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Diversity and functional features of the
root-associated bacteriome are dependent
on grapevine susceptibility to Plasmopara
viticola
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Abstract

Background Plant health depends on beneficial interactions between the roots and their microbiomes. Despite
recent progress on the role of the grapevine microbiome, the taxonomic identity and functional traits of microbial
taxa specific to healthy or Plasmopara viticola-diseased plants, as well as to the susceptible or resistant cultivar are
unknown. Using metabarcoding and shotgun metagenomics sequencing, we investigated the effect of downy
mildew on the root-associated microbiome (rhizospheric soil, rhizoplane and endosphere) of 41B-grafted susceptible
cultivar (Chardonnay) and resistant interspecific hybrid (Voltis) at flowering and veraison stages. The impact of
conventional treatment on the rhizomicrobiome assembly of Chardonnay was also evaluated.

Results Analyses revealed a core bacteriome shared between both susceptible and resistant cultivars. This also
highlighted common functional traits between the rhizosphere and rhizoplane bacteriomes in both cultivars. A
dysbiosis state was also evidenced by a loss of beneficial communities in the rhizosphere of the P viticola-infected
cultivar. Microbial genome assemblies showed functional differences between healthy and diseased plants, with
a loss of Pseudomonas and Phyllobacterium taxa at veraison. This state was mainly characterized by a loss of genes
involved in polyamine transport and metabolism in the susceptible cultivar. It was also marked by an increase in
population evenness and total bacterial diversity, and the presence of pathogenic species in susceptible plants.

Conclusions This study reveals distinct and overlapping bacterial communities and functional genes in the

rhizospheric soil, rhizoplane and root endosphere of both susceptible and resistant grapevine cultivars to downy

mildew. Microbial diversity and abundant taxa of grapevine roots are influenced by downy mildew and cultivar

susceptibility. Common bacterial functions are shared among rhizocompartments of susceptible and resistant

cultivars, revealing a dysbiosis state and functional signatures related to plant immunity, especially in the infected-
L susceptible plants.
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Background

Plants live in association with a wide range and com-
plex assembly of microbes including bacteria, archaea,
oomycetes, fungi and protists [1]. These microbial assem-
blages, collectively referred to as the plant microbiota,
can be considered as a part of their extended phenotype
and as such, play a major role in various steps of the
plant’s life cycle [2, 3]. The assembly of the rhizosphere
microbiome is mainly determined by the chemistry sur-
rounding plant roots, including root exudates and cell
wall components. The contribution of the soil and root
microbiomes to plant growth and health promotion is
a trait of particular interest in the quest for sustainable
agriculture practices. Across plant species and cultivars,
both rhizospheric and endophytic microbes repeatedly
exhibited the capacity to influence their host’s resilience
to biotic and abiotic stresses [4—7]. Recent studies pro-
vide new insights into the colonization of plant roots by
specific microbial taxa and the systemic response associ-
ated with improved plant health and performance under
a variety of biotic and abiotic stresses [8]. These beneficial
microbes can directly antagonize pathogenic microbes or
prime plants for enhanced local and systemic immunity
through hormonal signaling pathways [9, 10]. The micro-
bial assembly is influenced by multiple factors, including
plant genotypes, agricultural practices, or seasonality,
impacting the taxa and functions retrieved in the plant
microbiomes [11, 12]. The aboveground parts of plants
can also influence the structure and function of the rhi-
zosphere and root-associated microbiomes through the
modulation of root metabolism upon perception of spe-
cific pathogens [13]. Thus, sustainably engineering the
root associated microbial communities could represent
a cost-effective and eco-friendly alternative to pesticide
treatments.

Grapevine (Vitis vinifera L.) has become the most eco-
nomically important fruit species in the world, due to the
many uses of its fruit for the production of table grapes,
dried fruit, juice, wine and organic compounds of thera-
peutic and cosmetic interest [14]. However, recurrent
diseases caused by destructive pathogens such as Plas-
mopara viticola, responsible for downy mildew, become
a huge threat to the sustainability of grape production
[15]. The control of these diseases is generally achieved
by widespread applications of chemical fungicides, which
become major concerns for human health and the envi-
ronment [15]. As alternative, several diseases resistant
cultivars were generated through breeding programs,
including Voltis which possesses resistance genes against
P viticola (Rpv1/Rpv3) and Erysiphe necator (Runl/Ren3)

[16]. However, adopting such mildew-resistant hybrids is
still uncertain in terms of their level of tolerance to other
diseases and their performance under various conditions.
Improving functional microbial diversity is among the
most promising and innovative levers in vineyard sys-
tems, since grapevine is naturally colonized by a wide
variety of both prokaryotic and eukaryotic microbes,
which may play a great role in fruit yield and grape qual-
ity [17]. Some soil beneficial microbes, or microbial con-
sortia are recognized to act as natural biological control
agents, thanks to their ability to enhance plant immunity
and to their antagonism towards grapevine pathogens
[18-21]. Nevertheless, the root-associated microbial
communities are rarely investigated in disease contexts in
vineyards. When affected by Pierce’s disease, a higher sap
microbial diversity was observed under moderate symp-
toms, compared to low or severe symptoms [22]. The
survey of plants symptomatic and asymptomatic plants
affected by grapevine trunk diseases (GTD) revealed
co-occurrence and exclusion patterns which could lead
to the identification of GTD-promoting and GTD-
suppressing microbes. For instance, a co-occurrence of
Acremonium sp., a non-GTD related fungus, with the
fungi usually associated to GTD in symptomatic grape-
vines was highlighted, while asymptomatic plants were
enriched with specific rhizobacteria, such as Bacillus and
Streptomyces, suggesting their potential contribution to
control GTD [23]. These results could support the con-
cept of dysbiosis state, or cry-for-help strategy [24, 25].
While a recent study investigated the impact of downy
mildew on the grapevine leaf microbiome, the reper-
cussions of this disease at the whole plant scale is still
unknown [26]. Other studies showed that the vine’s phyl-
lospheric microbial communities are driven by plant
genetic diversity [27, 28], but also by geographic location
often called “terroir” [29, 30] and growing season [31].
Chemical treatments seem to exert only minor effects
on the richness and diversity of non-targeted bacterial
and fungal communities [31, 32]. However, the impact
of specific diseases and chemical treatments on the root-
associated microbiome is not yet elucidated in grapevine
cultivars with contrasting susceptibility to downy mildew.
In this study, we aimed to investigate the richness
and diversity of microbial communities associated with
grapevine roots under disease pressure in order to iden-
tify microbial signatures and their functional role in plant
health. To this end, we used metabarcoding and shotgun
metagenomics sequencing to examine the root-associ-
ated microbiomes of two grapevine cultivars differing in
their susceptibility to downy mildew. Experiments were
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conducted in the same vineyard that has never been
treated with chemicals, and microbial analyses were per-
formed on rhizocompartments (rhizosphere, rhizoplane
and endosphere) of susceptible (Chardonnay) and resis-
tant (Voltis) cultivars at full flowering (before the onset of
disease) and veraison (after disease expression). The sus-
ceptible cultivar, Chardonnay, showed severe symptoms
at the veraison stage, while the resistant cultivar Voltis
showed very low symptoms. The effect of conventional
treatment was also evaluated on the microbiome assem-
bly in the susceptible cultivar to understand the relation-
ship between shoot treatment and the steady state of
root-associated microbial diversity.

Methods
Vineyards, root and rhizosphere soil samplings
Experiments were carried out on two grapevine (Vitis
vinifera L.) cultivars differing in their susceptibility to
downy mildew (2 viticola), grown in the same vineyards
of the Champagne Committee in Chouilly, France. Roots
and rhizospheric soil were collected from both suscep-
tible, Chardonnay (clone 121) and resistant, Voltis (clone
1266), grafted on the same rootstock 41B and grown in
a vineyard that has never been treated with chemicals.
Additional samples were also taken from another plot
of Chardonnay plants grown under conventional treat-
ment. Three samples of young roots (<2 mm diameter)
and rhizospheric soil were collected from three different
plants of each cultivar and condition, at full flowering
and veraison stages. Samples were collected using etha-
nol sterilized transplanting shovel and pruning shears
from a depth of approximately 20 cm and within 30 cm of
the trunk. No symptoms were identified in both cultivars
at flowering, while at the veraison stage, the untreated
susceptible cultivar Chardonnay showed a heavy mildew
infection (Supplementary Fig. S1). The resistant cultivar
Voltis and the chemical-treated Chardonnay displayed
strong protection against downy mildew disease. Roots
and rhizospheric soil were transferred into clean bags
closed hermetically, stored on ice and transported back to
the laboratory where they were immediately fractionated.
The rhizospheric soil, rhizoplane and endosphere frac-
tions were separated following the protocol of Edwards
et al. [33] with small modifications and stored in sterile
Phosphate Buffered Saline (PBS) pH 7.4 buffer at -80 °C.
For each sample, 2 g of roots with adhering soil were
separated and washed in 20 mL PBS solution by shak-
ing for 15 s with a vortex. The washed roots were then
removed for downstream procedures and the remaining
medium was stored as the rhizospheric soil fraction. The
roots were washed three more times in 20 mL of fresh
PBS by shaking them 15 s and changing the washing buf-
fer between each repetition. The washed roots were then
sonicated at 45 kHz for 30 s using an ice water bath. The
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resulting liquid fraction was stored as the rhizoplane
fraction and the roots were transferred to 20 mL of fresh
PBS for three additional sonication steps of 30 s at 45 kHz
with fresh washing buffer at each step. The unsterilized
sonicated roots were crushed at room temperature in 2
mL PBS per 0.5 g of roots using sterile mortar and pestle.
The final lysate was stored as the endosphere fraction.

DNA extraction and high-throughput sequencing

Total DNA was extracted from the three separated root
fractions of each sample. Rhizospheric soil and rhizo-
plane samples, prepared as described above, were cen-
trifuged at 15,000 g and the supernatant discarded.
Depending on the sample, up to 200 mg from the rhi-
zospheric soil and 17 mg from the rhizoplane fractions
were used as input material for DNA extraction using
the DNeasy PowerSoil Pro Kit (Qiagen) following the
manufacturer’s instructions. For the endosphere fraction,
stored root lysate was centrifuged at 16,000 g for 1 min
and up to 50 mg of the pellet were used as input material
for DNA extraction using the DNeasy Plant Pro Kit (Qia-
gen) following the manufacturer’s instructions with some
modifications. The endosphere fraction was extracted
considering the high level of phenolic compounds in
grapevine roots, and 400 pL of CD1 and 100 pL of PS
were added accordingly at the first extraction step. Five
additional membrane washing steps were applied before
using the AW1 buffer with 600 uL of 5.5 M guanidium
thiocyanate to increase final DNA quality.

Total DNA from all three fractions was further pro-
cessed by Genoscreen (Lille, France) for the shotgun
metagenomic sequencing and by Macrogen (Seoul,
South Korea) for the metabarcoding analysis. Shot-
gun metagenomic sequencing libraries were prepared
using the Illumina DNA Prep kit and processed using a
2x 150 bp paired-end approach on an Illumina MiSeq
with a sequencing depth of 2 x 107 paired-end reads per
sample. Metabarcoding libraries were prepared using
the Herculase II Fusion DNA Polymerase Nextera XT
Index V2 Kit targeting the V3-V4 regions of bacterial 16S
rRNA with primers 337F (5-GACTCCTACGGGAG-
GCWGCAG-3’) and 800R (5-TACCAGGGTATCTAAT
CC-3) following manufacturer’s instructions [34]. Blank
samples, resulting from a buffer extraction, were pro-
duced for each type of extraction kit and included in each
sequencing procedure.

Processing of lllumina sequence data for functional and
taxonomic identification

For shotgun metagenomic sequencing results, paired-
end reads were filtered, trimmed and joined using
Fastp v0.23.2 [35] retaining only reads longer than 90
nucleotides after trimming based on a quality score of
Q25. Reads presenting more than two occurrences of
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uncertain bases were discarded. Base corrections of
overlapping sequences and over-representation analyses
were enabled. Paired-end read joining was performed
with a minimal overlap of 30 bases. Only merged reads
were retained for downstream procedures. Reads were
mapped separately to the mgPGPT vFeb2022 database
from PLaBAse [36] and to the AnnoTree vJune2021 data-
base [37, 38] using the Diamond v2.0.9 sequence align-
ment tool, with an e-value cutoff at 1x107'° for the
blastx function [39]. In addition to the functional affili-
ation, taxonomic classification was performed using the
NCBI non-redundant protein sequences database v2022-
03-10 with Kaiju v1.9.0 [40]. Filtered and trimmed reads
were further used for assembly using Megahit v1.2.9 on
paired-end libraries with the recommended settings
for complex metagenomes [41]. To improve de Bruijn
graph building efficiency, six library groups were used
separately for genomic assemblies according to the plant
cultivar and sampling season. For each of the six sample
groups, the 50 longest assemblies were used for taxo-
nomic prediction using BlastN against NCBI’s nucleotide
database [42].

Metagenome-assembled genomes

The metagenome assembled genomes (MAGs) were ana-
lyzed for completeness and contamination levels with
checkM v1.2.2 [43] and their taxonomic affiliation pre-
dicted with GTDB-Tk v2.1.1 [44]. Sixteen MAGs with
medium to high quality (>60% completeness and <15%
contamination) were further annotated using the Micro-
Scope platform [45]. The whole genomes were classified
into different orthologous groups and annotated using
the EGGNOG (v5.0.2). The differentially abundant bac-
terial biomarker identified with LEfSe (v2.31) in shotgun
metagenomic results and associated with plant-beneficial
functions were targeted in MAGs. For this purpose, the
names associated to the KEGG functions were searched
on any computational results obtained with the Micro-
Scope pipeline using keywords research. The functions
were considered as retrieved only when the “Product”
column was corresponding to the identified KEGG func-
tion in metagenomic analyses.

16 S rRNA sequencing and metabarcoding

The 16 S rRNA sequencing and metabarcoding raw reads
were evaluated for their read qualities using Qiime2
v2022.8 [46]. Primer sequences were first trimmed using
Cutadapt [47]. Paired-end reads were further filtered
and joined using DADA2 [48]. Individual reads were
truncated at the first occurrence of a base below a qual-
ity level of Q20 and discarded when containing more
than two expected errors. After read joining, chimeric
sequences were removed using the consensus method.
Taxonomic classification for all ASVs was obtained with
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a Naive Bayes classifier [49] trained on the Silva v138.1
database collapsed at 99% sequence identity [50]. Phylo-
genetic trees used to examine beta-diversity were gener-
ated by sequence alignment using MAFFT [51], which
was then processed using FastTree [52]. The sequencing
outputs from control samples were used for decontami-
nation of the remaining dataset using the decontam v1.12
package [53] using the prevalence method at a threshold
level of 0.1.

Statistical analysis

Downstream diversity and statistical analyses were per-
formed using phyloseq v1.38.0 [54]. Statistic comparisons
between alpha-diversity values were obtained through
ANOVA tests and refined through the Tukey HSD analy-
sis. For beta-diversity metrics, a PERMANOVA method
was used. Differential abundant bacterial biomarkers
were identified using LEfSe v2.31 [55]. When analyz-
ing the effect of plant cultivar and chemical treatment,
the root fractions are used as a subclass to improve the
robustness of predicted biomarkers. A per-sample nor-
malization of the sum of the values to 1 M reads was
applied and a 0.05 p-value cutoff used for the Kruskal-
Wallis and Wilcoxon tests prior to the linear discriminant
analysis. Core components of microbial populations were
estimated by considering a combination of the three root
compartments for each plant cultivar and phenological
stage.

Results

Amplicon sequencing and shotgun metagenomics of
grapevine root-associated microbiota

The amplicon sequencing and shotgun metagenomics
analyses were carried out on the rhizospheric soil, rhi-
zoplane and endosphere of 41B-grafted Chardonnay
(susceptible cultivar) and Voltis (resistant interspecific
hybrid) at flowering and veraison stages from a same
vineyard that has never been treated with chemicals.
Analyses were also performed on chemical treated-Char-
donnay from a separate plot (hereafter treated Chardon-
nay). All sampled plants were asymptomatic at flowering.
At veraison, Voltis remained largely asymptomatic, the
treated Chardonnay showed few symptoms of downy
mildew, while the untreated Chardonnay was heavily
diseased (Supplementary Fig. S1). After quality control,
3,674,254 16 S paired-end sequences were obtained from
57 samples and a total of 52,429 ASVs were identified.
Rarefaction curves for bacterial ASVs attest of a good
sequencing depth enabling robust analyses of community
compositions (Supplementary Fig. S2).

Shotgun metagenomics were performed only on rhi-
zoplane and rhizospheric soil samples to avoid excessive
contamination from plant DNA. Overall, 931,971,864
paired-end sequences were obtained from 37 samples
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Fig. 1 (See legend on next page.)

with 91.32% of sequences > Q30. Raw sequence process-
ing resulted in a total of 107,249,181 final sequences for
downstream analyzes. Blank samples subjected to shot-
gun metagenomics were not biased by the amplification
step of metabarcoding and provide a truthful overlook of

the kit contamination. For all extraction kits, these blank
samples presented a low number of reads (0.0019% of the
mean experimental sample) with 34% of predicted dupli-
cate reads.
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Fig. 1 Taxonomical composition, beta-diversity of bacterial communities and relative abundance of bacterial genera in the endosphere, rhizoplane and
rhizospheric soil of susceptible and resistant cultivars. A: Representation of a grapevine root cross-section depicting the delimitation between the endo-
sphere, rhizoplane and rhizospheric soil. B: Taxonomical composition of bacterial communities in the rhizocompartments of Chardonnay (untreated and
treated) and Voltis, at flowering (absence of P viticola), and veraison (presence of P viticola). For each condition, the microbial communities are represented
on the root cross-section, with central pie-chart for the endosphere, and external pie-charts for the rhizoplane and the rhizospheric soil. The top 13 taxa
were shown. C: Beta-diversity of bacterial communities in rhizocompartments of susceptible (treated and untreated) and resistant cultivars. Beta diversity
was calculated using Bray-Curtis distance and statistically tested by the PERMANOVA test. The beta-diversity was visualized by the principal coordinate
analysis (PCoA) plots for bacterial communities. D, E: Beta-diversity of bacterial communities from the rhizoplane and rhizospheric soil of healthy Voltis,
treated Chardonnay and untreated Chardonnay plants at flowering (before downy mildew infection) (D) and at veraison (after downy mildew infection)
(E). Beta-diversity was calculated using Bray-Curtis distance and statistically tested by the PERMANOVA test. The beta-diversity was visualized by the
principal coordinate analysis (PCoA) plots for bacterial communities. The alpha-diversity levels between healthy (treated Chardonnay and Voltis) and
diseased (untreated Chardonnay) plants were compared using Shannon index. Significance levels were obtained through Wilcoxon test (¥, p<0.05; ns,
not significant). F: Comparison of alpha-diversity levels between the root fractions of untreated Chardonnay at flowering and veraison. Significance levels
were obtained through a Wilcoxon test (* = p <0.05; ns=not significant). G, H, 1, J, K, L: Relative abundance of bacterial genera obtained by metabarcoding
analysis of the endosphere (G), rhizoplane (H) and rhizospheric soil (1) of susceptible and resistant cultivars. Data show the top 20 taxa, and other minors
grouped together, from untreated Chardonnay (CNT), treated Chardonnay (CT) and Voltis (Vol) at flowering (Flo) and veraison (Ver). Data are means of
three replicates. The corresponding diversity obtained by metabarcoding in the endosphere (J), rhizoplane (K) and rhizospheric soil (L) was measured as

number of observed ASVs (white) and Pielou’s evenness index (grey). Data are means of three replicates

Amplicon sequencing results were used to get an over-
view of the bacterial composition in Voltis and Char-
donnay root fractions at flowering and veraison, and in
response to fungicide treatments (Fig. 1A-B, Supple-
mentary Table S1). Data showed that microbiome com-
positions varied with rhizocompartments, cultivars and
treatment. Across all samples, reads were primarily clas-
sified as Proteobacteria (50.32% of assigned reads), Acti-
nobacteria (22.61%), Bacteroidota (11.93%), Firmicutes
(5.13%), Acidobacteriota (2.70%), Verrumicrobiota
(2.13%), Myxococcota (1.42%), Planctomycetota (1.16%),
Chloroflexi (1.04%), Patescibacteria (0.54%), Nitrospirota
(0.42%), Methylomirabilota (0.19%), Bdellovibrionota
(0.10%), Gemmatimonadota (0.10%), Latescibacterodota
(0.04%), Entotheonellaeota (0.04%), NB1-J (0.03%), and
other poorly represented bacteria (0.08%).

The endosphere, rhizoplane and rhizosphere compart-
ments exhibit distinct microbial compositions with some
differences between flowering and veraison (Fig. 1A, Sup-
plementary Table S1). Among the most abundant taxa,
Proteobacteria are abundant in all plants. Actinobacteria
are more abundant in the rhizosphere compared to the
rhizoplane and endosphere in Voltis and untreated Char-
donnay at both stages, as well as in treated Chardon-
nay at veraison. Bacteroidota are more abundant in the
endosphere of all plants, while Firmicutes are particularly
abundant in the endosphere of untreated Chardonnay at
both stages, and in the endosphere of Voltis at flowering.
Acidobacteriota are more abundant in the rhizosphere
and show a decreasing gradient from the rhizosphere to
the endosphere, except in treated Chardonnay at flow-
ering. However, Patescibacteria are less abundant in the
rhizosphere of all plants, whereas the Methylomirabi-
lota are more abundant in this compartment than oth-
ers. Overall, marked differences in bacterial communities
are observed between the endosphere and rhizosphere,
while the rhizoplane shows some similarities with either

compartment in terms of proportion. When combining
all rhizocompartments, untreated Chardonnay presents
more Proteobacteria and Bacteroidota, and less Actino-
bacteria than Voltis at flowering. At veraison, a reduction
of the proportion of Proteobacteria and Bacteroidota,
and an increase in Actinobacteria were observed for
untreated Chardonnay. An opposite trend was observed
for Voltis at veraison. In both cultivars we observed an
increase in the proportion of less abundant taxa at verai-
son (Chloroflexi, Nitrospirota, Gemmatimonadota, NB1-
j, Entotheonellaeota, Latescibacterota...), the increase
being more marked in untreated Chardonnay and in the
rhizosphere compared to the other rhizocompartments.
The remaining minor taxa represent about 0.01-0.19%
for Chardonnay, and 0.07 to 0.04% for Voltis. Both treated
and untreated Chardonnay share overlapping microbial
composition marked by a reduction of Proteobacteria
and Bacteroidota and an increase of Actinobacteriota at
veraison. However, an enrichment in Myxococcota and
Patescibacteria, and a loss of Firmicutes is observed in
untreated Chardonnay, while the opposite was observed
in treated Chardonnay.

Microbial diversity of grapevine roots is influenced by
downy mildew

Considering all variables that could be involved in shap-
ing bacterial communities in the analyzed samples, only
the rhizocompartment led to significant community clus-
tering (Fig. 1C). To refine community comparisons, the
samples were pooled to collapse several variables. We
grouped the rhizoplane and rhizospheric soil communi-
ties as they show some convergence compared to endo-
phytic communities. Samples from the resistant hybrid
Voltis and chemical-treated Chardonnay, that showed
only slight symptoms of downy mildew, were further
grouped together, while samples from untreated Char-
donnay, which are heavily diseased, were categorized
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separately. Using this refined discriminating variables,
rhizosphere bacterial communities of untreated Char-
donnay plants at flowering are significantly different from
those found in Voltis and treated Chardonnay plants
(Fig. 1D-E). However, this difference is greatly mitigated
at veraison, as the microbial communities of both heavily
diseased and non-diseased plant groups become similar.
The susceptible untreated Chardonnay plants exhibit
a lower alpha-diversity at flowering stage than the com-
bined resistant cultivar Voltis or the treated Chardonnay
(4.00 and 4.78 respectively) (Fig. 1D-E). While the diver-
sity levels of the latter do not evolve at veraison (4.99),
communities associated with diseased (untreated) Char-
donnay seem to reach the same diversity score as the
non-diseased plants (Voltis and treated Chardonnay)
(4.84). This increase in alpha-diversity was consistent for
all rhizocompartments of diseased Chardonnay (from
3.21 to 3.72 for the endosphere, 4.09 to 5.28 for the rhizo-
plane and 4.70 to 5.51 for the rhizosphere) (Fig. 1F).

Abundant rhizospheric microbial taxa are affected by the
cultivar’s susceptibility to disease
The relative abundance of bacterial populations associ-
ated with roots of untreated Chardonnay is significantly
different when comparing the most abundant taxa at the
genus level at flowering and veraison. In the endosphere
and rhizoplane, 20 genera represent close to 70% of the
bacterial diversity at flowering and their representativ-
ity falls below 40% at veraison (Fig. 1G-H, J-K). The same
difference is observed in the rhizospheric soil (Fig. 1I-L).
The large proportions of enriched taxa in the susceptible
cultivar at flowering are Pseudomonas in the rhizosphere
(29.75%) and in the rhizoplane (39.04%), and Candida-
tus Phytoplasma (29.80%) in the endosphere, followed by
Pseudomonas (13.65%). At veraison, the most enriched
taxa are Bacillus (4.08%), Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium (4.52%), and Candidatus Phy-
toplasma (15.62%), in the rhizosphere, rhizoplane and
endosphere respectively. However, the resistant cultivar
Voltis displays a high stability amongst its most abundant
bacterial taxa between flowering and veraison, particu-
larly in the rhizoplane and rhizosphere compartments,
each representing less than 10% of the total taxa (Fig. 1H-
I). In the endosphere of Voltis, the most abundant gen-
era at flowering are Candidatus Phytoplasma (13.98%),
Steroidobacter (8.96%), Bradyrhizobium (5.38%) and
Streptomyces (5.29%%). However, the most endosphere-
abundant taxa at veraison are Streptomyces (13.56%),
Acinetobacter (7.50%), Pseudomonas (7.37%) and Allo-
rhizobium-Neorhizobium-Pararhizobium-Rhizobium
(5.67%).

The distinct states of the microbial abundance between
susceptible and resistant cultivars may reflect initial dif-
ferences in community assembly. The most abundant
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taxa for treated Chardonnay are Pseudomonas in the
rhizosphere (26.88%) and rhizoplane (15.20%), and Ste-
roidobacter (15.80%) in the endosphere at flowering. At
veraison, they are Allorhizobium-Neorhizobium-Para-
rhizobium-Rhizobium in the rhizosphere (6.17%) and
rhizoplane (6.85%), and Streptomyces (13.58%) in the
endosphere. In the rhizosphere, the 20 most abundant
taxa represent almost 70% of the overall taxa abundance
at flowering, while it drops at around 40% at veraison,
thus being close to what have been observed in untreated
Chardonnay. For the rhizoplane, it went from around
50-40%, which is closest to the Voltis composition. For
some genera, their evolution from flowering to veraison
were closest to the composition in untreated Chardon-
nay i.e., less Sphingobacterium and Pseudomonas in all
rhizocompartments, or in Voltis i.e., less Steroidobacter
in the endosphere and rhizoplane. Differences are also
observed at the ASV level (Fig. 1J-L). Importantly, the
increased ASVs in both cultivars at veraison is associ-
ated with healthy plants (treated Chardonnay and Voltis),
and an increase of the bacterial communities’ evenness.
However, the rhizocompartments of susceptible plants
(untreated Chardonnay) at veraison are marked by a
reduction of the relative abundance of Pseudomonas,
Sphingobacterium and Phyllobacterium communities.

When comparing the differential abundance levels
of bacterial genera at flowering, most significant differ-
ences were found between the rhizocompartments of
the susceptible Chardonnay cultivar and Voltis (Fig. 24,
Supplementary Fig. S3). A total of 42 and 17 genera were
enriched in the rhizosphere of Voltis and untreated Char-
donnay, respectively, with an LDA score>2.0. Kineo-
sporia was the only resistant cultivar-enriched genus
at flowering, but not detected in the susceptible plants.
However, the Enterobacter and Niabella are among the
genera that are significantly enriched in the susceptible
cultivar at flowering and veraison, respectively, but not
detected in Voltis samples. This communities could be
linked to the outbreak of downy mildew disease during
the veraison phase.

Significant enrichments with an LDA score>2.0 are
also observed by comparing bacterial communities of
treated and untreated Chardonnay (Supplementary Fig.
S3). The untreated plants were the only ones harboring
Paenibacillus at both flowering and veraison, whereas
Cryptosporangium and DO5_2 are only present in treated
plants at flowering and veraison, respectively. Moreover,
the treated Chardonnay also harbors a low proportion of
Candidatus Phytoplasma in the endosphere at flowering,
and Enterobacter in the rhizosphere at veraison. Inter-
estingly, comparison across flowering and veraison of
taxonomic composition of untreated Chardonnay high-
lighted a significant loss of Pseudomonas, Sphingobacte-
rium, Phyllobacterium, Chryseobacterium, Arthrobacter,
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Achromobacter, Serratia and Olivibacter, and a signifi-
cant increasing abundance of 32 other genera. Among
them, Olivibacter was present only at flowering, while
NS11-12 marine_group, Blyil0, OMI190, Aquicella,
P30B_42, LWQ8 and Acinetobacter were present only at
veraison.

Communities of treated Chardonnay often occupy an
intermediate position in terms of abundance and can
barely be significantly discriminated from those found in
the other plant groups (Fig. 2B, Supplementary Fig. S4).
According to the PCA analysis, the treated Chardonnay
communities overlap with the untreated Chardonnay and

Voltis samples at flowering, regardless of the rhizocom-
partment (Supplementary Fig. S4). Moreover, the number
of reads in treated Chardonnay samples, regarding the
most differentially abundant genera, was not significantly
different compared to Voltis and untreated Chardonnay
at flowering in all compartments. Only Sphingobacterium
and Bradyrhizobium stand out as differentially abundant
of other conditions, with less Sphingobacterium in the
rhizosphere and more Bradyrhizobium in the rhizoplane
of treated plants compared to the untreated Chardonnay
(Fig. 2B).
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Metagenomic-supported improvement of taxonomic
predictions

Shotgun metagenomic reads and metagenome-assem-
bled genomes (MAGs) were studied to improve commu-
nity identification in the different samples. Metagenomic
reads can lead to more accurate taxonomic predictions
as they can detect less conserved markers than the ribo-
somal RNA sequences targeted by metabarcoding. How-
ever, with complex samples like rhizospheric soil, the
sequencing depth is not sufficient to achieve diversity
saturation and a reliable overview of the total community
composition (Supplementary Fig. S5A, B).

Nevertheless, the affiliations of the overall most abun-
dant taxa strongly overlap when using either of the
sequencing methods. While metabarcoding identifies
the Pseudomonas genus as highly abundant (70.10%
from all reads) in healthy plants at flowering (Fig. 1G-I),
metagenomic analysis shows that Pseudomonas fluores-
cens, Pseudomonas putida and Pseudomonas savastanoi
account for 58.57%, 5.64% and 3.11%, respectively of the
genus’ prevalence in the rhizosphere and rhizoplane.
Further Pseudomonas species with lower abundance
were also detected e.g., Pseudomonas entomophilia,
Pseudomonas coronafaciens, and Pseudomonas aerugi-
nosa (Fig. 1G-1, Supplementary Fig. S5B), with a total of
15 identifies Pseudomonas species. The overall second
most abundant taxon identified by metabarcoding is
the  Allorhizobium-Neorhizobium-Pararhizobium-Rhi-
zobium group. Metagenomic analysis identified Agro-
bacterium tumefaciens as the second most abundant
species, which is genetically close to Rhizobium. Rhizo-
bium leguminosarum, Mesorhizobium opportunistum
and Rhizobium etli further contribute to the prevalence
of the Rhizobium group. According to metabarcoding,
Streptomyces is the third most abundant genus. While no
Streptomyces species was found in high numbers through
metagenomics, this genus is represented by 70 medium-
to-low abundance species enriched especially at veraison.
Metabarcoding identifies the burkholderia group as the
dominating taxon in the rhizoplane of the resistant cul-
tivar Voltis at flowering, and still at strong proportion at
veraison. Accordingly, metagenomics predicts Paraburk-
holderia phytofirmans as the main representative of bur-
kholderia in Voltis rhizocompartments.

The MAG approach relies on the assembly of long frag-
ments for increased reliability in taxonomic prediction.
For each plant and season, metagenomic reads from the
rhizospheric soil, and the rhizoplane were used to gen-
erate genome fragment assemblies which were further
grouped into MAGs. The 50 longest assemblies of each
condition, representing the most abundant organisms,
were then used for taxonomic prediction (Fig. 2C, Sup-
plementary Table S2). In the untreated Chardonnay, there
is a higher diversity of abundant bacteria at flowering
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than at veraison. These assemblies allow to identify at
flowering Pseudomonas (4 species), Sphingobacterium
(4), Phyllobacterium (1), Microbacterium (4), Parabulk-
holderia (1) and Agrobacterium (1) in the untreated
Chardonnay, and Sphingobacterium (4), Serratia (1),
Agrobacterium (1), Microbacterium (2), Phyllobacterium
(1) and Pseudomonas (1) in the treated Chardonnay.
However, in both treated and untreated Chardonnay, the
veraison season is characterized by a high abundance of
Agrobacterium species (4 and 2, respectively), accompa-
nied by Acidovorax (3), Flavobacterium (2) and Strep-
tomyces (1) in the untreated plants, and Variovorax (1)
in the treated ones. In Voltis, however, only 3 species
including Paraburkolderia (1) and Cutibacterium (1)
were identified at flowering, while at veraison Agrobacte-
rium (3), Paraburkolderia (1) and Streptomyces (1) were
identified. Taxa which were classified as low abundant by
metabarcoding, such as Archaea or grapevine mitochon-
dria, are only detected using genome fragment assembly
of veraison samples (Fig. 2C, Supplementary Table S2).
It is striking that the assembly efficiencies are higher in
flowering samples, with median fragment lengths 30%,
81% and 65% shorter at veraison for untreated Char-
donnay, treated Chardonnay and Voltis, respectively
(Fig. 2C). This suggests that the reads at veraison are
more evenly distributed among a diversity of microbes,
as revealed by the metabarcoding analysis (Fig. 1).

Conservation of bacterial communities between cultivars
and growing conditions

To further understand how microbial communities are
conserved across plant cultivars and seasons, the ASVs
found in the three rhizocompartments were grouped
together (Fig. 2D). The most conserved populations
are found within and between healthy plants (Voltis
and treated Chardonnay) at flowering and veraison.
Untreated Chardonnay also shows a strong conservation
of bacterial communities with treated Chardonnay and
Voltis, but only at veraison. Overall, the resistant culti-
var, Voltis has the most conserved community between
season with 714 ASVs, followed by treated and untreated
Chardonnay with 602 and 454 ASVs, respectively. The
increased similarity between the roots of disease-infected
and non-infected plants at veraison is confirmed, since
the number of conserved bacterial taxa is 30,9% higher
than at flowering. Strikingly, bacterial communities of the
susceptible plants (untreated Chardonnay) share more
ASVs with the healthy plants (Voltis and treated Char-
donnay at both stages) at veraison than at flowering.

The overall core-microbiome of Voltis and Chardon-
nay is composed of 208 bacterial ASVs (Fig. 2E). The core
bacterial community is essentially composed of Proteo-
bacteria (47%) and Actinobacteria (24%), and in a smaller
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proportion of Bacteroidota (7,7%), Firmicutes (5,3%),
Verrumicrobiota (3,4%) and Acidobacteriota (2,9%).

Common bacterial functions are shared among
rhizospheric soil and rhizoplane of both susceptible and
resistant cultivars

Gene enrichment and functional prediction were
achieved through the analysis of shotgun metagenomic
sequences. The relevant functions were obtained using
the PLant-associated BActeria database (PLaBA-db), a
curated list of genes from plant associated bacteria and
their KEGG annotation [36].

In both rhizospheric soil and rhizoplane, suscep-
tible cultivar (untreated Chardonnay) and resistant one
(Voltis) share common gene enrichments (Fig. 3A). A
total of 7 and 15 genes are enriched in the rhizoplane
and rhizospheric soil of untreated Chardonnay, respec-
tively, while in Voltis 17 and 22 genes are enriched in
these respective fractions. All functions enriched in the
rhizoplane of untreated Chardonnay display a conserved
enrichment in the equivalent fraction of Voltis, except
for the acrA gene encoding a membrane fusion protein /
multidrug efflux system (K03585). These conserved func-
tions are involved in symbiosis and biofilm formation
(fabG, K00059; expr, K19734; roeA, K21022). Similarly, all
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functions enriched in the rhizospheric soil of untreated
Chardonnay are also enriched in Voltis, except for mdhl
encoding a methanol dehydrogenase (cytochrome c) sub-
unit 1 (K14028). Again, common functions are involved
in biofilm production and root colonization (purB,
K01756; pil], K02660 and ubiD, K03182), as well as DNA
recombination, replication and repair with three unclas-
sified putative transposases K07485; K07492; K07493,
integrase/recombinase xerC (K03733) and dihydroptero-
ate synthase type 2 sul2 (K18824).

Functional enrichment in the rhizocompartments of
treated Chardonnay was limited to the rhizoplane with
ABC.SPP1 a putative spermidine/putrescine transport
system permease protein (K02054).

Root microbiome of susceptible cultivar is enriched in
plant-interaction functions

Following the trend observed for the taxonomic com-
munity compositions, most functional enrichments were
found in untreated Chardonnay at flowering compared
to the same plants at veraison or to Voltis at flowering
(Fig. 3B). Overall, 14 genes were significantly enriched
in the Voltis rhizosphere, whereas 19 genes were more
abundant in the untreated Chardonnay rhizosphere
at flowering only. Functional groups identified in the
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Fig. 3 Differential abundance analysis of bacterial functions in the rhizosphere of susceptible (untreated and treated Chardonnay) and resistant cultivar
(Voltis). A linear discrimination analysis was used to infer the differentially enriched bacterial function between rhizospheric soil and rhizoplane of the
different conditions (A) at flowering and veraison, and between Voltis and untreated Chardonnay at flowering (B). In this last case, a focus was made on
the functions providing benefits for plants. Prior to building the LDA model, sample size was normalized to 1x 106, and a 0.05 p-value cutoff was applied

for the sequential Kruskal-Wallis and Wilcoxon tests
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untreated Chardonnay are related to putrescine trans-
port (potE, K03756; ABC.SPPI1, K02054) and putrescine
degradation (puuA, K09470; kauB, K12254), iron acqui-
sition (efeB, K16301; cysl, K00381) and lipopeptide syn-
thesis (srfAA, K15654; srfAC, K15656; ituA, K15661).
Functional groups enriched in Voltis bacterial communi-
ties are related to xenobiotic degradation (nzhB, K20807;
ABC-2.A, K01990; mas, K18481; gctB, K01040), antibiotic
production (chiA, K13381; cvpA, K03558; besZ, K20542)
and volatile compound metabolism (fzbL, K10780; fabl,
K00208; atoB, K00626).

By comparing the differentially abundant functions in
healthy and P viticola-infected untreated Chardonnay,
several genes related to polyamine metabolism were iden-
tified as enriched in healthy plants. Four genes are related
to a spermidine/putrescine import ABC transporter
complex (ABC.SPP, ABC.SPP1, ABC.SP.S, K02053-54,55
and potA, K11072) and another to a putrescine-ornithine
antiporter (potE, K03756). Other functions related to
polyamine catabolism were also enriched, including a
gamma-glutamylputrescine synthase (puuA, K09470),
involved in the first step of conversion of putrescine
to succinate, and a spermidine dehydrogenase (spdH,
K00316), which catalyzes the oxidation of spermidine to
1,3-diaminopropane and Al-pyrroline.

Functions associated with bacterial communities of
non-infected plants are more stable than those found
in untreated Chardonnay. In treated Chardonnay, only
putrescine-ornithine antiporter (potE, K03756) and a
putative tricarboxylic transport membrane protein (tctB,
K07794) are enriched at flowering and veraison, respec-
tively. In Voltis, no significant function enrichment was
detected when comparing flowering and veraison stages.

Bacterial species assignment through the annotation of
microbial assembled genomes

MAGs of interest and showing more than 60% of genome
completion were annotated using the MicroScope plate-
form (Supplementary Tables S3, S4), and their identified
functions were classified with EGGNOG (Supplemen-
tary Table S5). Functions enriched in the metagenome
for which abundance varied according to cultivar and the
presence or absence of P, viticola were searched for in the
MAGs to establish a relationship between functions and
taxa enriched in similar conditions (Tables 1 and 2). In
absence of infection with P, viticola, functions enriched in
bacterial community of untreated Chardonnay compared
to Voltis, including lipopeptide synthesis (srfAA, K15654;
srfAC, K15656; ituA, K15661), spermidine dehydroge-
nase (spdH, K00316), putrescine-ornithine antiporter
(potE, K03756) and 4-guanidinobutyraldehyde dehydro-
genase/NAD-dependent aldehyde dehydrogenase (kauB,
K12254), are absent. In the same conditions some genes
enriched in Voltis rhizosphere are not retrieved. These
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genes encode mainly Mce-associated membrane protein
(mas, K18481) and glutaconate CoA-transferase, subunit
B (gctB, K01040) associated with xenobiotic degradation,
as well as enoyl-[acyl-carrier protein] reductase III (fabL,
K10780), involved in volatile compound metabolism.
However, it is not possible to discriminate the products
of the ABC.SP.P and ABC.SPP1 genes (K02053; K02054).

Some genes are also enriched in healthy Chardon-
nay (compared to diseased Chardonnay) and the corre-
sponding reconstructed MAGs. It is the case for genes
involved in putrescine transport and degradation (potA,
K11072 and ABC.SPP, ABC.SPP1, ABC.SPS, K02053-
55), enriched in the Phyllobacterium and Pseudomonas
genomes of untreated Chardonnay in absence of P. viti-
cola. These genes are also retrieved in the same bacterial
genomes of treated Chardonnay and Voltis. Interestingly,
the gene encoding gamma-glutamylputrescine synthase
(puuA, K09470) is found only in a Pseudomonas genome.
The deferrochelatase/peroxidase gene (efeB, K16301),
enriched in the untreated Chardonnay compared to
Voltis in absence of P viticola, is found only in Phyllo-
bacterium and Pseudomonas genomes. The genes encod-
ing ABC-2 type transport system ATP-binding protein
(ABC-2.A, K01990) and membrane protein required for
colicin V production (cvpA, K03558) are retrieved in
all the genomes originated from the Voltis at flowering.
The only MAG containing chitinase A (chiA, K13381) is
assigned to a Flavobacterium originated from the rhizo-
sphere of infected Chardonnay (untreated at veraison).
Differences in the number of coding sequences (CDS)
are also noticed depending on the functions and micro-
bial genomes. For example, Variovorax and Acidovorax
MAGs contain many CDS associated to a putative tricar-
boxylic transport membrane protein (K07794). It is also
worth noting that the number of CDS varies between
MAGs of Pseudomonas and Phyllobacterium genera
for functions associated to putrescine transport and
degradation.

Discussion

Grapevines (Vitis vinifera L.) are highly susceptible to
downy mildew caused by the oomycete Plasmopara viti-
cola [56, 57]. Most vineyards rely on frequent fungicide
treatments to limit disease propagation and yield losses.
The breeding of mildew tolerant Vitis vinifera varieties
integrating resistance genes from American and Asian
Vitis species has been proposed as an alternative strat-
egy [16]. However, adopting such resistant hybrids is
still uncertain in terms of their sustainable resistance to
P viticola and other diseases. Recent studies have shed
light on the functional role that rhizospheric or epi-
phytic microbiome may play in plant health and suggest
that specific microbial taxa may contribute de systemic
resistance to diseases [4, 58—60]. Here, we used deep
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Table 2 Number of coding sequences in MAGs associated to the plant-beneficial functions shown as enriched in metagenomic
analyses by comparing the untreated Chardonnay at flowering (in absence of symptoms of P. viticola) and Veraison (in presence

of symptoms of P viticola). Gray cells indicate the functions enriched in the conditions the microorganisms are originated from
(CNT=untreated Chardonnay; CT=treated Chardonnay; VOL =Voltis; F =Flowering; V=Veraison). Only functions supposed to be
related to plant protection were searched. The functions not shown in the table were not found. A coding sequence was count when

the gene of interest (¥) or the associated product was observed

Gene potA puuA ABC.SP.PydcV ABC.SP.P1 ydcU ABC.SP.S ydcS
KEGG K11072 K09470 K02053 K02054 K02055
Genus Enriched at: Flowering Flowering Flowering Flowering Flowering
Nitrosopumilales CNTV_Bin7
Nitrosopumilales CTV_Bin3
Flavobacterium CNTV_Bin5
Shingobacterium CNTF_Bin35
Shingobacterium CTF_Bin39
Phyllobacterium CNTF_Bin24 3* 2 2 2
Phyllobacterium CNTF_Bin39 7* 8 8 2
Phyllobacterium CTF_Bin18 2% 2 2 2
Agrobacterium CTF_Bin22 4% 2 2 2
Cutibacterium VOLF_Bin13
Novosphingobium CNTV_Bin25
Paraburkholderia VOLF_Bin15 8* 12 12 6
Pseudomonas CNTF_Bin20 3* 1* 1 1
Pseudomonas CTF_Bin33 3* 4 4 1
Variovorax CTV_Bin11 2% 11 11 5
Acidovorax CNTV_Bin9 2% 4 4 1

sequencing for a detailed characterization of bacterial
diversity, structure and functions in the roots and rhi-
zospheric soil of two grapevine cultivars with contrasted
susceptibility to P viticola, Chardonnay (susceptible)
and Voltis (resistant interspecific hybrid), at flowering
and veraison stages. In Champagne, the year 2021 was
marked by climatic conditions highly propitious to
downy mildew outbreaks. While downy mildew symp-
toms were not detected at flowering stage, its late onset at
veraison caused severe damage on susceptible untreated
Chardonnay, but not on Voltis and fungicide-treated
Chardonnay. Analysis of spatial rhizocompartments pro-
vided new insights into distinct and overlapping bacterial
assemblies and functions in the rhizospheric soil, rhizo-
plane and root endosphere, depending on grapevine cul-
tivar and its health status with regard to downy mildew. It
also highlighted the presence of Candidatus Phytoplasma
in the endosphere of both cultivars, which is responsible
for Bois Noir and Flavescence dorée. This may suggest
that this pathogen can colonize the root system without
inducing any damage, as no symptoms of Bois Noir or
Flavescence Dorée have been observed at flowering or
veraison stages. The lack of symptoms, which could be
due to a low expression of pathogenic effectors, and the
persistence of this pathogen in recovered plants, suggest
that downy mildew may be considered as prevalent on
the observed microbiome changes [61, 62]. Although the
metagenomic analyses showed a very relative presence

of sequences associated with fungi, the most significant
results were seen in the bacteriome.

Rhizospheric soil and rhizoplane shared common bacterial
functions in both susceptible and resistant cultivars
despite different bacterial communities

In this study, we showed a commonly shared bacteri-
ome core between susceptible and resistant cultivars,
with a particular dominance of Proteobacteria, followed
by Actinobacteria, Bacteroidota, Firmicutes, Acidobac-
teriota and Verrucomicrobiota. This is consistent with
previous observations of root-associated microbial com-
munities of rootstock genotypes [58], and suggests con-
vergent functional traits between the rhizosphere and
rhizoplane bacteriomes in both susceptible and resis-
tant cultivars. Nevertheless, although Proteobacteria are
abundant in all plant parts, other bacterial taxa seem to
be more specific to each rhizocompartment. The rhizo-
sphere is colonized preferentially by Actinobacteria and
Acidobacteriota, while the endosphere harbors Bacte-
roidota and Firmicutes in both susceptible and resistant
varieties. Methylomirabilota, on the other hand, seem
to be preferentially associated with the sensitive variety
at both flowering and veraison stages, and could be con-
sidered as relevant bioindicators and predictive of disease
outcomes. This is line with Gu et al. [63] who reported
that changes in the rhizosphere community composi-
tion rather than the overall species diversity can explain
future plant health. To the best of our knowledge, this
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study constitutes the first evidence of distinct rhizocom-
partment bacteriomes in downy mildew-susceptible and
resistant grapevine cultivars.

When rhizocompartments were grouped, the dynamic
of bacteriome assembly (from flowering to veraison)
showed opposite trends in susceptible and resistant
varieties. A reduction in the proportion of Proteobacte-
ria and Bacteroidota, and an increase in Actinobacteria
were observed in Chardonnay and inversely in Voltis.
The contrasting dynamics of the rhizosphere microbi-
ome composition of the two grape varieties could result
from a difference in genetic background or from shifts in
root exudation profiles following pathogen challenge, and
therefore from interactions between the root system and
the soil microbiome. The increased abundance of Actino-
bacteria in the rhizosphere of susceptible cultivar could
support their potential role as mediators of plant health
as reported earlier [64].

Despite differences in microbial populations between
grape cultivars, the untreated Chardonnay and Voltis
shared common functions in both rhizoplane and rhi-
zospheric soil. This observation highlighted some func-
tions with predicted importance for root colonization
and establishment of microbial populations [65-71].
Indeed, in susceptible plants (untreated Chardonnay)
genes involved in symbiosis and biofilm formation (fabG;
expr; roe) were found in rhizoplane bacteria, while in
rhizospheric soil, genes involved in biofilm produc-
tion and root colonization (purB, PilJ] and ubiD) were
detected. The presence of acrA (associated to a resis-
tance to P-lactam and cationic antimicrobial peptide)
in the rhizoplane indicates the possibility of a competi-
tion between the microorganisms to colonize this niche
[72]. The enrichment in rhizospheric soil of several
genes involved in DNA recombination, replication and
repair may originate from bacteria with larger genomes,
adapted to changing and stressful environments [73,
74]. Although Voltis and untreated Chardonnay share
most functions in both rhizoplane and rhizospheric soil,
some specificities were found in the Voltis rhizoplane, as
more genes are involved in stress tolerance and antibi-
otic resistance. Interestingly, chvG gene also associated to
B-lactam resistance, like acrA in untreated Chardonnay,
is more present in Voltis rhizoplane, suggesting a com-
mon interspecies competition against -lactam produc-
ers [75].

Rhizospheric microbiome composition may be determined
by the host’s susceptibility to downy mildew

We observed a strong shift in bacterial diversity with the
onset of downy mildew disease for the susceptible cul-
tivar (untreated Chardonnay). In Voltis, which is highly
resistant to downy mildew, the root bacterial commu-
nities remained stable. Enrichment analyzes showed
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that Pseudomonas, Sphingobacterium, Phyllobacterium,
Allorhizobium, Neorhizobium, Pararhizobium, Rhizo-
bium, Chryseobacterium and Arthrobacter are the main
genera concerned by the reduction in bacterial diver-
sity observed from flowering to veraison in the highly
P viticola-infected cultivar, Chardonnay. Such a reduc-
tion was offset at veraison through an increase in popu-
lation evenness and total diversity of observed bacteria.
Thus, the state of the bacteriome composition can prob-
ably reflect initial divergences between the sensitive and
resistant grape varieties in the assembly of the microbial
community.

It is worth noting that the untreated Chardonnay has
never been subjected to pesticide treatments since plant-
ing and is yearly damaged by downy mildew infections.
The microbial composition of its rhizosphere is domi-
nated by few bacterial genera, resembling a special-
ized microbiome tailored by specific root exudates. This
prevalence of a reduced number of taxa could also be
the result of a soil-born legacy, wherein the Chardon-
nay microbiome would be shaped by successive patho-
gen infections [76]. Interestingly, the taxa enriched in
healthy Chardonnay at flowering are dominantly recog-
nized for their plant growth/health promoting poten-
tial. For instance, Phyllobacterium species are known for
their rhizobial activities and are therefore able to freely
fix nitrogen and promote plant growth and root archi-
tecture [77-79]. Pseudomonas species are also amongst
the earliest agents involved in plant growth promotion
and priming plants for enhanced systemic immunity
[18, 80—82]. In particular, some strains of Pseudomonas
fluorescens have been shown to improve grapevine resis-
tance response against P viticola [20, 83]. Chryseobac-
terium species have been repeatedly isolated from plant
environments and show a large panel of beneficial activi-
ties ranging from antibiotic production to phosphate
solubilization [84-86]. Similarly, the bacteria from the
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
group are mainly known for their symbiosis with legumes
and their biostimulation and biocontrol activities [87].
In addition, Sphingobacterium and Arthrobacter have
been characterized by their ability to increase host toler-
ance to diverse abiotic stress such as salt, drought or cold
[88-92]. Still, these taxa have also raised interest for their
ability to promote plant growth and protection against
diseases through pathogen antagonism, phosphate solu-
bilization and auxin production [93-95]. This suggests
that, despite their susceptibility to disease, certain grape
varieties such as Chardonnay can maintain a microbial
community rich in beneficial species that can contribute
to the plant health.

Although there are more taxa enriched in the rhizo-
sphere of Voltis at flowering, only few (Bradyrhizobium,
Streptomyces, Pantoea) can be directly linked to plant
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beneficial activities and could thus be predictive of a
good plant health status [63]. Bradyrhizobium and Strep-
tomyces taxa are known to promote plant growth and
defense and prime symbiosis formation [85-87, 96-98].
Similarly, some Pantoea spp. have also been identified as
biocontrol agents through direct antagonism or stimula-
tion of plant innate immunity [19, 99]. Voltis is enriched
in non-specialist taxa such as Steroidobacter, Polaromo-
nas, Reyranella or Vicinamibacteriaceae. Interestingly,
when focusing on the most abundant taxa at the species
level, the susceptible cultivar (untreated Chardonnay)
displays a more diverse bacterial community at flower-
ing than the resistant one (Voltis). Since the assembly
of sequences from shotgun metagenomics requires a
high number of reads from the same species, we focused
on the fifty longest assemblies. This results in a bias
towards the dominant taxa within the bacterial commu-
nities. Nevertheless, the results are corroborated by the
metabarcoding analysis, revealing a dominance of vari-
ous species belonging to Pseudomonas fluorescens group
and other beneficial taxa, including Paraburkholderia,
Sphingobacterium and Phyllobacterium known for their
plant growth promoting activities [88, 100, 101]. At verai-
son however, the diversity of dominant species found in
MAGs was less important and consisted mainly of the
pathogenic Agrobacterium rhizogenes (from 2% of MAGs
at flowering to 58% at veraison).

Our results also showed a shift in bacterial diversity
in the susceptible cultivar Chardonnay, which tends to
converge towards Voltis-community structures after P
viticola challenge at veraison. Moreover, genomic assem-
blies indicate that the most abundant rhizosphere-associ-
ated bacteria undergo a similar shift towards pathogenic
species in both treated and untreated Chardonnay at
veraison. The functional patterns associated with the
rhizosphere communities display more plant-associated
features in healthy untreated Chardonnay than in the
other plant categories. In the resistant cultivar, the most
abundant bacterial taxa showed a high stability between
flowering and veraison, particularly in the rhizoplane and
rhizosphere compartments. Overall, these observations
indicate a substantial decline of root-associated bacte-
riome in the susceptible plants after pathogen infection.
This decline can be attributed to a gradual microbial
dysbiosis, as shown in the rhizosphere of declining vines
[102] and Citrus in response to the aerial huanglongbing
disease [103]. This supports the hypothesis of the ability
of susceptible cultivars to regulate their microbial com-
munity during the onset of downy mildew, whereas the
stability of the Voltis microbiome could be determined
initially by its genetic traits and basal resistance to downy
mildew. This dynamic can explain the increased simi-
larity in root bacteriome between susceptible and resis-
tant cultivars after pathogen challenge at veraison. The
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observed dysbiosis is therefore characterized by a gain
of community, in correlation with the increased Shan-
non index at veraison, resulting in a shift in the relative
abundance of microbes and ultimately to a reduction in
the more abundant beneficials at flowering.

Functional signatures in the rhizosphere are linked to plant
immunity

While the functional shift occurring in the root commu-
nities of untreated Chardonnay with the onset of disease
is largely conserved in Voltis, the latter exhibits an addi-
tional and specific enrichment of functions. For instance,
the enrichment of functions associated with cell metabo-
lism in the rhizospheric soil could suggest an increased
metabolic versatility, which is consistent with the higher
bacterial diversity observed in the rhizosphere of Voltis.
However, these functional attributes are almost absent
in treated Chardonnay in response to disease exposure.
This is also evidenced by the relative stability of its rhizo-
sphere community composition throughout the seasons.
It is thus likely that agrochemical application is impairing
the plant’s ability to influence its microbiota. Agrochemi-
cals could affect directly the soil microbiome or indirectly
by impacting the synthesis of roots exudates needed for
the appropriate microbiome recruitment, or by prevent-
ing plant-pathogen interactions, which are essential for
the recruitment of a specific and even beneficial micro-
biota [104]. This observation is consistent with the simi-
larly between functional enrichment of treated plants
and bacterial abundance in rhizocompartments.

Despite a larger taxonomic diversity in the Voltis rhi-
zosphere at flowering, we found more functional enrich-
ments in the untreated Chardonnay. Overall, 19 genes
were significantly enriched in the Chardonnay rhizo-
sphere, whereas 14 genes were more abundant in the
Voltis rhizosphere at flowering. Functional groups iden-
tified in Chardonnay are related to putrescine transport
and putrescine degradation, iron acquisition and lipo-
peptide synthesis. However, functional groups enriched
in Voltis bacterial communities are related to xenobiotic
degradation, antibiotic synthesis and volatile compound
metabolism. These distinct functional enrichments
between cultivars suggest that the select species enriched
in the susceptible cultivar bring along a consistent set of
functions compared to resistant plants. The enrichment
of functions involved in putrescine transport and deg-
radation suggests that the plant may use this metabolite
to attract specific communities able to uptake and use
this polyamine as a nitrogen and carbon source [105].
The role of putrescine in plant-bacteria dialogue and as
a signaling molecule in the rhizosphere has also been
reported [106, 107]. Putrescine uptake by the beneficial
bacterium Pseudomonas fluorescens WCS365 was shown
to be finely regulated and involved in root colonization
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through the promotion of biofilm [105, 106]. This is
in line with the abundance of Pseudomonas in the rhi-
zosphere of untreated Chardonnay at flowering. The
putrescine degradation is also involved in metabolic flux
through the formation of y-aminobutyric acid (GABA),
which is considered as a key defense-related metabolite
[108]. This is also consistent with the annotated MAGs
indicating the presence of the puuA gene encoding a
gamma-glutamylputrescine synthase, involved in GABA
production, once in a Pseudomonas genome from Char-
donnay in absence of P. viticola. The analysis of MAGs in
this manuscript therefore represents a novel approach to
the study of diseased plant/microbiome interactions and
enables us to decipher the mechanisms at the genome
level of each individual.

The enrichment of genes associated to polyamine
transport and catabolism in the rhizosphere of healthy
untreated Chardonnay indicates the host’s ability to
select bacteria with plant-beneficial traits. Overall, these
functions were retrieved in the MAGs of Gammaproteo-
bacteria and Alphaproteobacteria genera, and more par-
ticularly in the Pseudomonas and Phyllobacterium genera
enriched in the rhizosphere healthy untreated Chardon-
nay. Putrescine transporters such as ydcS and ydcV were
also suggested to play a role in double-stranded DNA
uptake, promoting horizontal gene transfer [109]. The
concurrent enrichment of mrr, an endonuclease tar-
geting foreign methylated DNA [110], further suggests
the presence of active bacterial community in the rhi-
zosphere of untreated Chardonnay. Moreover, several
functions enriched in healthy untreated Chardonnay
compared to Voltis may be involved in the induction of
plant immunity, such as genes encoding the biosynthe-
sis of lipopeptides, iturins and surfactin, usually pro-
duced by Bacillus species [111]. These genes were not
retrieved in the annotated MAGs, meaning they could
belong to other enriched genera. Moreover, the detec-
tion of cysl, a subunit of a sulfite reductase which can
catalyze the reduction of several siderophores [112] and
efeB, a protein allowing the transport of ferric and ferrous
iron could reflect the ability of some bacteria to modu-
late the plant resistance by reducing iron availability
[113, 114]. Both functional genes were retrieved only in
Phyllobacterium and Pseudomonas MAGs from the sus-
ceptible plants. Thus, the healthy untreated Chardonnay,
compared to the resistant cultivar, might exert a selec-
tion pressure of microbial populations with plant-bene-
ficial functions associated with pathogen control and the
induction of plant immunity.

Conclusions

Overall, this study provided new insights into distinct
and overlapping bacterial communities and functions in
the rhizospheric soil, rhizoplane and root endosphere of
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both susceptible and resistant cultivars. Both cultivars
are sharing a bacteriome core and common gene enrich-
ments involved in root colonization in the rhizoplane
and rhizospheric soil. The susceptible cultivar displays
an enrichment of beneficial taxa negatively impacted
by P. viticola infection. This is associated with a loss of
predicted functions related to plant immunity induc-
tion, which can reveal a gradual microbial dysbiosis.
Thus, the corresponding taxa could be isolated to explore
their potential in the induction of grapevine immunity
against P, viticola. The rhizosphere of resistant cultivar
exhibits mainly non-specialist taxa and functions, main-
tained during disease onset, that can be determined by its
genetic basal resistance. However, the role of the rhizomi-
crobiome remains to be clarified through transcriptomic
and metabolomic studies, as changes in the metagenome
are not fully representative of variations occurring in the
microbial metabolic activities.
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