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Soil microbiota plays a significant role in plant development and health 

and appears to be  a major component of certain forms of grapevine 

decline. A greenhouse experiment was conducted to study the impact of 

the microbiological quality of the soil and grapevine rootstock genotype 

on the root microbial community and development of young plants. Two 

rootstocks heterografted with the same scion were grown in two vineyard 

soils differing in microbial composition and activities. After 4 months, culture-

dependent approaches and amplicon sequencing of bacterial 16S rRNA gene 

and fungal ITS were performed on roots, rhizosphere and bulk soil samples. 

The root mycorrhizal colonization and number of cultivable microorganisms 

in the rhizosphere compartment of both genotypes were clearly influenced 

by the soil status. The fungal diversity and richness were dependent on the 

soil status and the rootstock, whereas bacterial richness was affected by 

the genotype only. Fungal genera associated with grapevine diseases were 

more abundant in declining soil and related root samples. The rootstock 

affected the compartmentalization of microbial communities, underscoring 

its influence on microorganism selection. Fluorescence in situ hybridization 

(FISH) confirmed the presence of predominant root-associated bacteria. 

These results emphasized the importance of rootstock genotype and soil 

composition in shaping the microbiome of young vines.
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Introduction

The microbiome, which is defined as the community of 
microorganisms and their theater of activity (Berg et al., 2020), is 
a biological indicator of plant health and productivity (Trivedi 
et  al., 2020). The composition of the plant microbiota differs 
depending on the compartment studied, such as the phyllosphere, 
rhizosphere, or plant endosphere (Vandenkoornhuyse et al., 2015; 
Rossmann et al., 2017). The plant microbiota originates primarily 
from the surrounding soil, which is a reservoir of microorganisms 
that are attracted to the rhizosphere before they enter or do not 
enter the roots. The rhizosphere compartment, where most 
biogeochemical and nutrient cycling occurs, is considered a 
hotspot for microbial activity, whereas the plant endosphere 
contains microorganisms that interact intimately with the plant 
host (Reinhold-Hurek et al., 2015). Plant endophytes have received 
special attention since the functions of plant-associated 
microbiome can be either mutualistic or pathogenic to the host, 
which is determinant for crop health and productivity (Compant 
et al., 2021).

Abiotic parameters such as soil physicochemical 
characteristics (Hartman and Tringe, 2019), environmental 
conditions (Dubey et al., 2019), or even agricultural practices (Ke 
et al., 2021) alter the microorganism composition in the soil and 
therefore in the plant. Biotic factors such as pathogen invasion 
(Byers et al., 2020), and the application of plant growth-promoting 
rhizobacteria (Zhang et al., 2019) or mycorrhizal fungi (Zhou 
et  al., 2020) can also modify telluric and plant endosphere 
microbial communities, in addition to plant age or genotype 
(Wagner et al., 2016).

Keystone microbial taxa, ecosystem engineers that greatly 
influence communities of microorganisms, are therefore essential 
to maintaining the health of the plant host (Banerjee et al., 2018). 
The depletion or the downsizing of these taxa in soil could cause 
microbial dysbiosis, which is responsible for the decline, and 
could be used to predict plant health (Wei et al., 2019). The term 
dysbiosis is primarily used in medical field, in which the diversity 
and stability of the microbiome serves as an indicator of certain 
pathologies. A recent study showed that the abundance of 
Actinobacteria and Firmicutes taxa in tomato plants was lower in 
the rhizosphere of diseased plants than in healthy ones (Lee 
et al., 2021).

Vineyard decline is described as an early decrease in vine 
productivity and sometimes as the premature, brutal or 
progressive death of the plant (Riou et al., 2016). This observation 
is often associated with individual or combined stresses, including 
biotic and abiotic factors. Most of the microbiome studies related 
to grapevine decline refer to grapevine trunk diseases (GTDs) that 
can be affiliated with diseases such as black-foot, Botryosphaeria 
dieback, Eutypa dieback, esca complex, and Petri disease (Gramaje 
et al., 2018; Cobos et al., 2022). Additionally, grapevine growth 
disturbance might be provoked by nutrient deficiencies or other 
abiotic stresses (Ollat et  al., 2016). However, winegrowers are 
sometimes confronted with grapevine decline that is not 

associated with pathological causes or mineral imbalance but 
might be related to soil biological dysfunction (Darriaut et al., 
2021, 2022).

Plant roots shape the rhizomicrobiome through their root 
exudates by selective enrichment of microbiota from the bulk soil, 
depending on the environmental conditions and their nutritional 
needs. The biochemical composition of the exudates varies 
according to the genotypes (species, varieties, or ecotypes), the 
developmental stage and the environment. Metabolite profiles of 
root exudates consequently drive the structure and function of the 
microbial communities of the plant (Vives-Peris et al., 2020; Chen 
et al., 2022; Koprivova and Kopriva, 2022; Seitz et al., 2022). In 
viticulture, Vitis vinifera varieties are mainly grown grafted onto 
the American Vitis species and hybrid rootstocks. These rootstock 
genotypes show different root and rhizosphere microbial 
communities sometimes influenced by the scion variety 
(Zarraonaindia et al., 2015; Marasco et al., 2018; Berlanas et al., 
2019; Dries et al., 2021a; Vink et al., 2021; Marasco et al., 2022). 
Although studies have shown that in a few rootstocks, the exudate 
composition changes differently in response to nitrogen or iron 
deficiency (Cochetel et al., 2018; Marastoni et al., 2020), it has 
never been linked to the root microbiome diversity and functions 
of these genotypes.

Unproductive, dying, or dead vines are usually replaced by 
new young plants in the middle of producing rows in the 
vineyard. These young vines need at least 3 years to become 
productive. In the meantime, they select their root-associated 
microbiota through the rootstock. This period is crucial for 
the development and health of the future grapevine, especially 
in soil affected by unexplained decline. There is a lack of 
knowledge on the root microbiota selection process in young 
vines and the impact of the rootstock genotype. To our 
knowledge, no research has been carried out on the roots and 
soil microbiome of young, grafted vine plants grown with soil 
taken from vineyards in decline.

A survey of soil microbiome was previously conducted in 
a multisite study within vineyards affected by localized and 
unexplained decline (Darriaut et al., 2021). Despite relatively 
similar physicochemical features, lower enzymatic activities 
and different microbial profiles were found in soils supporting 
symptomatic vines (namely S soils) compared to soils 
presenting well-growing and asymptomatic vines (AS soils). 
The aim of the present work was to study how young, grafted 
plants from the nursery respond to the different microbiome 
compositions of soils from symptomatic (S) and asymptomatic 
(AS) areas of a vineyard affected by unexplained decline 
described in Darriaut et al. (2021). To evaluate the effect of the 
rootstock, grafted plants constituted on Vitis vinifera 
L. Cabernet Sauvignon grafted on either 1103P or RGM 
rootstocks were grown in pots filled with these soils in a 
4-month greenhouse experiment. These two rootstocks are 
known to induce high and low scion vigor (1103P and RGM, 
respectively) and show a contrasted ability to tolerate drought, 
1103P being more tolerant than RGM (Ibacache et al., 2020). 
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They have been previously studied for their differential 
responses to nitrogen and phosphorus availability (Lecourt 
et al., 2015; Cochetel et al., 2017, 2018, 2019; Gautier et al., 
2018). The microbial structural and functional diversity of 
bulk soil, rhizosphere and roots was assessed using a cultivable 
and molecular-based approach and revealed differences linked 
to the soil and rootstock.

Materials and methods

Plant material and greenhouse 
experiment

V. vinifera L. cv. Cabernet Sauvignon (CS) scions were grafted 
on Vitis riparia cv. Riparia Gloire de Montpellier (RGM) or Vitis 
berlandieri × Vitis rupestris hybrid cv. 1103 Paulsen (1103P) 
rootstocks. One year-old grapevines were produced by the 
Pépinière Guillaume nursery (70,700, Charcenne, France) as 
traditional bare-root plants without any microbial addition. 
Before planting, 5 grams of roots of three plants per combination 
were sampled for 16S rRNA gene and ITS amplicon sequencing 
(Supplementary Figure 1).

Two soils were sampled in a vineyard from one Bordeaux 
region terroir (France), located in Graves’s appellation, described 
in Darriaut et  al. (2021) as vineyard number 2. The 
physicochemical parameters of the soils, the different rootstock/
scion combinations, and the vigour of the plants are described in 
Darriaut et al. (2021). Briefly, the vineyard has been planted in 
2010, and is located on sandy soil under a sub-humid temperate 
climate with cool nights and a low risk of extreme temperatures, 
subtyped as Cfb in Köppen climate classification. An area 
displaying grapevine decline named symptomatic area (S), and an 
asymptomatic (healthy, called AS) area, distant from 20 meters 
from each other, were identified in the same plot. In the S areas, 
the high mortality (57% of dead or one-year old plants in S area 
compared to 1% in AS area) and low vigour of the living plants 
(2.2 times less pruning weight per vine in S area compared to AS 
area, p < 0.01) were not related to disease symptoms or the 
presence of the main viruses (GFLV or ArMV), and could not 
be explained by some soil mineral deficiencies (Darriaut et al., 
2021). Soil samples from interrows (0–30 cm depth horizon) were 
collected in mid-April 2019 with a mini-excavator and sieved 
(mesh size <3 cm) to remove large roots and gravels. Pots (7.5 l) 
were filled with either S or AS soil and forty-five grafted plants 
from CS/1103P and CS/RGM combinations were planted per type 
of soil and put in the greenhouse. Then, CS/1103P and CS/RGM 
grafted plants were grown either on symptomatic (S-1103P and 
S-RGM samples, respectively) and asymptomatic vineyard soils 
(AS-1103P and AS-RGM samples, respectively). The 35 pots per 
condition were placed in a greenhouse and watered twice a week 
with 60 ml of tap water per pot. This experimental design was 
done twice, in 2019 and 2020, with new collection of soils from 

new proximal interrow, and new nursery plant material 
(Supplementary Figure 1).

Plant phenotyping and sampling of roots 
and soils

After 4.5 months of growth, chlorophyll contents of the top 
fourth and third leaves were measured using a portable 
chlorophyll meter (SPAD-502, Konica Minolta Sensing, Inc., 
Japan) on ten biological replicates per condition. 
Measurements of stem and trunk length and diameter were 
recorded on the same plants. Thereafter, the dry weight of 
total leaves, stems, trunk and roots was evaluated after drying 
at 70°C for 72 h (n = 10 individuals).

Roots, rhizosphere, and bulk soil were collected from each pot 
of three biological replicates (Supplementary Figure  1). Soil 
aggregates were removed from the roots by manual shaking. 
Approximately 5 grams of roots were sampled in tubes containing 
sterile 0.85% NaCl solution and vortexed prior to 5,000 g 
centrifugation for 10 min to detach the rhizosphere from the roots. 
Half of each root sample was surface sterilized with 3% 
hypochlorite sodium for 1 min subsequently to 3% H2O2 for 1 min 
and rinsed thrice with sterile water. These surface sterilized roots 
were stored at −80°C prior to DNA extraction and FISH 
visualization (n = 3). The other half of roots was used at fresh state 
for staining of mycorrhizal structures.

Rhizosphere samples were weighted and divided into two 
parts. The first one was lyophilized for 48 h using Christ Alpha® 
1–4 (Bioblock Scientific) and stored at −80°C prior to DNA 
extraction. The second part was used for the potential metabolic 
diversity (PMD), the isolates quantification with plating method, 
as well as the isolates identification through MALDI-
TOF-MS. Bulk soils from the pots and three samples of each 
vineyard soils (sampled as described in Darriaut et al., 2021) were 
lyophilized and stored at −80°C.

DNA extraction

DNA was isolated using FastDNA Spin kit for soil (MP 
Biomedicals) following manufacturer’s instructions except 
that bead beating step on FastPrep device and aspiration of 
liquid samples were performed twice. Bead beating power on 
FastPrep device was set on power 5 for 30 s for soils and to 
power 6 for 40 s for root samples. DNA was isolated from 
500 mg of lyophilized soils and 200 mg of roots previously 
grounded in liquid nitrogen and pulverized by bead beating in 
steel containers on a Retsch mill. DNAs were eluted from DNA 
binding matrix with 100 μl of sterile H2O. For q-PCR 
measurements, DNA was isolated from 250 mg of rhizosphere 
soil as previously described in Darriaut et  al. (2021), using 
DNeasy PowerSoil Pro kit (Qiagen).
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Potential metabolic diversity coupled to 
quantification of microorganisms, and 
mycorrhizal root colonization

PMD, quantification of cultivable bacteria and fungi, and 
quantitative PCR (qPCR) of bacterial 16S, archaeal 16S, and fungal 
18S rRNA genes were done according to Darriaut et  al. (2021). 
Briefly, R2A (Reasoner’s 2A agar) medium amended with 25 mg/l of 
nystatin and PDA (Potato Dextrose Agar) supplemented with 
500 mg/l of gentamicin and 50 mg/l of chloramphenicol were used 
to quantify cultivable bacteria and fungi, respectively, in five 
replicates per rhizosphere samples. In parallel, the Biolog 
Eco-Plates™ system was used to assess the PMD by inoculating 
three rhizosphere samples per condition in walls of these plates, 
which were 1:1000 water-diluted. Eco-Plates were incubated at 20°C 
in the dark and their absorbance was measured at 590 nm every 24 h 
for 5 days. Global microbial metabolic activity in each replicate was 
expressed as the Average Well Color Development (AWCD), which 
permit to calculate the functional microbial richness (number of 
utilized substrates as the higher AWCD mean among the tested soils 
at 96 h), Simpson’s index, and the area under AWCD curve (AUC). 
Regarding the qPCR, they were based on absolute quantification of 
genes amplified from a PCR using the universal 341F/515R bacterial, 
Arch967F/Arch1060R archaeal, and FF390/FR1 fungal primers. The 
genes were subcloned using the pGEM®-T easy vector system 
(Promega) and the qPCR were performed in three replicates per 
samples using the GoTaq® qPCR Master Mix (Promega).

The presence of arbuscular mycorrhizal structures was 
estimated in roots of the second-year experiment (2020). Fresh 
roots were stained by the ink-KOH-H2O2 method modified from 
Phillips and Hayman (1970). Briefly, fresh roots were rinsed in 
sterile water and incubated in 10% KOH for 30 min at 
95°C. Immediately after the incubation, 3% H2O2 has been added 
to the mixture. After few minutes, the roots were rinsed thrice 
with sterile water and stained by incubating at 90°C for 5 min in 
5% India ink (Super Black™) / 8% acetic acid solution. Roots were 
destained at ambient temperature with 8% acetic acid for 15 min 
before washed with sterile water. Thirty samples of 1 cm of stained 
roots were placed on glass slices with glycerol and observed with 
a light microscope LEICA DM750 equipped with a LEICA 
ICC50  W camera. Arbuscular mycorrhizal colonization was 
estimated with Trouvelot et  al. (1986) method and Mycocalc 
program.1

Identification of bacterial isolates 
through MALDI-TOF-MS

Eight hundred bacterial isolates in total were randomly 
selected among colonies forming units (CFUs) grown on R2A 
plates previously inoculated with rhizosphere samples (100 CFUs 

1 www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.html

× 4 conditions × 2 years). Each fresh isolate was smeared on 
MSP96 target polished steel BC plate and overlaid with 1 μl of 70% 
formic acid. Once dried at room temperature, samples were 
overlaid with MALDI matrix (1 μl, 10 mg/ml of α-cyano-4-
hydroxycinnamic acid in 50% acetonitrile/2.5% trifluoroacetic 
acid) for crystallization (Windholtz et al., 2021). Once dried, the 
target plate was submitted to MALDI-TOF-MS analysis using 
Microflex MALDI-TOF (Bruker Daltonik GmbH, Leipzig, 
Germany) bench-top mass spectrometer scanned with laser 
wavelength of 337 nm and acceleration voltage of 20 kV. The 
analysis was performed using Flex Control, MTB Compass, and 
MALDI-Biotyper™ software (Bruker Daltonics, Germany) by 
comparing the mass profile of the isolates to mass profiles in the 
Biotyper database. Bacterial test standard was added to every plate 
in order to calibrate the mass spectral data performed by the 
MALDI-TOF-MS. Mass profiles matching were obtained as score 
values and ranged from 0 to 3 as indicated by the manufacturer. 
Score values above 2.2 corresponded to highly probable species 
identification, the ones between 1.8 and 2 displayed identifications 
at the genus level, while score values below 1.8 were not considered 
as trustful identifications.

Amplicon libraries preparation and 
sequencing

All PCR amplifications were carried out by KAPA HiFi 
HotStart PCR Kit (Roche) mixture containing template DNA, 1x 
KAPA HiFi buffer with magnesium, 300 μM dNTPs, 0.25 units of 
KAPA HiFi polymerase, and specified concentration of primers. 
Primers are listed in Supplementary Table 1 and cycling conditions 
in Supplementary Table 2. PCR amplifications on 1:10 diluted 
DNA of each sample was repeated three times and amplicons 
pooled together for further indexing.

Amplification of 16S rRNA gene was done with 300 nM of 
primers 799f/1175r, designed to amplify V5-V7 bacterial regions 
with the exclusion of chloroplast DNA (Chelius and Triplett, 
2001). PCR bands were excised and separated from plant 
mitochondrial amplicons for further indexing.

Two internal transcribed spacer region (ITS) libraries were 
created to sequence ITS1 and ITS2 based on primers listed in 
Supplementary Table 1. PCR amplification for the first ITS library 
which target ITS1 region was performed with 500 nM of primer 
5.8S-Fun_NeXTf coupled to reverse primers [ITS5_Mix = ITS4-Fun_
NeXTr + ITS43S-Fun_NeXTr, adapted from Taylor et al. (2016)]. 
Second ITS library, targeting ITS2, was created by applying nested 
PCR approach. First PCR amplification was performed with 300 nM 
of primers ITS1F/TW13 (Klaubauf et al., 2010), designed to amplify 
fungal ITS and part of fungal large subunit (LSU). This was followed 
by the second amplification using 450 nM of primers mixes 
containing forward (ITS3_Mix = ITS31_NeXTf + ITS32_NeXTf + 
ITS33_NeXTf + ITS34_NeXTf + ITS35_NeXTf) and reverse primers 
(ITS4_Mix = ITS4_NeXTr + ITS43S_NeXTr) on 3 μl of the first PCR 
amplicon (Tedersoo et al., 2014).

https://doi.org/10.3389/fmicb.2022.1031064
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Indexing-PCR of 16S rDNA and ITS DNA amplicons was 
performed using Illumina Nextera XT indexing primers (forward 
S502-S503, S505-S508, S510-S511 and reverse N701-N707, N710-
N712, N714-N715) under following conditions: 1 μl of 16S rRNA 
gene or ITS PCR amplicons (each derived from three pooled 
independent PCR amplifications), 1x KAPA HiFi buffer with 
2 mM MgCl2, 300 μM dNTPs, 300 nM of each forward and reverse 
indexing primer, 0.25 unit of KAPA HiFi polymerase and H2O up 
to 50 μl. Amplification was performed making initial denaturation 
step at 95°C for 3 min, 12 cycles including denaturation at 95°C 
for 30 s, annealing at 60°C for 30 s and elongation at 72°C for 30 s, 
and final elongation at 72°C for 5 min.

Intensity of bands was measured and compared using Image 
Lab 6.1 software (BioRad). Amplicons were then mixed in 
equimolar amounts to create pooled libraries. Libraries were 
cleaned first by extraction with Phenol-Chloroform-Isoamyl 
alcohol (24:24:1) and Chloroform-Isoamyl alcohol (24:1) followed 
by the spin filtration using Amicon Ultracel 30 K centrifugal filters 
(Millipore UFC503096) applying 2 × 500 μl ddH2O and finally 
using AmPure XP magnetic beads (Beckman Coulter) according 
to the manufacturer instruction. Two libraries, based on either 
soils or root samples were created, and sequenced separately. For 
sequencing 6 pM library was spiked with 8% PhiX and sequencing 
was performed on the MiSeq System (Illumina) using Illumina 
MiSeq® Reagent Kit v3 (600 cycle) (MS-102-3,003).

16S rRNA gene and ITS sequencing 
pre-processing

MiSeq sequences were filtered with Bowtie 2 v.2.3.4.3 
(Langmead and Salzberg, 2012) to remove PhiX control reads, if 
still present, and sequence quality was preliminarily checked with 
FastQC v.0.11.8 (Andrews, 2010). Primers were removed using 
Cutadapt v.1.18 (Martin, 2011). Sequences were quality filtered, 
trimmed, denoised and amplicon sequence variants (ASVs) were 
generated with DADA2 v1.20.0 (Callahan et al., 2016). Denoised 
forward and reverse ASV sequences were merged, and chimeras 
were removed. Filtered ASVs were checked using Metaxa2 v2.2.3 
(Bengtsson-Palme et al., 2016) and ITSx v1.1.3 (Bengtsson-Palme 
et al., 2013) for targeting the presence of V5-V7 16S rRNA and 
ITS2 region, in archaeal and bacterial sequences and fungal 
sequences, respectively. Taxonomic assignment of 16S rRNA gene 
ASVs and ITS based ASVs was performed using the RDP classifier 
of DADA2 against the SILVA v138 database (Quast et al., 2012) 
and UNITE 8.2 database (Nilsson et al., 2019), respectively. After 
taxonomic classification, ASVs classified as other than archaea, 
bacteria or fungi were removed.

Bioinformatic analysis and statistics

All analysis and graphs were performed on R (R-4.1.2) using 
RStudio (2021.9.1.372). Figures were generated with ggplot2 

(3.3.5) and ggthemes (4.2.4) packages and arranged using ggpubr 
(version 0.4.0) (Wickham and Chang, 2008; Kassambara, 2020; 
Arnold, 2021). Two-way Analysis of Variance (ANOVA) with soil 
status (AS or S) and rootstock genotype (RGM or 1103P) factors 
were performed on cultivable, q-PCR and Eco-Plates 
measurements. Residuals were checked for their independency, 
normality, and variance homogeneity with the Durbin Watson, 
Shapiro–Wilk, and Bartlett tests, respectively. When assumptions 
for parametric tests were not respected, a multiple pairwise 
comparison using Wilcoxon test was performed subsequently to 
Kruskal–Wallis test using the multcomp (1.4–18) package 
(Hothorn et  al., 2008). Principal Component Analysis was 
performed using FactoMineR (2.4) and missMDA (1.18) while 
Venn diagrams were generated using VennDiagram (1.7.1) (Le 
et al., 2008; Josse and Husson, 2016; Chen, 2021).

Regarding the amplicon-based sequencing data, low abundant 
ASVs with a maximum relative abundance below 0.1% per sample 
were discarded using “filter.OTU” function from RAM package 
(1.2.1.7) (Chen et  al., 2018). Richness (observed ASVs) and 
diversity (Simpson’s index) values were calculated employing the 
rtk (0.2.6.1) package, averaging the results obtained after 999 
rarefactions (Saary et al., 2017). Richness and diversity metrics 
were compared between compartments, rootstock genotype, year 
of experiment, and soil status by means of pairwise comparisons 
from RVAideMemoire (0.9–81) (Hervé, 2021). Prior to any beta-
diversity calculation, differences in sequencing depth were 
addressed applying the median of ratios method implemented in 
the DESeq2 Bioconductor package (Love et  al., 2021). The 
differences between microbial communities were investigated 
using Bray–Curtis dissimilarity distance. Multivariate analysis of 
bacterial and fungal communities was performed based on 
constrained multidimensional scaling using constrained analysis 
of principal components (CAP) from vegan (Oksanen et al., 2020). 
The significance of rootstock genotype, compartment, and soil 
status factors for each year of experiment used as constraint in the 
CAP was assessed via the permutation test from vegan. Bray–
Curtis dissimilarity distances were also investigated using 
permutational multivariate analysis of variance (PERMANOVA) 
based on “adonis” function from vegan package (Anderson, 2001). 
Dissimilarities in the relative abundance of bacterial and fungal 
communities were visualized by network analysis of Bray-Curtis 
distances using the “make_network” and “plot_network” functions 
from the phyloseq package.

MicrobiomeMarker (version 1.1.1) was used for Limma-Voom 
method, using “run_limma_voom” function (α = 0.001) corrected 
with the False Discovery Rate (FDR), to discriminate microbial 
taxa above family between vineyard soil used for greenhouse 
experiment (Cao, 2020). To observe the contributions of vineyard 
and nursery microbiomes to root associated microbiome from the 
greenhouse experiment, the same package was used for linear 
discriminant analysis (LDA) effect size (LEfSe) method, using 
“run_lefse” function, to discriminate enriched microbial taxa 
above orders. This process was set with Kruskal (α = 0.001) and 
Wilcox (α = 0.001) tests, and corrected with the FDR.
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Visualization of bacterial endophytic taxa

Double labeling of oligonucleotide probes-Fluorescence in 
situ hybridization (DOPE-FISH) microscopy was carried out to 
visualize bacterial taxa within surface sterilized root samples, for 
the four conditions sampled in 2019. Fixation was carried out 
overnight at 4°C, in a paraformaldehyde solution (4% w/v in PBS 
pH 7.2) and rinsed three times with PBS. Samples were then 
treated with a lysozyme solution (1 mg ml−1 in PBS) for 10 min at 
37°C, followed by dehydration in an ethanol series (25, 50, 75, and 
99.9%; 15 min each step). DOPE-FISH was performed after 
cutting samples into small pieces, and then using probes from 
Eurofins (Germany) labelled at both 5′ and 3′ positions, 
summarized in Supplementary Table 3 (Bruez et  al., 2020). A 
mixEUB (equivalent mixture of EUB338, EUB338II, EUB338III 
coupled with a Cy3 fluorochrome), a Chit probe specific to 
Chitinophaga, a Rhizo4 a probe specific to Rhizobium (16S), a 
Pseu22 probe specific to Pseudomonas from C3, C4, C5 clusters 
(16S), and a Pce probe specific to Burkholderia (23S), all coupled 
to Cy5 fluorochrome, were used. A NONEUB probe, coupled with 
Cy3 and Cy5, was also used independently as a negative control. 
Hybridization was performed at 46°C for all the probes except for 
the Pce which was done at 40°C, during 2 h 30 min, with 20 μl 
hybridization solution applied to each plant sample, placed on 
slides in a 50 ml moist chamber (also housing a piece of tissue 
imbibed with 5 ml of hybridization buffer). Each hybridization 
solution contained 20 mM Tris–HCl pH 8.0, 0.01% w/v SDS, 0.9 M 
NaCl, formamide at the concentration adapted for each probe: 
15 ng μl−1 for a general probe, and 10 ng μl−1 for a specific probe. 
Post-hybridization was performed in 20 μl at 48°C (or 42°C for 
Pce) for 30 min with a post-FISH pre-warmed solution containing 
20 mM Tris–HCl pH 8.0, 0.01% (w/v) SDS, 5 mM EDTA pH 8.0 
and NaCl at a concentration corresponding to the formamide 
concentration used. Samples were rinsed with distilled water 
before being air-dried in the dark.

The samples were then observed under a confocal microscope 
(Olympus Fluoview FV1000 with multiline laser FV5-LAMAR-2 
HeNe(G) and laser FV10-LAHEG230-2). X, Y, Z pictures were 
taken at 405, 488, 633 nm and with 20X objectives. Pictures were 
analyzed on imaris sofware. Pictures were cropped and whole 
pictures were sharpened. The light/contrast balance was also 
improved to better observe the image details, as seen when 
samples are observed in the dark under the microscope. Images 
shown in this publication represent the average of colonization.

Results

Initial matrix soil used for greenhouse 
experiment displayed different microbial 
communities

A total of 22,030,894 bacterial 16S rRNA gene sequences and 
24,753,799 fungal ITS sequences were generated from the 

ninety-six samples (Supplementary Figure  1). After quality 
filtering, denoising, merging, chimera, and contaminant 
removing, 8,553,704 bacterial 16S rRNA gene sequences and 
14,764,550 fungal ITS sequence remained and generated 31,096 
bacterial and 7,994 fungal Amplicon Sequences Variants (ASVs). 
ASVs with less than 0.1% sequencing depth were removed.

First, 1,437 and 1,033 bacterial ASVs and 726 and 806 
fungal ASVs were found in vineyard bulk soil samples from AS 
and S areas, respectively, regardless of the year of experiment 
(Figures 1A,B). The bacterial and fungal phyla showing more 
than 1% of average relative abundance are represented in 
Figures  1C,D, respectively. Bacterial phyla representing less 
than 1% abundance in AS and S soils, respectively, were grouped 
to “Others” and belong to Desulfobacterota (0.80, 0.75%), 
Nitrospirota (0.47, 0.27%), Crenarchaeota (0.38, 0.22%),  
RCP2-54 (0.12, 0.33%) Verrucomicrobiota (0.11, 0.23%), 
Bdellovibrionota (0.12, 0.15%), Patescibacteria (0.12, 0%), and 
Fibrobacterota (0, 0.03%). The predominant fungal phyla are 
represented in Figure 1D with phyla from the “Others” group 
for AS and S soils, respectively, belonging to Mucoromycota 
(0.05, 0.15%) and Glomeromycota (0.02, 0%). Dominant 
bacterial classes for both years of the experiments in AS and S 
soils were, respectively, Actinobacteria (31.70, 34.99%), 
Gammaproteobacteria (14.96, 20.62%), Alphaproteobacteria 
(11.61, 8.76%), Bacilli (9.25, 9.49%), Bacteroidia (12.25, 6.45%), 
Thermoleophilia (8.85, 5.76%), and Acidobacteriae (2.11, 5.16%). 
The most represented fungal classes were Sordariomycetes 
(35.24, 36.64%), Dothideomycetes (19.19, 19.22%), 
Tremellomycetes (13.68, 15.87%), Leotiomycetes (15.08, 10.45%), 
Eurotiomycetes (6.77, 6.62%), and Mortierellomycetes 
(4.47, 4.77%).

Limma-Voom differential analysis was performed to obtain a 
better overview of the differences occurring between the two soils 
across the bacterial (Figure  1E) and fungal (Figure  1F) 
communities from the vineyard. This analysis revealed ten 
enriched bacterial groups in S soil (1.56 to 7.82 log2 fold  
change), mainly composed of Proteobacteria (Sutterellaceae, 
Solimonadaceae, Pseudomonadaceae) and Bacteroidota (env.OPS 
17, Weeksellaceae), while AS soil was enriched with six groups 
(−2.17 to −7.57 log2 fold change) with a majority of Actinobacteria 
(f_Thermophilia, Gaillellaceae, Rubrobacteriaceae). In terms of 
fungi, seven enriched families were found in S soil (1.91 to 9.86 
log2 fold change), accounting from a majority of Ascomycota 
(Papulosaceae, f_Venturiales, Hyaloscyphaceae, Pleosporaceae), 
while six enriched families were detected in AS soil (−1.50 to 
−7.76 log2 fold change) mainly belonging to Ascomycota 
(f_Hypocreales, Clavicipitaceae, Lipomycetaceae, Pichiaceae).

In vineyard soils, bacterial richness was slightly lower in S area 
compared with AS area and bacterial α- and β-diversity indices 
were affected by soil status independently of the year of experiment 
(Table 1; Supplementary Table 4). Fungal richness and α-diversity 
were not significantly different between the two soils and these 
indices were mainly affected by the year of experiment. The fungal 
β-diversity was significantly different between the two soils. These 
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results indicate a difference in the structure and composition of 
the microbial community between S and AS soils as previously 
suggested in Darriaut et al. (2021).

Microbial community structure assessed 
using metabarcoding and 
MALDI-TOF-MS of cultivable isolates 
showed differences depending on soil 
composition and rootstock genotype

After 4 months of greenhouse cultivation, bacterial 
communities in bulk soil in the pots, rhizospheres and plant roots 
were largely composed of Actinobacteria, Proteobacteria, 
Bacteroidetes, and Firmicutes (Figure 2A), while Ascomycota and 
Basidiomycota were predominant in the fungal division 
(Figure 2B). Constrained analysis of principal coordinates (CAP) 
based on the two rootstock genotypes, two soils, and three 
compartments, displayed for both rootstocks that bulk and 
rhizosphere clustered together, distinctly to the roots, and were 
grouped depending on the soil status for bacterial (Figure 2C) and 
fungal communities (Figure 2D). Even if an effect linked to the 
year of the experiment can be observed in particular for all fungal 
richness and diversity indices (Table  1), the repartition of the 
samples was quite similar in 2020 compared to 2019 
(Figures 2C,D). No clear difference was observed between bulk 
soil in pots and rhizosphere for any of these indices, regardless of 
the rootstock or soil status. The lowest richness and Simpson’s 
indices were observed in root samples (Figures  2A,B; 
Supplementary Table 4) for bacteria and fungi. While richness was 
not significantly different between root conditions, bacterial and 

fungal Simpson’s indices varied between root samples. Bacterial 
Simpson’s index appeared slightly lower in roots of RGM in S soils; 
and fungal Simpson’s index was higher in roots in S soils compared 
to those in AS soils for both rootstocks. The soil status significantly 
impacted the β-diversity of both bacterial and fungal communities 
in every compartment, while only the fungal Simpson’s diversity 
in roots was driven by soil composition. This difference between 
AS and S soils was more pronounced in the bulk and rhizosphere 
compartments than in the roots for both microbial communities 
(Table  1). Interestingly, genetic background of the rootstock 
significantly affected both bacterial and fungal richness and 
β-diversity, as well as fungal α-diversity exclusively in the roots 
(Table 1). Furthermore, PERMANOVA revealed that the most 
influential factor for both bacterial and fungal communities was 
the compartment (i.e., rhizosphere, bulk soil, and roots), while soil 
status and year of experiment had similar effects (Table 2).

Two hundred bacterial isolates from rhizosphere samples for 
each condition (i.e., AS-1103P, S-1103P, AS-RGM, and S-RGM) were 
then analyzed on MALDI-TOF-MS. Among these 800 isolates, 401 
(50%) mass profiles matched the Biotyper database with score values 
>1.8. One hundred sixty-nine isolates from asymptomatic soils were 
identified and 230 isolates from S soils. Score values above 1.8 
matched for 36 genera, while score values above 2.0 matched for 83 
species. The isolated bacteria were predominantly members of the 
genus Bacillus (16.6%), followed by Pseudomonas (5.25%), 
Arthrobacter (4%), and Burkholderia (3.4%). Genera detected less 
frequently were categorized in the “Others” group (Figure 3A) and 
correspond to Ralstonia, Buttiauxella, Variovorax, Paenarthrobacter, 
Rhizobium, Streptomyces, Flavobacterium, Peanibacillus, Dyella, 
Serratia, Caballeronia, Brevibacillus, Microbacterium, Sphingomonas, 
Falsibacillus, Staphylococcus, Acinetobacter, Amicolaptosis, Aquincola, 

A C E
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FIGURE 1

Microbial communities present in symptomatic (S) and asymptomatic (AS) soils from vineyard. Soil samples were collected in April 2019 and 
2020 in each area (n = 6). Venn diagrams show the number of shared and specific ASVs for (A) bacterial, and (B) fungal communities. Abundances 
at phylum level are presented for (C) bacterial and (D) fungal communities. Phyla representing less than 1% of the total reads were grouped in 
“Others.” Enriched (E) bacterial and (F) fungal classes, orders, and families using Limma-Voom differential analysis (p < 0.001) corrected with FDR 
are shown.
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Brachybacterium, Cupriavidus, Gordonia, Herbaspirillum, Leifsonia, 
Rhodococcus, and Sinomonas. Certain genera were identified in only 
one condition (Figure 3B), with one genus being common to the S 
soils (Rhizobium) and three genera being common to the AS soils 
(Peanibacillus, Brevibacillus, Buttiauxella). The Simpson’s indices 
generated from these isolates are shown (Figure  3C) and even 
though the differences could not be supported by statistical tests, 
we can see that this index is higher among the conditions in AS soils 
compared to S soils, and lower in the RGM compared to rootstock 
1103P (Figure 3C).

Microbial activity and level of cultivable 
population in the rhizosphere differed 
according to the soil composition

Cultivable bacteria associated with the rhizosphere soil of the 
RGM and 1103P rootstocks grown in S and AS soils during both 

years of sampling ranged from 105 to 108 CFUs/g (Figure 3D), 
while cultivable fungi ranged from 104 to 107 CFUs/g (Figure 3E). 
Plating methods revealed that the level of cultivable bacteria was 
significantly different among the four conditions, in 2019 
[F(3,8) = 113.1, p < 0.001], and in 2020 [F(3,8) = 15.67, p < 0.001; 
Figure 3D] with a higher level observed in the AS soil compared 
to the S one for both rootstocks. In parallel, significant differences 
were also observed for the level of cultivable fungi in 2019 
[F(3,8) = 34.97, p < 0.001], and in 2020 [χ2 = 27.578, ddl = 3, 
p < 0.001] but with a lower level observed in the AS soil compared 
to the S one for both rootstocks (Figure 3E). The abundance of 
cultivable bacteria and fungi was then significantly affected by the 
year of the experimentation, the soil status and the rootstock 
genotype (Table 3). The estimation of microbial biomass using 
q-PCR revealed significantly higher level of archaeal and bacterial 
amplicons in AS rhizosphere compared to S rhizosphere for both 
rootstocks during the 2 years of sampling, while no differences 
were detected for fungal amplicons (data not shown and Table 3).

TABLE 1 Effect of soil type (S, AS), rootstock genotype (RGM, 1103P), and year of the experiment (2019, 2020) on richness, α-diversity, and 
β-diversity of bacterial and fungal communities in the bulk, rhizosphere, and roots compartments in the greenhouse experiments.

Richness  
(Observed ASVs)

α-diversity  
(Simpson’s index)

β-diversity (Bray-Curtis)

F P F P F R2 P

Bacteria Vineyard Soil 1.147 0.312 4.553 0.041 34.203 0.490 0.001

Year 13.841 0.005 0.308 0.592 21.993 0.315 0.001

Bulk Soil (S) 0.860 0.364 0.551 0.467 9.693 0.238 0.001

Genotype (G) 0.043 0.837 1.374 0.256 1.210 0.029 0.259

Year 0.253 0.620 2.406 0.137 9.151 0.225 0.001

S × G 5.031 0.037 0.560 0.463 1.595 0.039 0.129

Rhizosphere Soil 1.045 0.319 2.961 0.101 14.437 0.308 0.001

Genotype 0.021 0.885 0.042 0.841 1.118 0.024 0.273

Year 4.629 0.045 10.011 0.005 11.460 0.245 0.001

S × G 0.399 0.535 0.001 0.977 0.798 0.017 0.521

Root Soil 1.648 0.215 0.001 0.996 2.632 0.085 0.001

Genotype 6.866 0.017 1.577 0.224 2.132 0.069 0.003

Year 0.808 0.380 1.440 0.245 5.813 0.189 0.001

S × G 0.086 0.773 2.610 0.123 1.232 0.040 0.192

Fungi Vineyard Soil 0.797 0.395 8.273 0.018 16.974 0.351 0.001

Year 144.183 <0.001 62.261 <0.001 16.887 0.349 0.001

Bulk Soil 1.328 0.263 0.684 0.419 10.648 0.226 0.001

Genotype 0.922 0.350 2.561 0.126 0.947 0.020 0.403

Year 14.951 0.001 15.109 <0.001 15.623 0.331 0.001

S × G 2.047 0.169 1.082 0.311 0.908 0.019 0.442

Rhizosphere Soil 0.222 0.643 0.104 0.751 11.822 0.254 0.001

Genotype 0.015 0.904 0.014 0.907 1.580 0.033 0.132

Year 5.280 0.033 7.127 0.015 12.901 0.278 0.001

S × G 1.372 0.256 0.058 0.812 1.172 0.025 0.291

Root Soil 3.804 0.066 15.161 <0.001 1.868 0.065 0.010

Genotype 5.058 0.037 6.518 0.019 2.557 0.089 0.001

Year 130.83 <0.001 6.401 0.020 4.279 0.149 0.001

S × G 0.396 0.537 0.771 0.391 1.083 0.038 0.306

Significances were assessed through a Type II ANOVA for richness and α-diversity while PERMANOVA was used for β-diversity. p-values <0.05 are highlighted in bold.
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FIGURE 2

Bacterial and fungal communities associated with grapevine rootstocks root systems compartments and bulk soils after 4.5 months of growth  
in S and AS soils in the greenhouse. CS/1103P and CS/RGM grafted plants were grown either on symptomatic (S-1103P and S-RGM samples, 
respectively) and asymptomatic vineyard soils (AS-1103P and AS-RGM samples, respectively). The relative abundance at the phylum level in each 
compartment is represented for (A) bacterial and (B) fungal communities, regardless of year of experiment. Phyla accounting for less than 1% of 
the total abundance in communities were grouped in “Others.” Constrained analysis of principal coordinates (CAP) of samples by compartment 
related to CS plants grafted on 1103P and RGM rootstocks grown in symptomatic and asymptomatic soils in greenhouse, is shown for 2019 and 
2020 experiments for (C) bacterial and (D) fungal communities.
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Microbes of both soils showed the same activities in 
Eco-Plates measurements, but with different intensities 
(Supplementary Table 5). The microbial activities represented by 
the AUCs from the Biolog Eco-Plates™ technology were 
significantly higher for S soils compared to AS ones for both 
rootstocks in 2019 [F(3,8) = 25.25, p < 0.001], and 2020 
[F(3,8) = 34.1, p < 0.001].

The biplot PCA for q-PCR, level of cultivable microbes, and 
q-PCR measurements in the rhizosphere revealed two overlaps of 
confidence intervals between the S-1103P and S-RGM conditions, 
as well between AS-1103P and AS-RGM (Figure 3F). Dimensions 
(Dim1 and Dim2) accounted for 88.4% of total variance. 
Symptomatic feature was mostly found in the negative side of 
Dim2, which was correlated with the level of population of 
cultivable fungi, the total extracted DNA, the general activities, 
and richness measured in Eco-Plates (i.e., AUC, richness, 
respectively; Table 3). On the other hand, asymptomatic samples 
were mainly found in the positive side of Dim2, which correlated 
with all other measurements, including the cultivable bacteria 
population, number of bacterial and archaeal 16S rRNA genes, 
and all the other Eco-Plates measurements (i.e., Simpson’s 
diversity, amino acids, polymers, carbohydrates, amines, 
carboxylic acids, and phenolic compounds, Table 3).

Soil status slightly influenced grapevine 
growth in greenhouse experiments

Phenotypic measurements were taken at different times 
during the experiments (data not shown) and after 4.5 months of 
growth. Data presented in Supplementary Table 6 show that the 
growth of the plants was higher in 2020 than in 2019. Interestingly, 
although no effect of soil status on plant growth parameters or 

chlorophyll content was observed in 2020, a higher stem length 
and chlorophyll content was measured for plants grown in AS 
soils compared to S soils in 2019. Shoot dry weight was 
significantly lower in plants grown in S soils compared to AS soils 
only for CS/1103P in 2019.

Vineyard and nursery microbiomes 
contribute to root associated 
microbiome in the greenhouse 
experiment

We compared the microbial diversity and richness of the 
soil right after sampling in the vineyard and the bulk soil 
harvested in the pots after the greenhouse experiment 
(Supplementary Figure  2A). The bacterial richness was more 
affected while its diversity was globally similar between vineyard 
and greenhouse for a same soil status (S or AS). At the opposite, 
for fungal communities the richness was less impacted than the 
diversity. In addition, CAP based on the bulk soil from the 
greenhouse experiment and bulk soil collected in the 
vineyard demonstrated clear differences in bacterial 
(Supplementary Figure  2B) and fungal communities 
(Supplementary Figure 2C), mainly due to soil status for both 
sampling years. Specific genera were enriched in both investigated 
vineyard and greenhouse bulk soils, regardless of sampling year 
(Supplementary Figure 2B), with higher number of bacterial and 
fungal taxa enriched in vineyards (36 and 24, respectively) 
compared to greenhouse (7 and 13, respectively).

Network analysis of Bray-Curtis distances clustered roots 
from greenhouse plants and roots from nursery plants and 
separated them from another cluster composed of bulk, 
rhizosphere, and vineyard soil compartments for bacterial 
communities (Figure 4A). The same analysis shows the fungal 
communities of roots from nursery plants were clearly different 
from those of all other compartments (Figure 4A).

Around 12% of the bacterial and fungal genera (31 and 24 
genera, respectively) found in vineyard soils, nursery plant roots 
before plantation and greenhouse plant roots were common for 
all these compartments (Figure 4B). Moreover, 3 and 6% of the 
bacterial (i.e., Nordella, Paenisporosarcina, Allokutzneria, 
Salinispira, Phaselicystis, Peredibacter, FFCH7168, SWB02) and 
fungal (i.e., mainly Ascomycota from Ramularia Debaryomyces, 
Neosetophoma, Botrytis, Vermiconia, Microdochium, Zymoseptoria) 
genera, respectively, were found exclusively in nursery samples 
and were not detected in greenhouse root samples (Figure 4B). 
Among the genera found in the roots at the end of the experiment, 
25 and 9% of bacterial and fungal genera, respectively, were also 
found only in roots of nursery plants (i.e., before planting). 
Enriched taxa were largely found in vineyard soils, accounting for 
35 bacterial and 23 fungal orders, while only 8 and 7, respectively, 
were found in nursery soils (Figure 4C).

In addition, certain fungal genera associated with known 
grapevine diseases listed in Supplementary Table 7, were detected 

TABLE 2 Effect of soil type (S, AS), compartment (bulk, rhizosphere, 
and roots), rootstock genotype (1103P and RGM), and year of the 
experiment (2019, 2020) on richness, α-diversity, and β-diversity of 
bacterial and fungal communities in the dataset from greenhouse 
experiments.

Richness 
(Observed 

ASVs)

α-diversity 
(Simpson’s 

index)

β-diversity 
(Bray-
Curtis)

F P F P F P

Bacteria Soil 0.454 0.503 0.002 0.967 11.65 0.001

Compartment 120.31 <0.001 55.512 <0.001 24.25 0.001

Rootstock 1.441 0.234 1.793 0.185 1.44 0.144

Year 0.423 0.517 1.420 0.238 10.72 0.001

Fungi Soil 2.996 0.088 8.892 0.004 11.60 0.001

Compartment 224.196 <0.001 28.604 <0.001 17.13 0.001

Rootstock 1.717 0.194 5.259 0.025 1.77 0.068

Year 44.178 <0.001 24.148 <0.001 11.78 0.001

Significances were assessed through a Type II ANOVA for richness and α-diversity while 
PERMANOVA (permutations = 999) was calculated by terms from “capscale” function 
using Soil + Compartment + Rootstock + Year model. p-values <0.05 are highlighted in bold.
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across the samples belonging to Botrytis, Cadophora, Curvularia, 
Diaporthe, Diplodia, Ilyonectria, Phaeoacremonium, and 
Phaeomoniella (Figure 5). Overall, they revealed a higher abundance 

in symptomatic initial soil compared to the asymptomatic condition 
in the vineyard [Student t (7.541) = 5.575, p < 0.001], but also in bulk 
soil [Student t (13.27) = 10.205, p < 0.001] and rhizosphere [Student 
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FIGURE 3

Microbial profile using cultivable-based approaches and q-PCR in the rhizosphere of grapevine plants after 4.5 months of growth in S and AS soils 
in the greenhouse. Diversity of cultivable bacteria isolated from rhizosphere and identified among the 4 conditions through MALDI-TOF-MS, 
demonstrated by (A) the relative abundance of the top 10 taxa at the genus level, (B) the Venn diagram illustrating the overlap of the genera, and 
(C) the associated Simpson’s diversity index. Histograms representing the level of populations of cultivable (D) bacteria and (E) fungi for 2019 and 
2020 experiments. Bars represent means ± SE (n = 3), different letters indicate significantly different means according to pairwise comparisons 
based on Student t tests (p < 0.05). (F) Ordination biplot of principal component analysis (PCA) for level of cultivable microorganisms, Eco-Plates 
measurements (Area Under AWCD Curve = AUC, Simpson’s diversity, functional richness, and the families of consumed substrates), the total DNA 
extracted from the rhizosphere (n = 5) and the amplicons (fungal 18S rRNA gene, archaeal and bacterial 16S rRNA genes).
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t (17.571) = 6.472, p < 0.001] samples in the greenhouse during the 
two experiments. No significant differences were found for root 
samples during the greenhouse experiment. Some differences in 
fungal genera composition were found. In soil and rhizosphere 
samples, we  primarily detected Curvularia and Cadophora. 
Ilyonectria was identified in higher abundance in S vineyard soil and, 
interestingly, in S-RGM rhizosphere samples. RGM rhizosphere 
samples appeared enriched in Phaeoacremomium and Ilyonectria 
genera compared to 1103P samples, and this difference seems to 
be also detected in root samples. Surprisingly, a very high abundance 
of Cadophora and Botrytis genera was found in roots of CS/1103P 
nursery plants compared to CS/RGM ones [F(2,712) = 14.092, 
p < 0.001; Figure 5].

Visualization of endophytic 
microorganisms associated to roots

Based on ITS sequencing, the phylum Glomeromycota was 
globally enriched in roots (6.38%) compared to bulk [0.98%; 
Student t (46) = 4.155, p < 0.001] and rhizosphere [1.30%; Student 
t (46) = 3.939, p < 0.001] compartments across the four conditions 
(Figure  2B), with higher amounts in S (RGM: 8.98%, 1103P: 
7.31%) compared to AS (RGM: 3.50%, 1103P: 5.68%) roots for 
RGM and 1103P rootstocks, independently of the year of 
experiment. The mycorrhizal colonization of the four conditions 
was investigated at the final point of sampling in the second 
experiment using staining and microscopy methods 
(Supplementary Figure 3). The mycorrhizal frequency (F) was not 
significantly different among the conditions (χ2 = 5.9862, ddl = 3, 
p = 0.1123; Supplementary Table 8). However, the intensity of the 

mycorrhizal colonization (M) was significantly different 
[F(3,16) = 5.313, p = 0.001]. Interestingly, RGM rootstock showed 
a significantly higher intensity of colonization when grown in S 
soils compared to AS soils, while no significant difference was 
observed for the 1103P rootstock. This result is consistent with the 
ITS-based sequencing analysis since a significantly higher relative 
abundance of Glomeromycota sequences was found in S-RGM 
roots compared to the other samples (Supplementary Table 8).

Four bacterial genera, Pseudomonas, Chitinophaga, 
Burkholderia (Caballeronia-Paraburkholderia), and Rhizobium 
(Allorhizobium-Neorhizobium-Pararhizobium), were targeted for 
DOPE-FISH microscopy to confirm their presence and 
localization within the root tissues. These four genera belong to 
the top ten bacterial genera identified in root samples of both 
genotypes at the end of the 2019 greenhouse experiment 
(Supplementary Figure 4). They were chosen according to several 
criteria, such as their high relative abundance in the samples, the 
putative biological functions of some members of these genera 
and the methological possibility to target them in DOPE-FISH 
experiments. They were all visualized in the root endosphere 
compartment of both RGM and 1103P rootstocks in either cortex 
or xylem zones (Figure 6). Naturally autofluorescent microbes 
were slightly detected in root endosphere using negative 
NONEUB probe, confirming the specificity of the probes used to 
target microorganisms (Supplementary Figure 5).

Discussion

In plants, as in humans, many physiological and pathological 
diseases are linked to an imbalance of the microbiota, also called 

TABLE 3 Effect of soil type (S, AS), rootstock genotype (1103P, RGM) and year of the experiment (2019, 2020) on the rhizosphere microbial 
community.

Rootstock Soil Year

F P F P F P

Cultivable bacteria 11.68 0.001 43.61 <0.001 403.93 <0.001

Cultivable fungi 8.629 0.004 49.603 <0.001 164.001 <0.001

Biolog™ System Area under curve 12.33 0.002 48.59 <0.001 781.71 <0.001

Simpson’s evenness 0.178 0.678 0.030 0.865 201.371 <0.001

Functional richness 0.024 0.880 8.489 0.009 158.114 <0.001

Amines 0.554 0.466 1.330 0.263 98.976 <0.001

Amino acids 1.529 0.231 15.655 <0.001 273.105 <0.001

Carbohydrates 0.015 0.903 14.349 <0.001 563.578 <0.001

Carboxylic acids 0.022 0.884 9.353 0.006 122.215 <0.001

Phenolic compounds 1.689 0.209 2.157 0.158 137.548 <0.001

Polymers 1.043 0.320 3.951 0.061 73.700 <0.001

qPCR DNA 0.189 0.666 1.295 0.260 179.021 <0.001

Bacterial 16S rRNA gene 2.056 0.157 21.367 <0.001 122.098 <0.001

Archaeal 16S rRNA gene 0.375 0.543 41.456 <0.001 39.956 <0.001

Fungal 18S rRNA gene 0.239 0.627 1.016 0.318 86.702 <0.001

Microbial level of cultivable populations, the Biolog system parameters, the microbial DNA, and the q-PCR measurements in the rhizosphere samples are presented. Significances were 
assessed through a Type II ANOVA. p-values <0.05 are highlighted in bold.
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dysbiosis. This imbalance is caused by a variety of factors, and 
restoring the equilibrium requires both a precise diagnosis and 
identification of the sources of potential variability that can 
influence the microbiota. In a previous study, we focused on vine 
declines unrelated to symptoms of pathological diseases. In each 
vineyard studied, the slight differences detected in soil chemical 
composition between symptomatic and asymptomatic areas 
could not be  explained by differences in vine growth (lower 
vigor, measured as the weight of pruned wood in the winter, and 
higher mortality of the plants) (Darriaut et al., 2021). In these 
four vineyards, microbial enzymatic activities were lower in 

symptomatic soils compared to asymptomatic soils, suggesting 
a microbial dysbiosis in areas subjected to decline. Year of 
sampling was pointed out as a major factor influencing the 
diversity and composition of the microbiota (Berlanas et  al., 
2019; Cureau et al., 2021). We observed here that while microbial 
communities evolved from year to year, the differences in 
microbial composition between S and AS soils was confirmed 
over the 2 years of sampling, with more putative fungal 
pathogens in S soils. We performed a greenhouse experiment 
with these two soils to understand the impact of the microbial 
composition of the soil on the development of the vines and on 

A B

C

FIGURE 4

The contribution of vineyard and nursery microbiomes to root associated microbiome in the greenhouse disposal. (A) Network analysis of 
bacterial (16S rRNA gene) and fungal (ITS) taxa, in terms of relative abundance, in vineyard soils, roots from nursery plants before planting, and 
greenhouse compartments (i.e., bulk, rhizosphere, root), using Bray–Curtis distances less than 0.95. (B) Venn diagram presenting the number of 
shared and specific bacterial and fungal genera in vineyard soils, nursery plants, and root compartment from the greenhouse disposal. (C) LEfSe 
displaying the enriched orders in vineyard soils (symptomatic (S) and asymptomatic A(S)), nursery plant roots (1103P and RGM rootstocks grafted 
with CS), and root compartments from greenhouse experiment in each condition (AS-1103P, S-1103P, AS-RGM, S-RGM). Bacteria are in the left 
and fungi on the right.
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the root-associated microbiome, but also the effect of the 
rootstock on these responses.

We first observed that the bulk soil in pots at the end of the 
greenhouse experiment was different from the initial bulk soil 
from the vineyard in terms of microbial diversity and richness. 
Soil microorganisms have complex interrelationships within 
natural soils, and their transposition into greenhouse experiment 
could modify the structure of microbial communities. For fungal 
communities in our experiment, Simpson’s index was impacted 
rather than richness, suggesting that their sensitivity to 
environmental change is greater than for bacterial communities. 
Moreover, a higher number of bacterial and fungal taxa were 
enriched in the bulk soil from the vineyard compared to the soil 
from the greenhouse. A reduced diversity or altered community 
structure is often expected in the pot experiment compared to 
soils in their natural system (Berg et al., 2016), which was partly 
true in terms of the Simpson’s index of both bacterial 
(Symptomatic soils during 2020) and fungal (Asymptomatic soils 
during 2019) communities. Pots kept in the greenhouse for long-
term cultivation are usually supplied with nutrient solution or are 
potted with plant substrate, with both, combined or alone, 
drastically diminishing the microbial richness and diversity 
(Zachow et al., 2014; Granzow et al., 2017; Wang et al., 2017). 

Herein, the pots in the greenhouse were watered daily without 
adding any nutrients, which affected the fungal diversity. 
Kaisermann et al. (2015) demonstrated through small fluctuations 
of soil water content that fungal communities were largely affected, 
unlike bacterial communities, which were less sensitive to these 
small environmental constraints. Other different environmental 
conditions between the vineyard and pots could have affected the 
microbial composition of the soil, such as temperature, soil 
compaction, oxygenation (Cookson et al., 2007; Rousk et al., 2010; 
Brockett et  al., 2012). Even so, the initial difference in the 
composition of microbiomes associated with symptomatic and 
asymptomatic vineyard soils persisted during the greenhouse 
experiment with microbial communities affected differently.

After 4 months of the greenhouse experiment, microbial 
communities were mainly driven by the compartment studied 
(i.e., bulk soil, rhizosphere and roots). The differences of 
microbiota between the soil-rootstock-scion continuum have 
been previously identified in grapevines (Compant et al., 2011; 
Zarraonaindia et al., 2015; Deyett and Rolshausen, 2020; Liu and 
Howell, 2021; Swift et  al., 2021). Plant compartments provide 
specific microbial niches leading to distinct microbiome 
associations and functionalities (Rossmann et  al., 2017). The 
microbial diversity is usually lower with a higher degree of 

FIGURE 5

Abundance of fungal genera associated to grapevine diseases in the different compartments related to greenhouse experiments. Roots from 
nursery plants before plantation, S and AS soils from vineyard before the greenhouse experiments, and bulk soils, rhizosphere and roots of 1103P 
and RGM rootstocks grafted with CS after 4.5 months of growth either in S or AS soils. Percentages (± SE) indicate proportions of sequences 
affiliated with pathogenic fungi relative to total sequences. Significant differences (*p < 0.05; ***p < 0.001) between compared conditions were 
detected with Student t or Wilcoxon tests.
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specialization proximal to the roots (Bonito et al., 2014). Several 
works also highlighted the decrease of bacterial and fungal 
richness and diversity metrics from soil to roots (Marasco et al., 
2013; Samad et al., 2017; D’Amico et al., 2018; Marasco et al., 2018; 
Martínez-Diz et  al., 2019; Carbone et  al., 2021; Marasco 
et al., 2022).

Despite the use of different primers for 16S rRNA gene 
amplicon sequencing between the studies, the bacterial 
communities found in our samples were similar to previous 
findings, with a predominant relative richness of Actinobacteria, 
Proteobacteria, Bacteroidota, Firmicutes, Acidobacteria, 
Chloroflexi, Myxococcota, and Gemmatimonadota (Samad et al., 
2017; Berlanas et  al., 2019; Liang et  al., 2019; Deyett and 
Rolshausen, 2020; Dries et al., 2021a; Swift et al., 2021). Most of 
these phyla represent the core microbiome of vineyard topsoils 
identified through a global microbiome survey within 200 
vineyards collected in 13 countries (Gobbi et al., 2022). Samad 

et al. (2017) found that lower diversity was recovered by cultivation 
from rhizosphere samples compared with community sequencing. 
However, in the present study, genera belonging to the most 
abundant phyla (Proteobacteria, Actinobacteria and Firmicutes) 
were recovered by cultivation and sequencing of the strains. These 
cultivation-based approaches are currently being improved thanks 
to the identification of culture medium, which allows more 
bacteria to grow in vitro, derived, for example, from cell extracts 
(Sarhan et  al., 2019). The availability of the strains will allow 
further functional analysis of their characteristics related to plant 
growth promotion, stress tolerance and biocontrol properties 
(Dries et al., 2021b; Bettenfeld et al., 2021; Darriaut et al., 2022). 
The structure of root bacterial communities was distinct to the 
ones found in the rhizosphere and bulk soil, as reported in 
previous studies (Zarraonaindia et al., 2015; Samad et al., 2017; 
D’Amico et  al., 2018; Swift et  al., 2021; Marasco et  al., 2022). 
Overall, bacterial α-diversity was only significantly driven by the 

FIGURE 6

Microphotographies of the root colonization by Chitinophaga, Rhizobium, Burkholderia, and Pseudomonas genera using DOPE-FISH microscopy 
across the different conditions within roots sampled during the 2019 greenhouse experiment. Cor = cortex, Xyl = xylem.
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compartment factor, confirming the roots as a selective barrier for 
large panel of bacterial taxa. The presence of the most represented 
endophyte bacterial genera (i.e., Pseudomonas, Chitinophaga, 
Rhizobium, and Burkholderia) among the four conditions was 
confirmed using DOPE-FISH microscopy.

Identification of fungal communities by amplicon sequencing 
is generally based on a region of the ITS, although this 
methodology has been described as lacking information in some 
cases due to high hypervariability (Kiss, 2012; Vu et al., 2018). 
Here, two libraries were used based on both fungal ITS1 and ITS2 
regions, the latter being created with two primer mixes by a nested 
PCR approach. Indeed, the fungal ITS2 barcoding region was 
found to recover more DNA sequences for fungal analysis than 
LSU, SSU, or even ITS1 (Schoch et al., 2012), and remains the 
favorite molecular marker to study fungal communities (Tedersoo 
et al., 2014). The detected fungal communities were dominantly 
composed of Ascomycota and Basidiomycota in bulk soil, 
rhizosphere, and root endosphere, as reported in previous studies 
(Berlanas et  al., 2019; Martínez-Diz et  al., 2019; Deyett and 
Rolshausen, 2020; Carbone et al., 2021; Liu and Howell, 2021; 
Swift et al., 2021; Zahid et al., 2021; Marasco et al., 2022). Network 
analysis of Bray-Curtis distances distinguished root from soil 
samples. This network is consistent with the results from 
Zarraonaindia et al. (2015) and Marasco et al. (2018), which found 
distinct clusters and connections from the soil × root samples. 
However, a different pattern was found for the fungal communities 
with a clustering of the greenhouse and vineyard samples, 
probably due to the strong segregation of nursery samples. While 
fungal richness was significantly influenced by the year of 
experiment and compartment, the fungal diversity was mostly 
affected by compartmentalization in addition to soil status, 
rootstock genotype, and year of experiment. Fungal communities 
are known to be  distinct in diversity, composition, and 
functionality in the different grapevine-associated compartments 
(Carbone et al., 2021; Swift et al., 2021; Marasco et al., 2022). In 
the present study, the dissimilarities were predominant in the 
root-associated microbiome, as it was demonstrated for 
bacterial communities.

Most studies on the microbial community of the vine in a 
context of decline focused on GTDs and the composition of 
the microbial community in the wood (Bruez et  al., 2016, 
2020; Bettenfeld et al., 2021; Fotios et al., 2021; Haidar et al., 
2021). The rhizosphere and root endosphere microbial 
communities had not yet been investigated when the observed 
decline was not associated with symptoms of pathologies or 
mineral deficiencies. Given that the microbial structure of the 
soil is a key component of plant health, it is important to 
define the characteristics of a balanced underground 
microbiome. The composition of the microbial communities 
in the bulk soil and rhizosphere was clearly divergent between 
samples from S and AS conditions. Soil status also influenced 
the root communities, especially for fungi. Significant 
differences in microbial activities measured using Eco-Plates 
were identified between the rhizosphere samples, confirming 

that these communities might have different functions. 
Although no symptoms of disease were detected on plants 
within the two areas in the vineyard and in the greenhouse, a 
higher relative abundance of putatively pathogenic fungi 
(mainly Cadophora, Curvularia and Ilyonectria genera) was 
found in S bulk soil and rhizosphere samples than in AS 
samples. Among Cadophora genus, species were identified as 
C. luteo-olivacea (Navarrete et  al., 2011), C. malorum 
(Travadon et al., 2015), and C. melinii (Gramaje et al., 2011) 
that are associated to Petri disease. Some of the detected 
phytopathogens were more abundant in roots, as for example 
Ilyonectria or Phaeoacremonium, than in soil compartments, 
which may not be surprising since these genera are affiliated 
with GTDs (Lade et al., 2022).

The role of nurseries and propagation process as a primary 
source of GTDs inoculum has been previously documented 
(Aroca et al., 2010; Gramaje and Armengol, 2011; Nerva et al., 
2019; Gramaje et al., 2022; Lade et al., 2022). Special care is 
taken during the grafting and propagation processes to limit 
the presence of GTDs related to fungi and viruses. In our 
study, the fungal community of roots from the nursery was 
highly divergent to that of the roots at the end of the 
greenhouse experiment. A higher abundance of Cadophora 
and Botrytis (responsible of grey mold disease), was found in 
the roots of CS/1103P nursery plants in particular. This 
probably explains the higher abundance of Cadophora in 
greenhouse roots of CS/1103P. Several mechanisms to control 
Botrytis in grapevines were described. These were mediated by 
endophytic bacteria, such as Streptomycetes, Pseudomonas, 
Bacillus, Acinetobacter, Burkholderia, Erwinia, Pantoea 
agglomerans, or Micromonospora (Compant et al., 2013). Some 
of these potentially antagonistic genera (i.e., Pseudomonas, 
Streptomyces, Acinetobacter, Burkholderia) were found in 
rhizosphere samples among the four conditions (i.e., 
AS-1103P, S-1103P, AS-RGM, S-RGM) using MALDI-
TOF-MS, as well as in root samples using DOPE-FISH 
microscopy (i.e., Burkholderia, Pseudomonas) and might 
explain the absence of Botrytis in greenhouse roots.

Interestingly, some beneficial microorganisms were 
enriched in S root samples such as Rhizobiales and Glomerales. 
The mycorrhizal intensity and the abundance of 
Glomeromycota sequences increased in roots of CS/RGM 
plants grown in S soils compared to AS ones. Arbuscular 
mycorrhizal fungi (AMF) are well studied root-associated 
fungi from the Glomeromycota division forming mutualistic 
symbiotic association with most of the terrestrial plants as well 
as grapevine (Trouvelot et al., 2015; Holland et al., 2016). Soil 
is an important factor driving the association between AMF 
and grapevine (Schreiner and Mihara, 2009). No affiliation 
was found in vineyard with Glomeromycota in S soil, while 
0.02% of total fungal phyla in AS soil belonged to 
Glomeromycota. However, the choice of the primer is known 
to lead to a taxa bias, particularly for Glomeromycota strains 
(Bettenfeld et  al., 2021) and we  can hypothesize that our 
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primers did not enable the identification of some species from 
this family. Nevertheless, AMF colonized the roots in each of 
the symptomatic conditions in greenhouse, suggesting either 
the presence of indigenous fungi from Glomeromycota division 
in the young vines obtained from nursery, or the proliferation 
of this undetected taxa during the greenhouse experiment. 
Before planting, root fungal microbiome of young CS/1103P 
and CS/RGM rootstocks were composed of Ascomycota, 
Basidiomycota and Mortierellomycota only, suggesting the 
likelihood of the second hypothesis.

Soil physicochemical properties are known to affect 
grapevine development (Conradie, 1986; Echenique et  al., 
2007). Furthermore, the influence of soil physicochemical 
parameters to modify the root associated microbial 
communities of grapevines was demonstrated (Karagöz et al., 
2012; Zarraonaindia et al., 2015; Berlanas et al., 2019). Even if 
it is tough and sensitive to estimate the natural soil microbiome 
contribution to grapevine growth, here the novelty of this study 
was to compare two soils having similar physicochemical 
features with different microbial composition and functionality. 
During the greenhouse experiment, soil status had a significant 
effect on some growth parameters and chlorophyll content of 
both scion/rootstock combinations during the 2019 experiment 
only. This was probably due to higher temperatures in the 
greenhouse in 2019 compared to 2020, which may have 
produced conditions similar to those in the vineyard conditions 
(data not shown). This would suggest that the effect of the soil 
microbial composition on the growth of plants cannot be easily 
reproduced on young plants in greenhouse.

In terms of microbiome data, our results suggest that the 
rootstock genotype, in addition to soil composition, could 
be  considered a driver of cultivable bacterial and fungal 
populations from the rhizosphere compartment. MALDI-
TOF-MS revealed different bacterial diversity of cultivable 
population depending on the rootstock and soil status. 
Regarding sequencing results, no significant difference of 
bacterial diversity metrics in rhizosphere or roots was seen 
depending on the rootstock but fungal communities appeared 
to be dependent on it. Some orders were found to be enriched 
specifically in one scion/rootstock combination, such as 
Cytophagales in S-1103P. Moreover, the rootstocks showed 
differences in the abundance of fungal genera related to 
grapevine disease, which might be related to the metabolic 
composition of the roots. Modulation of the root-associated 
microbiome is known to be dependent on plant molecules, 
and some are believed to suppress some potential diseases 
(Pascale et  al., 2020). The effect of grapevine rootstock on 
bacterial and/or fungal communities of the aboveground 
compartments has been previously investigated (D’Amico 
et al., 2018; Marasco et al., 2018; Berlanas et al., 2019; Swift 
et al., 2021; Vink et al., 2021; Marasco et al., 2022). Although 
some studies demonstrated that rootstock genotype shaped 
the microbial community structure (D’Amico et  al., 2018; 

Marasco et  al., 2022; Nerva et  al., 2022), others were less 
definitive (Swift et al., 2021; Vink et al., 2021).

Moukarzel et al. (2021) showed that the rootstock drives the 
arbuscular mycorrhizal community structure. As described 
above, mycorrhization intensity increased when CS/RGM plants 
grew in S soils compared to AS soils, but the difference was not 
significant for CS/1103P. This result might be consistent with 
previous results showing that RGM cuttings exudated higher 
levels of strigolactones-like compounds than 1103P when 
subjected to nitrogen deficiency (Cochetel et  al., 2018). 
Strigolactones have been shown to be involved in AMF symbiosis 
(Yoneyama and Brewer, 2021). The ability of plant roots to attract 
and select microbes from the soil is ruled by the different 
signaling compounds, primary (e.g., carbohydrates, organic 
acids, and amino acids), and secondary (e.g., glucosinolates, and 
flavonoids) metabolites exudated by the rootstock towards soil 
(Sasse et al., 2018; Vives-Peris et al., 2020). Marastoni et al. (2019) 
unveiled the different root exudate compositions of distinct 
grapevine rootstocks. Root exudates have also been investigated 
in copper toxicity (Marastoni et al., 2019) and iron deficiency 
(Marastoni et  al., 2020) conditions but no studies have 
investigated the impact of grapevine exudates on microbial 
communities. Potential metabolic diversity, based on potential 
root exudate consumption, such as amines, amino-acids, 
carbohydrates, carboxylic acids, phenolic compounds, and 
polymers, revealed distinct profiles with higher activities in S 
soils compared to AS soils for both rootstock combinations. 
These findings suggested higher effect from the soil status than 
rootstock genotype on the microbial functional diversity, while 
no significant effect by both rootstock or soil factors was observed 
on the taxonomic diversity or richness in the rhizosphere 
compartment for bacterial community. In fact, the soil status was 
more important than rootstock genotype in driving the fungal 
diversity, besides year of experiment and compartment effects. 
Since all the previous studies showing the impact of the rootstock 
on the root microbiota were conducted on older plants in the 
vineyard, we can hypothesize that the impact of the rootstock is 
not seen on very young plants.

Conclusion

This study provides knowledge on the complex interaction 
between soil microbiome and grapevine roots of young 
grapevine plants. It confirms the importance of the soil 
composition on the microbiome associated with belowground 
compartments, while rootstock of these young plants showed 
minor impact on microbial communities. Even if the decline 
observed in the vineyard could not be  reproduced in the 
greenhouse, soils used for the controlled experiment altered 
the root and the rhizosphere microbiomes for the two scion/
rootstock plants. Fungal communities were therefore more 
impacted by the soil status than the bacteria, suggesting their 
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determinant role in the future growth of these young 
grapevines. This work also highlights the difficulty in defining 
a so-called soil microbial “dysbiosis” or, on the contrary, a 
“good” soil microbiome, capable of promoting the growth of 
healthy plants. It appeared that the community structure was 
different and that asymptomatic soils contained less putative 
pathogenic fungi than symptomatic soils. But the main 
question still remains: is this dysbiosis the cause or the 
consequence of the observed decline? To answer this question, 
the longer-term effects on the plants will need to be monitored. 
Interestingly, when plants are subjected to symptomatic soils 
with more fungal pathogens, they increase their interaction 
with beneficial microbes, following the cry-for-help concept 
(Rolli et al., 2021). It might therefore be interesting to search 
for plant growth promoting bacteria (PGPB) and biocontrol 
agents in declining soils rather than in healthy soils. This 
should be taken into account in the development and use of 
targeted agriculture applications, especially in light of 
grapevine decline.

Data availability statement

The data presented in the study are deposited in the NCBI 
Bioproject repository, accession number PRJNA798301. The data 
have been publicly released. https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA798301.

Author contributions

RD, VL, IM-P, and NO conceived the study. RD managed the 
greenhouse experiment and the sampling, he performed DNA 
extraction and microbiological analyses, and prepare the figures 
and tables. RD, GM, PB, PV, EM, NO, and VL contributed to the 
data collection and analysis. BM performed the sequencing and 
contributed to bioinformatics analyses. RD, LA, BM, and SC did 
the bioinformatics analyses. RD and SC performed the DOPE-
FISH experiments. RD, PB, and IM-P contributed to MALDI-
TOF-MS experiments and data analyses. RD and VL wrote the 
manuscript. All authors critically reviewed and edited 
the manuscript.

Funding

This work was supported by FranceAgrimer/CNIV funded as 
part of the program ‘Plan National Dépérissement du Vignoble’ 
within the project Vitirhizobiome (grant number 2018–52537).

Acknowledgments

We would like to thank the owners of the vineyard for their 
permission to sample their soil, and Jean-Pierre Petit, Nicolas 
Hocquart, Laure Morgadhino for their help in the greenhouse 
disposal. We would also like to thank Marie Lucas, Julie Maupeu, 
and Amélie Vallet-Courbin from the Technology Transfert Unit 
Microflora for their help on the MALDI-TOF-MS technique. 
We also grateful to Branislav Nikolic from AIT Austrian Institute 
of Technology for his contribution in soil and roots samples 
preparation for sequencing.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1031064/
full#supplementary-material

References
Anderson, M. J. (2001). A new method for non-parametric multivariate analysis 

of variance. Austral Ecol. 26, 32–46. doi: 10.1111/j.1442-9993.2001.01070.pp.x

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence 
data. Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Arnold, J.B. (2021). ggthemes: extra themes, scales and geoms for ‘ggplot2’. 
Available at: https://CRAN.R-project.org/package=ggthemes

Aroca, Á., Gramaje, D., Armengol, J., García-Jiménez, J., and Raposo, R. (2010). 
Evaluation of the grapevine nursery propagation process as a source of 
Phaeoacremonium spp. and Phaeomoniella chlamydospora and occurrence of trunk 
disease pathogens in rootstock mother vines in Spain. Eur. J. Plant Pathol. 126, 
165–174. doi: 10.1007/s10658-009-9530-3

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone taxa 
as drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16, 
567–576. doi: 10.1038/s41579-018-0024-1

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., 
Godhe, A., et al. (2013). Improved software detection and extraction of ITS1 and 
ITS 2 from ribosomal ITS sequences of fungi and other eukaryotes for analysis of 
environmental sequencing data. Methods Ecol. Evol. 4, 914–919. doi: 
10.1111/2041-210X.12073

Bengtsson-Palme, J., Thorell, K., Wurzbacher, C., Sjöling, Å., and Nilsson, R. H. 
(2016). Metaxa2 diversity tools: easing microbial community analysis with Metaxa2. 
Eco. Inform. 33, 45–50. doi: 10.1016/j.ecoinf.2016.04.004

https://doi.org/10.3389/fmicb.2022.1031064
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA798301
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA798301
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1031064/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1031064/full#supplementary-material
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://CRAN.R-project.org/package=ggthemes
https://doi.org/10.1007/s10658-009-9530-3
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1016/j.ecoinf.2016.04.004


Darriaut et al. 10.3389/fmicb.2022.1031064

Frontiers in Microbiology 19 frontiersin.org

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M. C. C., Charles, T., et al. 
(2020). Microbiome definition re-visited: old concepts and new challenges. 
Microbiome 8, 103–122. doi: 10.1186/s40168-020-00875-0

Berg, G., Rybakova, D., Grube, M., and Köberl, M. (2016). The plant microbiome 
explored: implications for experimental botany. J. Exp. Bot. 67, 995–1002. doi: 
10.1093/jxb/erv466

Berlanas, C., Berbegal, M., Elena, G., Laidani, M., Cibriain, J. F., Sagües, A., et al. 
(2019). The fungal and bacterial Rhizosphere microbiome associated with grapevine 
rootstock genotypes in mature and young vineyards. Front. Microbiol. 10:1142. doi: 
10.3389/fmicb.2019.01142

Bettenfeld, P., Cadena, I., Canals, J., Jacquens, L., Fernandez, O., Fontaine, F., et al. 
(2021). The microbiota of the grapevine holobiont: a key component of plant health. 
J. Adv. Res. 40, 1–5. doi: 10.1016/j.jare.2021.12.008

Bonito, G., Reynolds, H., Robeson, M. S., Nelson, J., Hodkinson, B. P., 
Tuskan, G., et al. (2014). Plant host and soil origin influence fungal and bacterial 
assemblages in the roots of woody plants. Mol. Ecol. 23, 3356–3370. doi: 
10.1111/mec.12821

Brockett, B. F., Prescott, C. E., and Grayston, S. J. (2012). Soil moisture is the major 
factor influencing microbial community structure and enzyme activities across 
seven biogeoclimatic zones in western Canada. Soil Biol. Biochem. 44, 9–20. doi: 
10.1016/j.soilbio.2011.09.003

Bruez, E., Baumgartner, K., Bastien, S., Travadon, R., Guérin-Dubrana, L., and 
Rey, P. (2016). Various fungal communities colonise the functional wood tissues of 
old grapevines externally free from grapevine trunk disease symptoms. Aust. J. 
Grape Wine Res. 22, 288–295. doi: 10.1111/ajgw.12209

Bruez, E., Vallance, J., Gautier, A., Laval, V., Compant, S., Maurer, W., et al. (2020). 
Major changes in grapevine wood microbiota are associated with the onset of esca, 
a devastating trunk disease. Environ. Microbiol. 22, 5189–5206. doi: 10.1111/1462- 
2920.15180

Byers, A. K., Condron, L., O'Callaghan, M., Waipara, N., and Black, A. (2020). Soil 
microbial community restructuring and functional changes in ancient kauri 
(Agathis australis) forests impacted by the invasive pathogen Phytophthora 
agathidicida. Soil Biol. Biochem. 150:108016. doi: 10.1016/j.soilbio.2020.108016

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina 
amplicon data. Nat. Methods 13, 581–583. doi: 10.1016/j.soilbio.2020.108016

Cao, Y. (2020). microbiomeMarker: microbiome biomarker analysis. Available at: 
https://github.com/yiluheihei/microbiomeMarker

Carbone, M. J., Alaniz, S., Mondino, P., Gelabert, M., Eichmeier, A., Tekielska, D., 
et al. (2021). Drought influences fungal community dynamics in the grapevine 
rhizosphere and root microbiome. J. Fungi 7:686. doi: 10.3390/jof7090686

Chelius, M. K., and Triplett, E. W. (2001). The diversity of archaea and bacteria in 
association with the roots of Zea mays L. Microb. Ecol. 41, 252–263. doi: 10.1007/
s002480000087

Chen, H. (2021). VennDiagram: Generate High-Resolution Venn and Euler Plots. 
Available at: https://CRAN.R-project.org/package=VennDiagram

Chen, W., Simpson, J., and Levesque, A.C. (2018). RAM: R for amplicon-
sequencing-based microbial-ecology. Available at: https://CRAN.R-project.org/
package=RAM

Chen, Y., Yao, Z., Sun, Y., Wang, E., Tian, C., Sun, Y., et al. (2022). Current studies 
of the effects of drought stress on root exudates and rhizosphere microbiomes of 
crop plant species. Int. J. Mol. Sci. 23:2374. doi: 10.3390/ijms23042374

Cobos, R., Ibañez, A., Diez-Galán, A., Calvo-Peña, C., Ghoreshizadeh, S., and 
Coque, J. J. R. (2022). The grapevine microbiome to the rescue: implications for the 
biocontrol of trunk diseases. Plan. Theory 11:840. doi: 10.3390/plants11070840

Cochetel, N., Escudié, F., Cookson, S. J., Dai, Z., Vivin, P., Bert, P.-F., et al. (2017). 
Root transcriptomic responses of grafted grapevines to heterogeneous nitrogen 
availability depend on rootstock genotype. J. Exp. Bot. 68, 4339–4355. doi: 10.1093/
jxb/erx224

Cochetel, N., Hévin, C., Vivin, P., Ollat, N., and Lauvergeat, V. (2019). Grapevine 
rootstocks differentially regulate root growth and architecture in response to 
nitrogen availability. Acta Hort. 1248, 521–530. doi: 10.17660/ActaHortic.2019. 
1248.70

Cochetel, N., Météier, E., Merlin, I., Hévin, C., Pouvreau, J. B., Coutos-Thévenot, P., 
et al. (2018). Potential contribution of strigolactones in regulating scion growth and 
branching in grafted grapevine in response to nitrogen availability. J. Exp. Bot. 69, 
4099–4112. doi: 10.1093/jxb/ery206

Compant, S., Brader, G., Muzammil, S., Sessitsch, A., Lebrihi, A., and Mathieu, F. 
(2013). Use of beneficial bacteria and their secondary metabolites to control 
grapevine pathogen diseases. BioControl 58, 435–455. doi: 10.1007/s10526-012- 
9479-6

Compant, S., Cambon, M. C., Vacher, C., Mitter, B., Samad, A., and Sessitsch, A. 
(2021). The plant endosphere world–bacterial life within plants. Environ. Microbiol. 
23, 1812–1829. doi: 10.1111/1462-2920.15240

Compant, S., Mitter, B., Colli-Mull, J. G., Gangl, H., and Sessitsch, A. (2011). 
Endophytes of grapevine flowers, berries, and seeds: identification of cultivable 
bacteria, comparison with other plant Parts, and visualization of niches 
of colonization. Microb. Ecol. 62, 188–197. doi: 10.1007/s00248-011- 
9883-y

Conradie, W. J. (1986). Utilisation of nitrogen by the grape-vine as affected by 
time of application and soil type. South African J. Enol. Viti. 7, 76–83. doi: 
10.21548/7-2-2331

Cookson, W. R., Osman, M., Marschner, P., Abaye, D. A., Clark, I., Murphy, D. V., 
et al. (2007). Controls on soil nitrogen cycling and microbial community 
composition across land use and incubation temperature. Soil Biol. Biochem. 39, 
744–756. doi: 10.1016/j.soilbio.2006.09.022

Cureau, N., Threlfall, R., Marasini, D., Lavefve, L., and Carbonero, F. (2021). Year, 
location, and variety impact on grape-associated mycobiota of Arkansas-grown 
wine grapes for wine production. Microb. Ecol. 82, 845–858. doi: 10.1007/
s00248-021-01705-y

D’Amico, F., Candela, M., Turroni, S., Biagi, E., Brigidi, P., Bega, A., et al. (2018). 
The rootstock regulates microbiome diversity in root and rhizosphere compartments 
of Vitis vinifera cultivar Lambrusco. Front. Microbiol. 9:2240. doi: 10.3389/
fmicb.2018.02240

Darriaut, R., Lailheugue, V., Masneuf-Pomarède, I., Marguerit, E., Martins, G., 
Compant, S., et al. (2022). Grapevine rootstock and soil microbiome interactions: 
keys for a resilient viticulture. Hort. Res. 9:uhac019. doi: 10.1093/hr/uhac019

Darriaut, R., Martins, G., Dewasme, C., Mary, S., Darrieutort, G., Ballestra, P., 
et al. (2021). Grapevine decline is associated with difference in soil microbial 
composition and activity. OENO One 55, 67–84. doi: 10.20870/oeno-one.2021. 
55.3.4626

Deyett, E., and Rolshausen, P. E. (2020). Endophytic microbial assemblage in 
grapevine. FEMS Microb. Ecol. 96:fiaa053. doi: 10.1093/femsec/fiaa053

Dries, L., Bussotti, S., Pozzi, C., Kunz, R., Schnell, S., Löhnertz, O., et al. 
(2021a). Rootstocks shape their microbiome—bacterial communities in the 
rhizosphere of different grapevine rootstocks. Microorganisms 9:822. doi: 
10.3390/microorganisms9040822

Dries, L., Hendgen, M., Schnell, S., Löhnertz, O., and Vortkamp, A. (2021b). 
Rhizosphere engineering: leading towards a sustainable viticulture? OENO One 55, 
353–363. doi: 10.20870/oeno-one.2021.55.2.4534

Dubey, A., Malla, M. A., Khan, F., Chowdhary, K., Yadav, S., Kumar, A., et al. 
(2019). Soil microbiome: a key player for conservation of soil health under changing 
climate. Biodiv. Conservat. 28, 2405–2429. doi: 10.1007/s10531-019-01760-5

Echenique, M. D. C., Apcarian, A., Reeb, P., and Aruani, M. C. (2007). Growth-
yield relationship of grapevine cultivars on soils with hardened layers, Alto Valle of 
the Río Negro, southern wine-growing region of Argentina. Agricultura Técnica 67, 
262–270. doi: 10.4067/S0365-28072007000300005

Fotios, B., Sotirios, V., Elena, P., Anastasios, S., Stefanos, T., Danae, G., et al. 
(2021). Grapevine wood microbiome analysis identifies key fungal pathogens and 
potential interactions with the bacterial community implicated in grapevine trunk 
disease appearance. Environ. Microbiome 16, 23–17. doi: 10.1186/s40793-021- 
00390-1

Gautier, A., Cookson, S. J., Hevin, C., Vivin, P., Lauvergeat, V., and Mollier, A. 
(2018). Phosphorus acquisition efficiency and phosphorus remobilization mediate 
genotype-specific differences in shoot phosphorus content in grapevine. Tree 
Physiol. 38, 1742–1751. doi: 10.1093/treephys/tpy074

Gobbi, A., Acedo, A., Imam, N., Santini, R. G., Ortiz-Álvarez, R., 
Ellegaard-Jensen, L., et al. (2022). A global microbiome survey of vineyard soils 
highlights the microbial dimension of viticultural terroirs. Commun. Biol. 5:241. doi: 
10.1038/s42003-022-03202-5

Gramaje, D., and Armengol, J. (2011). Fungal trunk pathogens in the grapevine 
propagation process: potential inoculum sources, detection, identification, and 
management strategies. Plant Dis. 95, 1040–1055. doi: 10.1094/PDIS-01-11-0025

Gramaje, D., Eichmeier, A., Spetik, M., Carbone, M. J., Bujanda, R., Vallance, J., 
et al. (2022). Exploring the temporal dynamics of the fungal microbiome in 
rootstocks, the lesser-known half of the grapevine crop. J. Fungi 8:421. doi: 10.3390/
jof8050421

Gramaje, D., Mostert, L., and Armengol, J. (2011). Characterization of Cadophora 
luteo-olivacea and C. melinii isolates obtained from grapevines and environmental 
samples from grapevine nurseries in Spain. Phytopathol. Mediterr. 50, S112–S126. 
doi: 10.14601/Phytopathol_Mediterr-8723

Gramaje, D., Urbez-Torres, J. R., and Sosnowski, M. R. (2018). Managing 
grapevine trunk diseases with respect to etiology and epidemiology: current 
strategies and future prospects. Plant Dis. 102, 12–39. doi: 10.1094/PDIS-04-17- 
0512-FE

Granzow, S., Kaiser, K., Wemheuer, B., Pfeiffer, B., Daniel, R., Vidal, S., et al. 
(2017). The effects of cropping regimes on fungal and bacterial communities of 
wheat and faba bean in a greenhouse pot experiment differ between plant species 
and compartment. Front. Microbiol. 8:902. doi: 10.3389/fmicb.2017.00902

https://doi.org/10.3389/fmicb.2022.1031064
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1093/jxb/erv466
https://doi.org/10.3389/fmicb.2019.01142
https://doi.org/10.1016/j.jare.2021.12.008
https://doi.org/10.1111/mec.12821
https://doi.org/10.1016/j.soilbio.2011.09.003
https://doi.org/10.1111/ajgw.12209
https://doi.org/10.1111/1462-2920.15180
https://doi.org/10.1111/1462-2920.15180
https://doi.org/10.1016/j.soilbio.2020.108016
https://doi.org/10.1016/j.soilbio.2020.108016
https://github.com/yiluheihei/microbiomeMarker
https://doi.org/10.3390/jof7090686
https://doi.org/10.1007/s002480000087
https://doi.org/10.1007/s002480000087
https://CRAN.R-project.org/package=VennDiagram
https://CRAN.R-project.org/package=RAM
https://CRAN.R-project.org/package=RAM
https://doi.org/10.3390/ijms23042374
https://doi.org/10.3390/plants11070840
https://doi.org/10.1093/jxb/erx224
https://doi.org/10.1093/jxb/erx224
https://doi.org/10.17660/ActaHortic.2019.1248.70
https://doi.org/10.17660/ActaHortic.2019.1248.70
https://doi.org/10.1093/jxb/ery206
https://doi.org/10.1007/s10526-012-9479-6
https://doi.org/10.1007/s10526-012-9479-6
https://doi.org/10.1111/1462-2920.15240
https://doi.org/10.1007/s00248-011-9883-y
https://doi.org/10.1007/s00248-011-9883-y
https://doi.org/10.21548/7-2-2331
https://doi.org/10.1016/j.soilbio.2006.09.022
https://doi.org/10.1007/s00248-021-01705-y
https://doi.org/10.1007/s00248-021-01705-y
https://doi.org/10.3389/fmicb.2018.02240
https://doi.org/10.3389/fmicb.2018.02240
https://doi.org/10.1093/hr/uhac019
https://doi.org/10.20870/oeno-one.2021.55.3.4626
https://doi.org/10.20870/oeno-one.2021.55.3.4626
https://doi.org/10.1093/femsec/fiaa053
https://doi.org/10.3390/microorganisms9040822
https://doi.org/10.20870/oeno-one.2021.55.2.4534
https://doi.org/10.1007/s10531-019-01760-5
https://doi.org/10.4067/S0365-28072007000300005
https://doi.org/10.1186/s40793-021-00390-1
https://doi.org/10.1186/s40793-021-00390-1
https://doi.org/10.1093/treephys/tpy074
https://doi.org/10.1038/s42003-022-03202-5
https://doi.org/10.1094/PDIS-01-11-0025
https://doi.org/10.3390/jof8050421
https://doi.org/10.3390/jof8050421
https://doi.org/10.14601/Phytopathol_Mediterr-8723
https://doi.org/10.1094/PDIS-04-17-0512-FE
https://doi.org/10.1094/PDIS-04-17-0512-FE
https://doi.org/10.3389/fmicb.2017.00902


Darriaut et al. 10.3389/fmicb.2022.1031064

Frontiers in Microbiology 20 frontiersin.org

Haidar, R., Yacoub, A., Vallance, J., Compant, S., Antonielli, L., Saad, A., et al. 
(2021). Bacteria associated with wood tissues of Esca-diseased grapevines: 
functional diversity and synergy with Fomitiporia mediterranea to degrade wood 
components. Environ. Microbiol. 23, 6104–6121. doi: 10.1111/1462-2920.15676

Hartman, K., and Tringe, S. G. (2019). Interactions between plants and soil 
shaping the root microbiome under abiotic stress. Biochem. J. 476, 2705–2724. doi: 
10.1042/BCJ20180615

Hervé, M. (2021). RVAideMemoire: testing and plotting procedures for 
biostatistics. Available at: https://CRAN.R-project.org/package=RVAideMemoire

Holland, T. C., Bowen, P. A., Bogdanoff, C. P., Lowery, T. D., Shaposhnikova, O., 
Smith, S., et al. (2016). Evaluating the diversity of soil microbial communities in 
vineyards relative to adjacent native ecosystems. Appl. Soil Ecol. 100, 91–103. doi: 
10.1016/j.apsoil.2015.12.001

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous inference in general 
parametric models. Biom. J. 50, 346–363. doi: 10.1002/bimj.200810425

Ibacache, A., Verdugo-Vásquez, N., and Zurita-Silva, A. (2020). “Rootstock: Scion 
combinations and nutrient uptake in grapevines,” in Fruit Crops: Diagnosis and 
Management of Nutrient Constraints. eds. A. K. Srivastava and C. Hu (Amsterdam: 
Elsevier), 297–316.

Josse, J., and Husson, F. (2016). missMDA: a package for handling missing values 
in multivariate data analysis. J. Stat. Soft. 70, 1–31. doi: 10.18637/jss.v070.i01

Kaisermann, A., Maron, P. A., Beaumelle, L., and Lata, J. C. (2015). Fungal 
communities are more sensitive indicators to non-extreme soil moisture variations 
than bacterial communities. Appl. Soil Ecol. 86, 158–164. doi: 10.1016/j.apsoil. 
2014.10.009

Karagöz, K., Ateş, F., Karagöz, H., Kotan, R., and Çakmakçı, R. (2012). 
Characterization of plant growth-promoting traits of bacteria isolated from the 
rhizosphere of grapevine grown in alkaline and acidic soils. Eur. J. Soil Biol. 50, 
144–150. doi: 10.1016/j.ejsobi.2012.01.007

Kassambara, A. (2020). ggpubr: ‘ggplot2’ based publication ready plots. Available 
at: https://CRAN.R-project.org/package=ggpubr

Ke, J., Wang, B., and Yoshikuni, Y. (2021). Microbiome engineering: synthetic 
biology of plant-associated microbiomes in sustainable agriculture. Trends Biotech. 
39, 244–261. doi: 10.1016/j.tibtech.2020.07.008

Kiss, L. (2012). Limits of nuclear ribosomal DNA internal transcribed spacer 
(ITS) sequences as species barcodes for Fungi. Proc. Natl. Acad. Sci. U. S. A. 109, 
E1811–E1811. doi: 10.1073/pnas.1207143109

Klaubauf, S., Inselsbacher, E., Zechmeister-Boltenstern, S., Wanek, W., 
Gottsberger, R., Strauss, J., et al. (2010). Molecular diversity of fungal communities 
in agricultural soils from Lower Austria. Fungal Divers 44, 65–75. doi: 10.1007/
s13225-010-0053-1

Koprivova, A., and Kopriva, S. (2022). Plant secondary metabolites altering root 
microbiome composition and function. Curr. Opin. Plant Biol. 67:102227. doi: 
10.1016/j.pbi.2022.102227

Lade, S. B., Štraus, D., and Oliva, J. (2022). Variation in fungal community in 
grapevine (Vitis vinifera) nursery stock depends on nursery, variety and rootstock. 
J. Fungi 8:47. doi: 10.3390/jof8010047

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 
2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Le, S., Josse, J., and Husson, F. (2008). FactoMineR: an R package for multivariate 
analysis. J. Stat. Soft. 25, 1–18. doi: 10.18637/jss.v025.i01

Lecourt, J., Lauvergeat, V., Ollat, N., Vivin, P., and Cookson, S. J. (2015). Shoot and 
root ionome responses to nitrate supply in grafted grapevines are rootstock genotype 
dependent. Aust. J. Grape Wine Res. 21, 311–318. doi: 10.1111/ajgw.12136

Lee, S.-M., Kong, H. G., Song, G. C., and Ryu, C.-M. (2021). Disruption of 
Firmicutes and Actinobacteria abundance in tomato rhizosphere causes the incidence 
of bacterial wilt disease. ISME J. 15, 330–347. doi: 10.1038/s41396-020-00785-x

Liang, H., Wang, X., Yan, J., and Luo, L. (2019). Characterizing the intra-vineyard 
variation of soil bacterial and fungal communities. Front. Microbiol. 10:1239. doi: 
10.3389/fmicb.2019.01239

Liu, D., and Howell, K. (2021). Community succession of the grapevine fungal 
microbiome in the annual growth cycle. Environ. Microbiol. 23, 1842–1857. doi: 
10.1111/1462-2920.15172

Love, M., Ahlmann-Eltze, C., Forbes, K., Anders, S., and Huber, W. (2021). 
DESeq2: differential gene expression analysis based on the negative binomial 
distribution. Bioconductor Version: Release (3.12).

Marasco, R., Alturkey, H., Fusi, M., Brandi, M., Ghiglieno, I., Valenti, L., et al. 
(2022). Rootstock–scion combination contributes to shape diversity and 
composition of microbial communities associated with grapevine root system. 
Environ. Microbiol. 24:3791. doi: 10.1111/1462-2920.16042,3808

Marasco, R., Rolli, E., Fusi, M., Cherif, A., Abou-Hadid, A., El-Bahairy, U., et al. 
(2013). Plant growth promotion potential is equally represented in diverse grapevine 

root-associated bacterial communities from different biopedoclimatic environments. 
Biomed. Res. Int. 2013, 1–17. doi: 10.1155/2013/491091

Marasco, R., Rolli, E., Fusi, M., Michoud, G., and Daffonchio, D. (2018). 
Grapevine rootstocks shape underground bacterial microbiome and networking but 
not potential functionality. Microbiome 6:3. doi: 10.1186/s40168-017-0391-2

Marastoni, L., Lucini, L., Miras-Moreno, B., Trevisan, M., Sega, D., Zamboni, A., 
et al. (2020). Changes in physiological activities and root exudation profile of two 
grapevine rootstocks reveal common and specific strategies for Fe acquisition. Sci. 
Rep. 10:18839. doi: 10.1038/s41598-020-75317-w

Marastoni, L., Sandri, M., Pii, Y., Valentinuzzi, F., Brunetto, G., Cesco, S., et al. 
(2019). Synergism and antagonisms between nutrients induced by copper toxicity 
in grapevine rootstocks: Monocropping vs. intercropping. Chemosphere 214, 
563–578. doi: 10.1016/j.chemosphere.2018.09.127

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.journal 17:10. doi: 10.14806/ej.17.1.200

Martínez-Diz, M. D. P., Andrés-Sodupe, M., Bujanda, R., Díaz-Losada, E., 
Eichmeier, A., and Gramaje, D. (2019). Soil-plant compartments affect fungal 
microbiome diversity and composition in grapevine. Fungal Ecol. 41, 234–244. doi: 
10.1016/j.funeco.2019.07.003

Moukarzel, R., Ridgway, H. J., Guerin-Laguette, A., and Jones, E. E. (2021). 
Grapevine rootstocks drive the community structure of arbuscular mycorrhizal 
fungi in New Zealand vineyards. J. Appl. Microbiol. 131, 2941–2956. doi: 10.1111/
jam.15160

Navarrete, F., Abreo, E., Martínez, S., Bettucci, L., and Lupo, S. (2011). 
Pathogenicity and molecular detection of Uruguayan isolates of Greeneria uvicola 
and Cadophora luteo-olivacea associated with grapevine trunk diseases. Phytopathol. 
Mediterr. 10, S166–S175.

Nerva, L., Giudice, G., Quiroga, G., Belfiore, N., Lovat, L., Perria, R., et al. (2022). 
Mycorrhizal symbiosis balances rootstock-mediated growth-defence tradeoffs. Biol. 
Fertil. Soils 58, 17–34. doi: 10.1007/s00374-021-01607-8

Nerva, L., Zanzotto, A., Gardiman, M., Gaiotti, F., and Chitarra, W. (2019). Soil 
microbiome analysis in an ESCA diseased vineyard. Soil Biol. Biochem. 135, 60–70. 
doi: 10.1016/j.soilbio.2019.04.014

Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S., 
Schigel, D., et al. (2019). The UNITE database for molecular identification of fungi: 
handling dark taxa and parallel taxonomic classifications. Nucleic Acids Res. 47, 
D259–D264. doi: 10.1093/nar/gky1022

Oksanen, J, Simpson, G. L., Blanchet, F. G., Kindt, R, Legendre, P, Minchin, P. R., 
et al. (2020). vegan: community ecology package. Available at: https://
CRAN.R-project.org/package=vegan

Ollat, N., Bordenave, L., Tandonnet, J. P., Boursiquot, J. M., and Marguerit, E. 
(2016). Grapevine rootstocks: origins and perspectives. Acta Hortic. 1136, 11–22. 
doi: 10.17660/ActaHortic.2016.1136.2

Pascale, A., Proietti, S., Pantelides, I. S., and Stringlis, I. A. (2020). Modulation of 
the root microbiome by plant molecules: the basis for targeted disease suppression 
and plant growth promotion. Front. Plant Sci. 10:1741. doi: 10.3389/fpls.2019.01741

Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots 
and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid 
assessment of infection. Trans. Br. Mycol. Soc. 55:158-IN18. doi: 10.1016/
S0007-1536(70)80110-3

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). 
The SILVA ribosomal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Reinhold-Hurek, B., Bünger, W., Burbano, C. S., Sabale, M., and Hurek, T. (2015). 
Roots shaping their microbiome: global hotspots for microbial activity. Annu. Rev. 
Phytopathol. 53, 403–424. doi: 10.1146/annurev-phyto-082712-102342

Riou, C., Agostini, D., Aigrain, P., Barthe, M., Robert, M.-L., Des Gervais, J.-P., 
et al. (2016). Action plan against declining vineyards: An innovative approach. BIO 
Web Conf. 7:1040. doi: 10.1051/bioconf/20160701040

Rolli, E., Vergani, L., Ghitti, E., Patania, G., Mapelli, F., and Borin, S. (2021). ‘Cry-
for-help’ in contaminated soil: a dialogue among plants and soil microbiome to 
survive in hostile conditions. Environ. Microbiol. 23, 5690–5703. doi: 10.1111/ 
1462-2920.15647

Rossmann, M., Sarango-Flores, S. W., Chiaramonte, J. B., Kmit, M. C. P., and 
Mendes, R. (2017). “Plant microbiome: composition and functions in plant 
compartments,” in The Brazilian Microbiome. eds. V. Pylro and L. Roesch (Cham: 
Springer International Publishing), 7–20.

Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., 
et al. (2010). Soil bacterial and fungal communities across a pH gradient in an arable 
soil. ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58

Saary, P., Forslund, K., Bork, P., and Hildebrand, F. (2017). RTK: efficient 
rarefaction analysis of large datasets. Bioinformatics 33, 2594–2595. doi: 10.1093/
bioinformatics/btx206

https://doi.org/10.3389/fmicb.2022.1031064
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/1462-2920.15676
https://doi.org/10.1042/BCJ20180615
https://CRAN.R-project.org/package=RVAideMemoire
https://doi.org/10.1016/j.apsoil.2015.12.001
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.18637/jss.v070.i01
https://doi.org/10.1016/j.apsoil.2014.10.009
https://doi.org/10.1016/j.apsoil.2014.10.009
https://doi.org/10.1016/j.ejsobi.2012.01.007
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.1073/pnas.1207143109
https://doi.org/10.1007/s13225-010-0053-1
https://doi.org/10.1007/s13225-010-0053-1
https://doi.org/10.1016/j.pbi.2022.102227
https://doi.org/10.3390/jof8010047
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1111/ajgw.12136
https://doi.org/10.1038/s41396-020-00785-x
https://doi.org/10.3389/fmicb.2019.01239
https://doi.org/10.1111/1462-2920.15172
https://doi.org/10.1111/1462-2920.16042,3808
https://doi.org/10.1155/2013/491091
https://doi.org/10.1186/s40168-017-0391-2
https://doi.org/10.1038/s41598-020-75317-w
https://doi.org/10.1016/j.chemosphere.2018.09.127
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1016/j.funeco.2019.07.003
https://doi.org/10.1111/jam.15160
https://doi.org/10.1111/jam.15160
https://doi.org/10.1007/s00374-021-01607-8
https://doi.org/10.1016/j.soilbio.2019.04.014
https://doi.org/10.1093/nar/gky1022
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.17660/ActaHortic.2016.1136.2
https://doi.org/10.3389/fpls.2019.01741
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1016/S0007-1536(70)80110-3
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1146/annurev-phyto-082712-102342
https://doi.org/10.1051/bioconf/20160701040
https://doi.org/10.1111/1462-2920.15647
https://doi.org/10.1111/1462-2920.15647
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1093/bioinformatics/btx206
https://doi.org/10.1093/bioinformatics/btx206


Darriaut et al. 10.3389/fmicb.2022.1031064

Frontiers in Microbiology 21 frontiersin.org

Samad, A., Trognitz, F., Compant, S., Antonielli, L., and Sessitsch, A. (2017). 
Shared and host-specific microbiome diversity and functioning of grapevine and 
accompanying weed plants: microbial communities associated with grapevine and 
vineyard weeds. Environ. Microb. 19, 1407–1424. doi: 10.1111/1462-2920.13618

Sarhan, M. S., Hamza, M. A., Youssef, H. H., Patz, S., Becker, M., ElSawey, H., et al. 
(2019). Culturomics of the plant prokaryotic microbiome and the dawn of plant-
based culture media – a review. J. Adv. Res. 19, 15–27. doi: 10.1016/j.jare.2019.04.002

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do plant 
exudates shape the root microbiome? Trends Plant Sci. 23, 25–41. doi: 10.1016/j.
tplants.2017.09.003

Schoch, C. L., Seifert, K. A., Huhndorf, S., Robert, V., Spouge, J. L., Levesque, C. A., 
et al. (2012). Nuclear ribosomal internal transcribed spacer (ITS) region as a 
universal DNA barcode marker for Fungi. Proc. Natl. Acad. Sci. U. S. A. 109, 
6241–6246. doi: 10.1073/pnas.1117018109

Schreiner, R. P., and Mihara, K. L. (2009). The diversity of arbuscular mycorrhizal 
fungi amplified from grapevine roots (Vitis vinifera L.) in Oregon vineyards is 
seasonally stable and influenced by soil and vine age. Mycologia 101, 599–611. doi: 
10.3852/08-169

Seitz, V. A., McGivern, B. B., Daly, R. A., Chaparro, J. M., Borton, M. A., 
Sheflin, A. M., et al. (2022). Variation in root exudate composition influences soil 
microbiome membership and function. Appl. Environ. Microbiol. 88:e0022622. doi: 
10.1128/aem.00226-22

Swift, J. F., Hall, M. E., Harris, Z. N., Kwasniewski, M. T., and Miller, A. J. (2021). 
Grapevine microbiota reflect diversity among compartments and complex 
interactions within and among root and shoot systems. Microorganisms 9:92. doi: 
10.3390/microorganisms9010092

Taylor, D. L., Walters, W. A., Lennon, N. J., Bochicchio, J., Krohn, A., 
Caporaso, J. G., et al. (2016). Accurate estimation of fungal diversity and abundance 
through improved lineage-specific primers optimized for illumina amplicon 
sequencing. Appl. Environ. Microbiol. 82, 7217–7226. doi: 10.1128/AEM.02576-16

Tedersoo, L., Bahram, M., Põlme, S., Kõljalg, U., Yorou, N. S., Wijesundera, R., 
et al. (2014). Global diversity and geography of soil fungi. Science 346:1256688. doi: 
10.1126/science.1256688

Travadon, R., Lawrence, D. P., Rooney-Latham, S., Gubler, W. D., Wilcox, W. F., 
Rolshausen, P. E., et al. (2015). Cadophora species associated with wood-decay of 
grapevine in North America. Fungal Biol. 119, 53–66. doi: 10.1016/j.
funbio.2014.11.002

Trivedi, P., Leach, J. E., Tringe, S. G., Sa, T., and Singh, B. K. (2020). Plant–
microbiome interactions: from community assembly to plant health. Nat. Rev. 
Microbiol. 18, 607–621. doi: 10.1038/s41579-020-0412-1

Trouvelot, S., Bonneau, L., Redecker, D., van Tuinen, D., Adrian, M., and Wipf, D. 
(2015). Arbuscular mycorrhiza symbiosis in viticulture: a review. Agron. Sustain. 
Dev. 35, 1449–1467. doi: 10.1007/s13593-015-0329-7

Trouvelot, A, Kough, JL, and Gianinazzi-Pearson, V. (1986). Mesure du taux de 
mycorhization VA d’un système radiculaire. Recherche de méthode d’estimation 
ayant une signification fonctionnelle. Physiological and genetical aspects of 
mycorrhizae: proceedings of the 1st european symposium on mycorrhizae, Dijon, 
1–5 July 1985, 217–221.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., and Dufresne, A. 
(2015). The importance of the microbiome of the plant holobiont. New Phytol. 206, 
1196–1206. doi: 10.1111/nph.13312

Vink, S. N., Dini-Andreote, F., Höfle, R., Kicherer, A., and Salles, J. F. (2021). 
Interactive effects of scion and rootstock genotypes on the root microbiome of 
grapevines (Vitis vinifera L.). Appl. Soil Ecol. 11:1615. doi: 10.3390/app11041615

Vives-Peris, V., de Ollas, C., Gómez-Cadenas, A., and Pérez-Clemente, R. M. 
(2020). Root exudates: from plant to rhizosphere and beyond. Plant Cell Rep. 39, 
3–17. doi: 10.1007/s00299-019-02447-5

Vu, D., Groenewald, M., De Vries, M., Gehrmann, T., Stielow, B., Eberhardt, U., et al. 
(2018). Large-scale generation and analysis of filamentous fungal DNA barcodes boosts 
coverage for kingdom fungi and reveals thresholds for fungal species and higher taxon 
delimitation. Stud. Mycol. 92, 135–154. doi: 10.1016/j.simyco.2018.05.001

Wagner, M. R., Lundberg, D. S., del Rio, T. G., Tringe, S. G., Dangl, J. L., and 
Mitchell-Olds, T. (2016). Host genotype and age shape the leaf and root microbiomes 
of a wild perennial plant. Nat. Commun. 7:12151. doi: 10.1038/ncomms12151

Wang, J., Song, Y., Ma, T., Raza, W., Li, J., Howland, J. G., et al. (2017). Impacts of 
inorganic and organic fertilization treatments on bacterial and fungal communities 
in a paddy soil. Appl. Soil Ecol. 112, 42–50. doi: 10.1016/j.apsoil.2017.01.005

Wei, Z., Gu, Y., Friman, V.-P., Kowalchuk, G. A., Xu, Y., Shen, Q., et al. (2019). 
Initial soil microbiome composition and functioning predetermine future plant 
health. Sci. Adv. 5:eaaw0759. doi: 10.1126/sciadv.aaw0759

Wickham, H., and Chang, W. (2008). ggplot2: an implementation of the grammar 
of graphics. Available at https://cran.r-project.org/web/packages/ggplot2/index.html

Windholtz, S., Dutilh, L., Lucas, M., Maupeu, J., Vallet-Courbin, A., Farris, L., 
et al. (2021). Population dynamics and yeast diversity in early winemaking stages 
without sulfites revealed by three complementary approaches. Appl. Sci. 11:2494. 
doi: 10.3390/app11062494

Yoneyama, K., and Brewer, P. B. (2021). Strigolactones, how are they synthesized 
to regulate plant growth and development? Curr. Opin. Plant Biol. 63:102072. doi: 
10.1016/j.pbi.2021.102072

Zachow, C., Müller, H., Tilcher, R., and Berg, G. (2014). Differences between the 
rhizosphere microbiome of Beta vulgaris ssp. maritima—ancestor of all beet crops—
and modern sugar beets. Front. Microbiol. 5, 1–13. doi: 10.3389/fmicb.2014.00415

Zahid, M. S., Li, D., Javed, H. U., Sabir, I. A., Wang, L., Jiu, S., et al. (2021). 
Comparative fungal diversity and dynamics in plant compartments at different 
developmental stages under root-zone restricted grapevines. BMC Microbiol. 21:317. 
doi: 10.1186/s12866-021-02376-y

Zarraonaindia, I., Owens, S. M., Weisenhorn, P., West, K., Hampton-Marcell, J., 
Lax, S., et al. (2015). The soil microbiome influences grapevine-associated 
microbiota. mBio 6, e02527–e02514. doi: 10.1128/mBio.02527-14

Zhang, Y., Gao, X., Shen, Z., Zhu, C., Jiao, Z., Li, R., et al. (2019). Pre-colonization 
of PGPR triggers rhizosphere microbiota succession associated with crop yield 
enhancement. Plant Soil 439, 553–567. doi: 10.1007/s11104-019-04055-4

Zhou, J., Chai, X., Zhang, L., George, T. S., Wang, F., and Feng, G. (2020). Different 
arbuscular mycorrhizal fungi cocolonizing on a single plant root system recruit 
distinct microbiomes. Msystems 5, e00929–e00920. doi: 10.1128/mSystems.00929-20

https://doi.org/10.3389/fmicb.2022.1031064
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/1462-2920.13618
https://doi.org/10.1016/j.jare.2019.04.002
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.3852/08-169
https://doi.org/10.1128/aem.00226-22
https://doi.org/10.3390/microorganisms9010092
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.1126/science.1256688
https://doi.org/10.1016/j.funbio.2014.11.002
https://doi.org/10.1016/j.funbio.2014.11.002
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1007/s13593-015-0329-7
https://doi.org/10.1111/nph.13312
https://doi.org/10.3390/app11041615
https://doi.org/10.1007/s00299-019-02447-5
https://doi.org/10.1016/j.simyco.2018.05.001
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1016/j.apsoil.2017.01.005
https://doi.org/10.1126/sciadv.aaw0759
https://cran.r-project.org/web/packages/ggplot2/index.html
https://doi.org/10.3390/app11062494
https://doi.org/10.1016/j.pbi.2021.102072
https://doi.org/10.3389/fmicb.2014.00415
https://doi.org/10.1186/s12866-021-02376-y
https://doi.org/10.1128/mBio.02527-14
https://doi.org/10.1007/s11104-019-04055-4
https://doi.org/10.1128/mSystems.00929-20

	Soil composition and rootstock genotype drive the root associated microbial communities in young grapevines
	Introduction
	Materials and methods
	Plant material and greenhouse experiment
	Plant phenotyping and sampling of roots and soils
	DNA extraction
	Potential metabolic diversity coupled to quantification of microorganisms, and mycorrhizal root colonization
	Identification of bacterial isolates through MALDI-TOF-MS
	Amplicon libraries preparation and sequencing
	16S rRNA gene and ITS sequencing pre-processing
	Bioinformatic analysis and statistics
	Visualization of bacterial endophytic taxa

	Results
	Initial matrix soil used for greenhouse experiment displayed different microbial communities
	Microbial community structure assessed using metabarcoding and MALDI-TOF-MS of cultivable isolates showed differences depending on soil composition and rootstock genotype
	Microbial activity and level of cultivable population in the rhizosphere differed according to the soil composition
	Soil status slightly influenced grapevine growth in greenhouse experiments
	Vineyard and nursery microbiomes contribute to root associated microbiome in the greenhouse experiment
	Visualization of endophytic microorganisms associated to roots

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

