain Ph CO36. We used two methods: (i) direct
confrontation (DC) with bacterial production of diffusible metabolites
coming into direct contact with the fungus and (ii) indirect confronta-
tion by bacterial production of volatile organic compounds (VOCs)
without any direct contact between the bacterial colonies and Fmed.

For the 33 bacteria isolated from the wood, in direct confrontation
assay, three strains Bacillus sp. S147, Pseudomonas paracarnis S45 and
Stenotrophomonas sp. S101 have shown more than 50 % of radial growth
inhibition after one week of coculture with Fmed (Fig. 1). The highest
percentage of Fmed growth inhibition was obtained with Pseudomonas
paracarnis S45 (56 %). The other 29 strains have inhibited Fmed growth
by less than 40 % (Fig. 1).

After one week of exposure to VOCs, 29 out of 33 strains isolated
from wood inhibited Fmed growth by more than 50 % and 22 strains
inhibited Fmed growth by more than 80 % (Fig. 1).

In the direct confrontation assay, four strains out of the 25 isolated
from sap were able to inhibit Fmed growth by more than 60 % (Fig. 2)
with 67-82 % of inhibition for three Paenibacillus strains SV20 (82 %);
SV13 (78 %), SV23 (67 %) and with 64 % of inhibition for one Bacillus
strain. For the volatile organic compounds assay, 20 strains out of the 25
isolated from sap inhibited Fmed growth by more than 50 %. Only five
strains have inhibited Fmed growth by more than 80 %. Strikingly, the
most effective bacterial strains in direct confrontation (Paenibacillus sp.
SV23, SV20, and Paenibacillus polymyxa SV13) have shown the lowest
percentage of Fmed growth inhibition in VOCs (Fig. 2).

3.3. Conservation of antagonistic capacities on diverse Fmed strains

In direct confrontation assays, the Paenibacillus sp. strains SV20,
SV23, SV13, Bacillus sp. strains SV57 and S147, and P. paracarnis S45
were the most effective against all the tested Fmed isolates, inhibiting
Fmed growth by over 40 % (Fig. 3). Among the 10 bacteria isolated from
sap, eight inhibited the growth of nearly all the Fmed isolates. Although
the strains Bacillus sp. S186 and Luteibacter sp. S167 were highly effec-
tive against Ph CO 36 in direct confrontation, they were less effective
against the other five Fmed strains. In the VOCs assay, most bacterial
strains effectively inhibited all Fmed isolates, with Bacillus sp. S186,
Bacillus sp. S147, Stenotrophomonas sp. S101, and P. paracarnis S45 being
the most effective (Fig. 3). Notably, Paenibacillus strains SV13, SV20,
and SV23, which excelled in direct confrontation, exhibited the lowest
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Fig. 1. In vitro growth inhibition of Fomitiporia mediterranea Ph CO 36 by bacteria isolated from grapevine wood tissues through direct confrontation (DC) and
volatile organic compounds (VOCs).
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Fig. 2. Invitro growth inhibition of Fomitiporia mediterranea Ph CO 36 by bacteria isolated from grapevine sap through direct confrontation (DC) and volatile organic
compounds (VOCs).

inhibition rates in the VOCs assay (Fig. 3). growth in vitro for our further studies.
We selected the 10 strains (S101, S147, S186, S45, SV13, SV20,
SV23, SV57, SV7 and SV9) that showed the strongest inhibition of Fmed
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Fig. 3. Growth inhibition of six Fomitiporia mediterranea strains in vitro by bacteria isolated from grapevine sap and wood: A) Direct Confrontation and B) VOCs.
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3.4. Confrontation assays in grapevine sawdust microcosms

In order to assess the efficiency of bacteria in more realistic condi-
tions we determined their ability to limit Fmed Ph CO 36 growth on
pruning wood and healthy trunk wood sawdust of the cultivar Ugni
Blanc. Using a curative method, where the bacteria were inoculated
seven days after Fmed inoculation on sawdust, simulating the conditions
of a curative solution in vineyards, where biocontrol agents are intro-
duced into diseased plants. Here, we present only the results obtained on
the trunk wood sawdust, as similar findings were observed for the
pruning wood sawdust.

Among the 10 bacterial strains tested only three; P. paracarnis S45,
P. lactis SV9 and P. polymyxa SV13 have inhibited Fmed growth on the
Ugni Blanc wood sawdust. The two strains isolated from sap, P. lactis
SV9 and P. polymyxa SV13, have totally inhibited Fmed growth imme-
diately and durably over the three weeks (Fig. 4). The strain P. paracarnis
S45 isolated from wood inhibited the radius growth of Fmed by 33 % by
day seven and 14 and was not observed by 21 days (Fig. 4). However, the
mycelium density of Fmed after inoculation with this bacterial strain
was reduced by 80 % by the day seven and 14. After 21 days of
P. paracarnis S45 inoculation, the Fmed mycelium density was reduced
by 71.8 % (Fig. 4). The seven remaining bacterial strains exhibited weak
inhibition of Fmed growth in the microcosm assay, which was incon-
sistent with the strong inhibition percentages recorded in the direct and
indirect confrontation assays, where these strains had demonstrated a
strong capacity to inhibit Fmed growth (Figs. 1 and 2 vs Fig. 4).

While Paenibacillus sp. SV20 and SV23 showed the highest inhibition
of Fmed in in vitro assays they had the lowest efficacy in the sawdust
microcosm. Therefore, we selected P. polymyxa SV13, P. lactis SV9, and
P. paracarnis S45 for further analyses due to their consistent and high
efficacy in both in vitro and sawdust microcosm conditions where they
significantly reduced Fmed radial growth and mycelium density.

3.4.1. Conservation of antagonistic capacities in sawdust microcosm from
different grapevine cultivars

To investigate whether the three bacterial strains selected on
microcosm of Ugni Blanc cultivar, were also efficient against Fmed if
grown on other grapevine cultivars, we assessed the antagonistic ac-
tivities on six additional cultivars i.e., Baroque (BRQ), Cabernet Franc
(CF), Cabernet sauvignon (CS), Gros Manseng, (GM), Fer Servadou (FS)
and Sauvignon Blanc (SB). The three bacterial strains were evaluated for
their abilities to inhibit Fmed growth, called here “curative application”,
or to prevent the wood colonization by Fmed, called here “preventive
application”.

Compared to the results obtained on Ugni Blanc, the percentage of
the radial growth inhibition of Fmed for the three selected bacterial

A) Radial growth
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strains was lower on the six other cultivars and varied from very strong
to weak inhibition depending on the bacterial strains and grapevine
cultivar (Fig. 5).

Overall, P. paracarnis S45 and P. lactis SV9 decreased the mycelial
density of Fmed on all grapevine cultivars by more than 36 % (except on
the cultivar Cabernet Sauvignon) but this was not linked to a strong
Fmed radial growth inhibition. Similarly, P. polymyxa SV13 decreased
the mycelial density of Fmed by more than 40 % on five out of the seven
grapevine cultivars and weakly inhibited Fmed radial growth. We
observed the same trends after 14 and 21 days of coculture (data not
shown).

When applied preventively, all three bacterial strains inhibited Fmed
growth strongly on sawdust from Baroque and Ugni Blanc cultivars. For
the other cultivars, the three strains inhibited Fmed growth only weakly
(Fig. 6).

We observed similar trends for both measurements after 14 and 21
days of coculture with the bacteria at each time (data not shown).

3.5. Genomes of the bacterial strains P. paracarnis S45, P. lactis SV9,
and P. polymyxa SV13

The genomes of the biocontrol strains P. paracarnis S45, P. lactis SV9,
and P. polymyxa SV13 were analyzed to identify gene clusters associated
with their biocontrol activities. Their genome sizes are 5.7, 6.2, and
5.1 Mb, respectively. The G+C content is similar for the Pseudomonas
strains (60.3 % for S45 and 60.1 % for SV9), while the Paenibacillus
strain has a lower content of G+C (45.8 %). The number of predicted
coding sequences (CDSs) is 5069 for S45, 5527 for SV9, and 4557 for
SV13. Key genomic features are summarized in Table 1.

The functional gene annotation was carried out using multiple gen-
eral databases. RAST annotation allowed the detection of genes encod-
ing different functions (Table S2.a, S2.b and S2.c). The distribution of
genes into COG functional categories is presented in Fig. 7and Figure S1.
The genomes of the Pseudomonas strains harbor mainly genes involved
amino acids/derivatives metabolization (~20 %), followed by genes
involved in carbohydrate metabolization (~10 %). In contrast, the
genome of P. polymyxa SV13 contains primarily genes related to car-
bohydrate metabolism (19.6 %), followed by those involved in the
metabolism of amino acids and their derivatives (16.7 %). (Figure S1).
AMR genes were screened by mapping the filtered reads from the whole
genome sequencing to the Comprehensive Antibiotic Resistance Data-
base (CARD). AMR genes were identified in the genomes of the three
strains, with 14 genes detected in the genome of the strain S45, 15 genes
were identified in the strain SV9, and two genes for the strain SV13
(Table S3.a, S3.b and S3.c).

Prediction of secondary metabolite biosynthesis gene clusters was

B) Mycelium density

50 75 100
Fmed growth inhibition (%)

M 700 [l 140pi [l 21 Dpi

)
N
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Fig. 4. A) Percentage of the radial growth inhibition and B) Percentage of the reduction of the mycelium density of Fomitiporia mediterranea Ph CO 36 on sawdust

microcosm after bacterial inoculation. Dpi: days post-inoculation.
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B) Reduction of the mycelial density of Fmed
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Fig. 5. Percentage of radial growth inhibition (A) and reduction in mycelium density (B) of Fomitiporia mediterranea Ph CO 36 on sawdust microcosm of seven
grapevine cultivars, resulting from curative bacterial application i.e., at seven days after inoculation of the bacterial strains on the plate inoculated with Fomitiporia
mediterranea grown previously for seven days. Separately for (A) and (B) in each panel, bars followed by different letters are significantly different (p < 0.05;

Tukey test).
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Fig. 6. Percentage of radial growth inhibition (A) and reduction in mycelium density (B) of Fomitiporia mediterranea Ph CO 36 on sawdust microcosm of seven
grapevine cultivars, resulting from preventive bacterial application i.e., first an inoculation of the bacterial strains and three days later Fomitiporia mediterranea
inoculation. Separately for (A) and (B) in each panel, bars followed by different letters are significantly different (p < 0.05; Tukey test).
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Table 1
Summary of the features of the three strains: Pseudomonas paracarnis S45,
Pseudomonas lactis SV9 and Paenibacillus polymyxa SV13.

Feature 545 SVo SV13
Sequence size (bp) 5708428 6272110 5198206
Number of contigs 26 32 54
GC content (%) 60.3 60.1 45.8
Coverage 753.3 571 704.7
Completeness (%) 99.8 99.74 99.85
tRNAs 62 63 96
tmRNAs 1 1 1
TRNAs 6 7 13
ncRNA regions 52 101 46
CRISPR arrays 0 0 1
CDSs 5069 5527 4557

performed using antiSMASH. The majority of them are antifungal me-
tabolites, the others are siderophores, antibacterial and molecules
involved in different signaling pathways (Fig. 7 and Figure S1).

The CAZyme profiles of the two Pseudomonas strains were similar
(Fig. 8) with P. paracarnis S45 with genes encoding a total of 85 different
CAZymes and P. lactis SV9 encoding 89 different CAZymes. These en-
zymes belong to six CAZymes classes and are distributed into 38
CAZymes families for the strain S45, and into 40 families for the strain
SVO. Genes of the Pseudomonas strains encode mainly Glycosyl Hydro-
lase (GH) and Glycosyl Transferases (GT) enzymes (Table S4). We
further detected in strain S45 32 GH and 33 GT related genes, while 35
GH and 35 GT in strain SV9. The CAZyme profile of P. polymyxa SV13
was different compared to the one of the Pseudomonas strains. We found
262 different CAZyme-related genes in P. polymyxa SV13 that belong to
seven CAZymes classes and are distributed into 96 CAZymes families,
130 of them are GH and 58 are GT. Unlike the Pseudomonas strains,
genome prediction shows that P. polymyxa SV13 encodes a S-layer ho-
mology domain (SLH), which is critical for forming cellulosomes, a
multi-protein complex that can efficiently degrade carbohydrate-rich
biomasses (Fig. 8). The most abundant CAZyme family for the three
bacterial strains is GT2, followed by GT4 for the strain SV13 (Table S4).

3.6. Plant growth-promoting traits

By mapping the bacterial coding sequences to the Plant-associated
Bacteria Database from PLaBAse, we investigated the potential of the
three bacterial strains to act as plant growth-promoting bacteria (PGPB).
This analysis enabled us to identify the functional genes involved in both
direct and indirect plant growth-promotion mechanisms (Fig. 9). Most
identified gene categories are involved in the regulation of indirect
mechanisms of plant growth promotion. Among these, the genes
encoding for plant system colonization were the most abundant across
all three strains, followed by those involved in regulating competitive
exclusion, stress control, and plant response stimulation. For direct
mechanisms, the most abundant genes are those encoding proteins
linked to biofertilization, along with others responsible for regulating
phytohormone production and bioremediation (Fig. 9).

The genome of the three bacterial strains further harbor PGPTs
which regulate several important functions of biocontrol agents, such as
the neutralization of biotic and abiotic stress, heavy metal detoxifica-
tion, phosphate solubilization, iron acquisition, nitrogen acquisition, the
induction of the systemic resistance (IRS), the production of phytohor-
mones and the resistance to plant antimicrobial metabolites (Table 2).

Among the PGPTs that are involved in the neutralization of the biotic
stress found in the genomes of the three strains, we identified genes
encoding for fungicidal compounds, some of theme encode chitinases,
that may degrade the fungal cell-wall, others encode antifungal me-
tabolites. The strain P. polymyxa SV13 encodes fusaricidin which is an
antifungal metabolite. Regarding the neutralization of abiotic stress, the
three genomes harbor genes involved in the tolerance towards high and
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low temperatures. Among the genes involved in iron acquisition path-
ways, we identified a gene encoding pseudomonine.

3.7. Prediction of secondary metabolite biosynthesis gene clusters

Secondary metabolite biosynthesis gene clusters in P. lactis SV9,
P. Paracarnis S45, and P. polymyxa SV13 were determined using anti-
SMASH. In both Pseudomonas genomes, a total of 16 potential gene
clusters involved in secondary metabolite production were identified,
and 21 for P. polymyxa SV13 (Table 3).

For P. paracarnis S45 a gene cluster encoding a siderophore with
100 % of similarity to pseudomonine was identified. Another cluster
encoding for arylpolyene with 40 % similarity to APE Vf. The remaining
14 clusters found encode for siderophores, betalactones, NRPS (Non-
ribosomal peptide synthetase), NRPS-like and redox cofactors but
display low similarity to known clusters. Two clusters with 25 % and
13 % of similarity to fragin and fengycin respectively were identified
(Table 3).

In P. lactis SV9 a related NRPS showed 100 % similarity to most
similar known cluster related to rhizomide. A cluster with 45 % simi-
larity to arylpolyene, APE Vf was also identified in SV9 genome. As for
P. paracarnis S45, two clusters with similarities to fragin and fengycin
cluster genes were identified in SV9 and one cluster was assigned to the
antimicrobial NRPS viscosin (Table 3).

Three clusters among the 21 identified in P. polymyxa SV13 showed
100 % similarity to known clusters genes, one encodes the lanthipeptide
paenilan and two encode the antifungal NRPS, polymyxin and fusar-
icidin. Two clusters had 80 % and 40 % of similarity with tridecaptin
cluster genes and one had 63 of similarity to paenithipeptin synthetic
genes. A cluster was assigned to genes encoding the antifungal laso-
peptide paeninodin (40 %) (Table 3).

3.8. Identification of bacterial antifungal VOCs

The VOCs produced by the three bacterial strains, P. paracarnis S45,
P. lactis SV9 and P. polymyxa SV13 when cultivated in pure culture or
with Fmed for seven days, were identified using SPME-GC-MS.

The two Pseudomonas strains S45 and SV9 had a similar volatile
footprint, very different from that of P. polymyxa SV13, characterized by
a unique peak population. Only 10 VOCs were detected in the sample
Fmed and the presence of Fmed did not affect significantly the vola-
tolome of the three bacterial strains. The metabolomic profiles of the
samples of bacteria grown in presence of Fmed were different from the
profiles of the bacteria grown alone and more similar to the profile of
Fmed grown alone. This is due to the high abundance of Fmed metab-
olites in the volatolome of samples of bacteria and Fmed grown together.
(Fig. 10).

The most abundant metabolites produced by Fmed were M-8-
Methylnonanoic acid-isopropyl ester, methyl 2-furoate, and benzoic
acid methyl ester (Fig. 11). The concentrations of these metabolites
declined in the presence of the bacterial strains. P. polymyxa SV13
produced mainly pyrazine, 2,3-dimethyl-5-(1-methylpropyl), both in
pure culture and in the presence of Fmed. 2-(2-Methylpropyl)-3-(1-
methylethyl) pyrazine is another metabolite containing the pyrazine
group which was identified in the headspace of this strain. As for the
Pseudomonas strains, the disulfide, dimethyl (DMDS) followed by 1-
undecene were the most detected metabolites and did not decrease in
the presence of Fmed (Fig. 11). The majority of VOCs that were identi-
fied in the cultures of the Pseudomonas strains were sulfur-containing
compounds (DMDS, Methanethiol, dimethyl sulfide, methyl thio-
acetate) and alkanes.

We determined the concentration of DMDS in the headspace of the
setup and demonstarted that the application of 20 ppm of DMDS to
Fmed cultures reduced its growth by 15.2 % compared to the control.
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Fig. 7. Circular visualization of genomes using Circos, (A) Pseudomonas paracarnis S45; (B) Pseudomonas lactis SV9; (C) Paenibacillus polymyxa SV13. From outside to
inside: 1st layer — Contigs in alternating white and grey color with tick marks every 10 kbp and labels every 100 kbp expressed in Mbp. The contigs are numbered in
order of size. For the sake of visualization, only contigs with a size > = 10 kbp are represented. Ticks are only present on contigs with a size > = 100kbp. 2nd layer —
COG affiliations of gene products. 3rd layer — Regions of secondary metabolism as identified by Antismash. Regions involved in the production of antifungal
compounds are depicted in green, all other regions are depicted in yellow. 4th layer — GC skew diagram representing the local variations in GC content to the
environing mean GC content. Above average values are depicted in blue and below average values in red. GC content variations were calculated in a 5 kb sliding
window with a 1 kb step size. 5th layer — Genomic region similarities. Regions with a similarity level > 95 % are depicted in red, > 90 % in orange and > 70 %

in blue.

3.9. Identification of the extracellular bacterial antifungal metabolites

As shown in Fig. 12, the metabolome of P. polymyxa SV13 differed
significantly from that of the two Pseudomonas strains. The presence of
Fmed induced an important modification in the metabolome of SV13.
The metabolomes of the two Pseudomonas strains, S45 and SV9 were
highly similar and the presence of Fmed which induced a slight modi-
fication in there metabolomic profile. The metabolomic profiles of the
samples of P. paracarnis S45 and P. lactis SV9 grown in presence of Fmed
were different from the profiles of each of the bacteria grown alone and
similar to the profiles of Fmed grown alone. This shows the high
abundance of Fmed metabolites in the metabolome of samples where

10

bacteria and Fmed were grown together (Fig. 12).

We identified the bacterial antifungal metabolites for each strain,
focusing exclusively on those that are overexpressed when cocultured
with Fmed, and excluding Fmed’s metabolites (Fig. 13, Table S5).
P. polymyxa SV13 produced Xenocoumacin 1, fusaricidin type com-
pounds (A, Al, B, C, D and 1032) and indole-1-Benzanole, all known as
antifungal compounds (Fig. 13). P. paracarnis S45 and P. lactis SV9
produced bacilysin and vazabitide, known as antifungal metabolites, in
addition to the quorum sensing signal molecule N-Butyryl-L-homoserine
lactone; all were overexpressed in the presence of Fmed. The side-
rophore pseudomonine was also detected in the metabolome of the three
strains.
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Fig. 8. (A) Carbohydrate-active enzymes (CAZymes) related genes of the strain Pseudomonas lactis SV9, Pseudomonas paracarnis S45 and Paenibacillus polymyxa SV13.

(B) Total CAZymes and different families for each bacterial strain.
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Fig. 9. Plant growth-promoting traits groups identified in Pseudomonas paracarnis S45, Pseudomonas lactis SV9 and Paenibacillus polymyxa SV13.

4. Discussion

In this study we examined the antagonistic activity of 58 bacteria
isolated from grapevine wood or sap against Fmed, one of the most
important pathogens associated with Esca. We selected the three most
effective bacterial strains against Fmed in sawdust microcosms, and
used both genomic and metabolomic approaches to decipher their
mechanisms of action.

To be used as biocontrol bacteria without harming grapevine wood,
the selected strains were first tested for their ability to degrade plant
wood components such as lignin, cellulose and hemicellulose. We have
shown that none of the three bacterial strains exhibited a ligninolytic
activity in vitro, which is consistent with previous studies by Hervé et al.,
(2016) and Haidar et al., (2021). We also found that most of the tested
strains do not exhibit cellulolytic and xylanolytic activities in vitro,
which aligns with the results reported by Haidar et al. (2021). Lignin is a
phenolic polymer that is cross-linked with cellulose and hemicellulose,
which makes it challenging for microorganisms to access (Cragg et al.,
2015). It was reported that the degradation of the plant cell wall is a
complex enzymatic process and the access to the cell wall carbohydrates
requires lignin bypass or degradation (Cragg et al., 2015). We thus
suggest that the inability of the bacterial strains used in this study to
degrade lignin limits their access to cellulose and hemicellulose in plant
cell walls. This characteristic makes them suitable for use as biocontrol
bacteria.

In our experiment, 51 out of 58 strains exhibited strong inhibition of
Fmed growth through their VOCs, which is consistent to previous results
by Haidar et al. (2021) on the same pathogen. Our observations indicate
that bacteria highly effective in inhibiting Fmed growth through VOCs

production were generally less effective in direct confrontation, and
conversely, strains that were highly effective in direct confrontation
were less effective through VOCs production. This suggests that bacte-
rial strains may inhibit pathogens via VOCs, diffusible metabolites, or
both, but not necessarily with equal efficiency. Fmed growth inhibition
was observed when bacteria are present and in favorable conditions to
metabolites production. Our results don’t give clues about the duration
of the inhibition in case of cessation of bacterial metabolite production.
The mode of action thus needs to be considered when selecting BCAs to
be used in real conditions.

Fmed growth inhibition depended on the sampling site of bacteria in
the grapevine, i.e., either wood or sap. The diffusible bacterial metab-
olites in the direct confrontation assays caused moderate to weak inhi-
bition of Fmed growth when they were produced by wood-colonizing
bacteria, while roughly all strains isolated from sap moderately to
strongly inhibited Fmed by their agar-diffusible metabolites. Moreover,
bacteria isolated from healthy wood tissue have shown stronger anti-
fungal activity against Fmed compared to those obtained from necrotic
tissue, which aligns with the findings of Haidar et al. (2021). Here, this
result is likely due to differences in the bacterial communities of the
grapevines, influenced by their disease state. Whereas, wood-associated
bacteria were isolated from grapevines expressing severe Esca symp-
toms, sap-associated bacteria were isolated from plants with either mild
or no Esca symptoms. Therefore, considering this criterion when
selecting a biocontrol agent would be worthwhile.

Overall, we have shown that the 15 bacterial strains able to inhibit
the growth of the strain Ph CO 36, also inhibited the growth of five
alternative Fmed strains. However, we showed a stronger inhibitory
effect against Fmed Ph CO 36 comparing to the five other strains of
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Plant growth-promoting traits identified in Pseudomonas paracarnis S45, Pseudomonas lactis SV9 and Paenibacillus polymyxa SV13.

PGPTs group PGPTs category Number of genes
S45 SV9 Svi13
Direct effects Bio-fertilization Nitrogen Acquisition 162 176 89
Carbon Dioxide Fixation 22 22 22
Phosphate Solubilization 282 293 200
Potassium Solubilization 235 239 143
Sulfur Assimilation/Mineralization 72 75 34
Iron Acquisition 218 236 158
Bio-remediation Heavy Metal Detoxification 447 469 366
Xenobiotics Biodegradation 232 274 167
Phytohormone; plant signal production Abscisic Acid Degradation 41 48 14
Jasmonate Production 2 2 0
Cytokinins/derivate Production 33 32 1
Gibberellins Production 1 1 29
Terpenoid/derivate Production 31 28 6
Gamma-Aminobutyric Acid Production 26 32 14
Plant Signal-Phospholipid Production 33 35 39
Plant Signal-Branching Stimulation 40 47 35
Plant Signal-Branching Inhibition 51 58 67
Plant Signal-Germination Stimulation 96 97 35
Plant Signal-Embryogenesis 51 58 82
Plant Signaling Volatiles 121 133 226
Plant Vitamin Production 239 235 15
Plant Signal-Carnitine Production 1 0 0
Plant Signal- Ubiquinone/Coenzyme Q Production 16 16 0
Indirect effects Stress control; Biocontrol Neutralizing Biotic Stress 301 320 273
Neutralizing Abiotic Stress 1070 1087 734
Universal Stress Response 164 182 168
Plant immune response stimulation Induction Of Systemic Resistance (ISR) 76 80 70
Induction Of Systemic Acquired Resistance (SAR) 8 4 0
Triggered Immunity 21 28 29
Colonizing plant system Motility; Chemotaxis 213 220 1424
Plant Derived Substrate Usage 1377 1414 105
Root Colonization 116 120 164
Surface Attachment 167 185 142
Plant Cell Wall/Membrane Degradation 36 39 32
Adaption to Plant Immune System 69 71 20
Other Colonization Related Proteins 28 30 284
Competitive exclusion (CE) Cell Envelope Remodeling 291 297 133
Spore Production 7 7 374
Quorum Sensing Response; Biofilm Formation 569 568 214
Exopolysaccharide Production; EPS 134 134 498
Bacterial Fitness 584 641 73
Bacterial Secretion 203 248 0

Fmed. This efficiency, depending on pathogenic strain, was previously
reported by Mondello et al., (2019). The authors demonstrated that the
biocontrol strain Fusarium proliferatum was highly effective in vitro
against Neofusicoccum parvum strain “Saint Victoire”, but its effective-
ness was reduced against two other strains of N. parvum under the same
conditions. This illustrates one of the biases in selecting biocontrol
agents performed with an efficiency screening against one pathogen,
thus leading frequently to lower efficiency when the BCA is used on
other pathogen strains. In the case of Fmed, this variability could be due
to the production of specific compounds by biocontrol bacterial strains,
such as narrow-spectrum antibiotics or enzymes that target particular
components of the fungal cell wall or metabolic pathways present only
in certain Fmed genotypes. In further studies, metabolic analyses using
the same biocontrol strain against different Fmed strains could be useful
in confirming this hypothesis.

The use of sawdust microcosms offers environmental conditions that
are closer to grapevine wood, and improves the chance of positive cor-
relations between our results and field efficacy (Kohl et al., 2020). In our
study we observed a low correlation between the efficacy of the bacterial
strains against Fmed in vitro on synthetic medium and on sawdust mi-
crocosms. Only three strains selected in the synthetic medium remained
effective against Fmed when tested on grapevine sawdust of the cultivar
Ugni Blanc that was used to select potential BCAs because of its sensi-
tivity to Esca disease (Gastou et al., 2024). This clearly highlights that in
vitro test of BCAs under more realistic conditions are crucial before field
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trials. We also demonstrated that Fmed inhibition on grapevine sawdust
microcosms was strongly dependent on grapevine cultivars, with sig-
nificant efficacy observed primarily in two cultivars: Ugni Blanc and
Baroque. The variability related to cultivars may be explained by the
differences in the chemical composition of the wood of each cultivar
(Songy et al., 2019). As reported in the literature, the concentration of
lignin and the vessels diameters may influence the grapevine sensitivity
to Esca disease (Csoto et al., 2023; Pouzoulet et al., 2014; Rolshausen
et al., 2008; Songy et al., 2019). For instance, Cabernet Franc, Cabernet
Sauvignon, Sauvignon Blanc and Ugni Blanc have been identified as
particularly sensitive to Esca (Martinez-Diz et al., 2020; Csoto et al.
2023; Gastou et al., 2024). One should note that our sawdust approach
allows us to address differences in wood chemical composition but not
variations in plant defenses and wood structures found in live plants.
The choice of the application methods, i.e., curative or preventive
significantly influenced the effectiveness of bacterial strains in inhibit-
ing Fmed growth. Therefore, variations in the effectiveness of bacterial
strains across different cultivars and application methods may be
attributed to their capacity to grow on wood, as well as the specific
characteristics of the wood from each cultivar, which can either facili-
tate or restrict bacterial colonization of the wood. Fungal activity and
response to bacteria may also vary between cultivars and further impact
bacterial efficacy. These factors should be thoroughly considered when
assessing and selecting BCAs for effective disease management.
Understanding the mechanisms of action of biocontrol agents against
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Table 3

The predicted secondary metabolite gene clusters in Pseudomonas paracarnis
$45, Pseudomonas lactis SV9 and Paenibacillus polymyxa SV13 using antiSMASH
(*metabolites detected In LC-MS/MS).

Type Most Similar Known Cluster Similarity
S45 SvV9 SV13
Arylpolyene Ape Vf 40 % 45 %
Betalactone Fengycin 13% 13 %
Lanthipeptide- Paenilan - - 100 %
Class-1
Lanthipeptide- Paenithipeptin - 63 %
Class-Iii
Lassopeptide Paeninodin - - 40 %
NI-Siderophore Mevalagmapeptide A/ 4% 4%
Mevalagmapeptide B/
Mevalagmapeptide C/
Mevalagmapeptide D
NRP- Pf—5 Pyoverdine 10 % 11 %
Metallophore,
NRPS,
Hydrogen-
Cyanide
NRP- Pseudomonine* 100 %
Metallophore,
NRPS-Like,NRPS
Nrps Pf—5 Pyoverdine 10 % 10 %
MAO026 - 14 %
Viscosin - 43 %
Rhizomide A/Rhizomide B/ - 100 %
Rhizomide C
Polymyxin - 100 %
Fusaricidin B* - 100 %
Tridecaptin - 40 %
Tridecaptin - 80 %
Gramicidin S - 6 %
Thermoactinoamide A - - 100 %
NRPS-Like Fragin 25 % 25 %
Pyoverdine SMX—1 6 % 12%
Redox-Cofactor Lankacidin C 13 % 13 %
Ripp-Like Lipopolysaccharide 5% 5%
Lipopolysaccharide - -
Transat-PKS, Aurantinin B/Aurantinin C/ - 35 %
NRPS, T3PKS, Aurantinin D
PKS-Like

phytopathogens is essential to register them and to develop effective
treatments for vineyard application. The most potent biocontrol agents
are those that exhibit multiple mechanisms of action, targeting vital
components and metabolic pathways of the pathogen. In this study, the
three selected strains P. lactis SV9, P. paracarnis S45 and P. polymyxa
SV13 have potentially different modes of actions as P. polymyxa SV13
inhibited Fmed growth mainly by diffusible metabolites, and P. lactis
SV9 via the production of volatile metabolites. P. paracarnis S45
inhibited the growth of Fmed through both diffusible and volatile me-
tabolites. According to the literature, when bacteria from these genera
were tested against GTD-pathogens, antibiosis and induction of grape-
vine resistance were identified as the main mechanisms of action
employed (Yang et al., 2011; Haidar et al., 2016; Li and Chen, 2019;
Dutta et al., 2020; Mesguida et al., 2023). Besides, persistence and ef-
ficacy of biocontrol agents under field conditions depend on their ability
to colonize plant tissues, and to resist to various biotic and abiotic
stresses (Bardin et al., 2015; Mesguida et al., 2023). The presence of
AMR genes has already been reported in some biocontrol agents such as
Trichoderma spp. and Clonostachys spp. (Ruocco et al., 2009; Broberg
et al., 2021). The detection of AMR genes in the genomes of the selected
bacterial strains underscores the necessity for more extensive analyses,
alongside ecotoxicological studies to evaluate the safety of these strains
before  proceeding with any potential registration and
commercialization.

The genomic analysis of the three BCAs strains studied here, revealed
that different CAZymes, mainly GT and GH are dominant. This may
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indicate versatile carbohydrate metabolization (Cragg et al., 2015),
Additionally, the presence of genes associated with resistance to various
biotic stresses and plant antimicrobial substances may enhance their
ability to colonize diverse ecosystems, allowing these strains to
outcompete pathogens for space and nutrients. Furthermore, these
strains harbor gene clusters which encode function related to neutral-
izing abiotic stresses, such as temperature fluctuations and heavy metal
detoxification. Their tolerance to temperature variations makes them
suitable for application under field conditions, which could enhance
their resilience. Additionally, their ability to detoxify heavy metals may
support their use in the integrated management of GTD pathogens.

Numerous gene clusters, involved in the synthesis of biocontrol
metabolites were identified in the genomes of the two Pseudomonas
strains S45 and SV9, and are related to the biosynthesis of the arylpo-
lyene, APE Vf. These metabolites have been previously reported as
antifungal metabolites in Pseudomonas fluorescens (Dutta et al., 2020).
Additionally, Pseudomonas strains S45 and SV9 encode the biosynthesis
of fragin and fengycin, two metabolites known for their antifungal
properties (Deleu et al., 2005; Sieber et al., 2020). The antagonistic
activity of fragin is mainly due to its ability to chelate metals, potentially
inhibiting various enzymes by binding to their metallic cofactors. While
fengycin, a lipopeptide, inhibits cell wall biosynthesis (Deleu et al.,
2005; Sieber et al., 2020). P. lactis SV9 encodes the biosynthesis of
rhizomide, an antifungal metabolite previously reported by Lepetit
etal., (2023). P. polymyxa SV13 encodes different antifungal metabolites
including, paenithipeptin, polymyxin and fusaricidin. Among these,
fusaricidin was found to be the most abundantly produced metabolite by
SV13 in the presence of Fmed in our metabolomic study. It is hypothe-
sized that the antifungal mechanisms of polymyxin and fusaricidin are
related to their ability to disrupt the integrity of the cytoplasmic mem-
brane (Li and Chen, 2019; Xue et al., 2022; Zhai et al., 2010). Addi-
tionally, fusaricidin has the capacity to inhibit pathogen spore
germination and induce systemic resistance against Fusarium Wilt in
cucumber (Li and Chen, 2019). We further identified xenocoumacin 1,
in the metabolome of P. polymyxa SV13, a metabolite previously re-
ported to exhibit antifungal activity against Phytophthora (Yang et al.,
2011; Zhou et al., 2017). Bacilysin, another antifungal metabolite
(Wang et al., 2018), was detected in the metabolomes of P. paracarnis
S45 and P. lactis SV9. It was shown that its antifungal activity was
related to the inhibition of glucosamine-6-phosphate synthase, which is
an ubiquitous enzyme of primary anabolism that represent an attractive
target for the development of antimicrobial compounds (Stefaniak et al.,
2022). The two Pseudomonas strains SV9 and S45 produce N-Butyr-
yl-L-homoserinelactone (C4-HSL), which is a quorum sensing signal
molecule that is commonly used in gram-negative bacteria to coordinate
the behavior of the bacterial community (Song et al., 2011; Viswanath
et al., 2020), but also to significantly enhance root growth in Arabidopsis
thaliana (Von Rad U et al., 2008).

The volatolome has also been studied in order to find potential
biocontrol metabolites. P. lactis SV9 and P. paracarnis S45 exhibited high
effectiveness in inhibiting Fmed growth, with inhibition rates of 96 %
and 87 %, respectively. We showed that DMDS was the main metabolite
produced by the two Pseudomonas strains S45 and SV9. Our findings
demonstrate that pure DMDS effectively inhibit the growth of Fmed on
its pure form. However, the inhibition observed with this metabolite
alone was lower compared to the inhibition achieved in the VOCs assay
with both Pseudomonas strains. This suggests that other metabolites,
beyond DMDS, may contribute to the inhibition of Fmed. DMDS is a
volatile organic compound produced by various bacterial strains, which
causes strong antifungal activity against phytopathogenic fungi (Bhunia
and Meshram, 2022; Elkahoui et al., 2015; Tyagi et al., 2020). According
to Tyagi et al. (2020), DMDS inhibited Sclerotinia minor by damaging its
cell membranes (Tyagi et al., 2020). On plants, Meldau et al. (2013)
reported that DMDS promoted the growth of Nicotiana attenuata under
sulfur limiting conditions (Meldau et al., 2013) suggesting its potential
to stimulate the plant’s growth alongside its antifungal properties.
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Fig. 10. Principal Coordinate Analysis (PCoA) of the volatolomic profile of Pseudomonas lactis SV9, Pseudomonas paracarnis S45 and Paenibacillus polymyxa SV13,

when cultivated alone or with Fomitiporia mediterranea.
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Fig. 11. Volatile organic compounds (VOCs) from Fomitiporia mediterranea, and the three bacterial strains Pseudomonas lactis SV9, Pseudomonas paracarnis S45 and
Paenibacillus polymyxa SV13 when cultivated alone and with Fomitiporia mediterranea. Columns represent the VOCs profiles of the different microorganism for each
condition. Rows represent the 31 VOCs selected (Blue, low abundance; red, high abundance).

Regarding other metabolites, both Pseudomonas strains S45 and SV9
produced 1-undecene in higher quantities in the presence of Fmed.
Previous research showed that 1-undecene was the main metabolite
produced by different Pseudomonas species and has a strong antifungal
activity toward various fungal pathogens (Cordero et al., 2014; Hun-
ziker et al., 2015; Tagele et al., 2019; Velivelli et al., 2015). Additionally
P. paracarnis S45 produced 1-tetradecene in the presence of Fmed, which
has been reported to have antimicrobial properties (Ajijah et al., 2023;
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Lammers et al., 2021). This suggests that both 1-undecene and 1-tetra-
decene may play roles in the inhibition of Fmed growth.

5. Conclusion
The literature is rich in issues related to the inconsistent effectiveness

of biocontrol agents between in vitro and field conditions. Combining
different mode of actions such as antibiotic production and plant defense
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stimulation, potentially offers a more robust and durable biocontrol
solution. In our study, we identified three antagonistic bacterial strains
that exhibit significant inhibitory effects against Fomitiporia medi-
terranea (Fmed). Our findings highlight the diverse mechanisms
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employed by these biocontrol agents. The two Pseudomonas strains,
P. lactis SV9 and P. paracarnis S45, primarily suppress Fmed growth
through the production of volatile organic compounds, such as the
antifungal compound dimethyl disulfide (DMDS) which is the most
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abundant metabolite identified. On the other hand, P. polymyxa SV13
effectively inhibits Fmed by producing extracellular metabolites,
including fusaricidin-type compounds known for their antifungal prop-
erties. The synergistic combination of these strains may further amplify
their effectiveness as they act through different modes of actions. The
metabolomic and genomic analysis enabled the identification of anti-
fungal metabolites along with gene clusters that encode for metabolites
with antifungal activities. Most of these metabolites target the cell wall
e.g., polymyxin, fusaricidin, fengycin, chitinase, while others inhibit
vital enzymatic activities e.g., fragin. These bacterial isolates also pro-
duce siderophores, which allow them to compete with pathogens for
iron e.g., pseudomonine. All these enable direct mechanisms of action.
Additionally, the three selected strains are able to act by indirect
mechanisms through induction of the plant systemic resistance, nitrogen
fixation and phosphorus solubilization, and the promotion of the plant
growth. Whole genome analysis revealed that these strains possess genes
associated with the regulation of various abiotic stresses, such as toler-
ance to extreme temperatures and resistance to heavy metals like cop-
per, commonly used in agriculture. These characteristics make them
strong candidates for field trials as biocontrol agents, either used alone
or as part of integrated management strategies.
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