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Abstract. Grapevines are colonized by a multitude of microorganisms (fungi, bacteria, oomycetes), mainly 
through roots in contact with the soil microbial reservoir. Some microorganisms cause disease and others have 
positive or negative effects on the plant (protection against pathogens, resistance to abiotic stress, improved 
nutrition). In addition to their functional roles, microorganisms respond rapidly to environmental changes 
(climate, cultivation practices), which could make them candidate biomarkers of the performance of the 
viticultural ecosystem. The aim of this study is (i) to test whether a positive relationship exists between microbial 
diversity and vineyard yield, (ii) to identify potential microorganisms that are biomarkers of high and stable 
yields over time, and (iii) to test whether arbuscular mycorrhizal fungi (AMF) are over-represented among these 
biomarkers. Vine plots with long-term contrasted yields were selected in Champagne based on multi-year records 
of yield. We sampled the vine roots and characterized the microbiota using metabarcoding approaches targeting 
bacterial and fungal communities. Our analyses revealed no relationship between microbial taxonomic diversity 
and grape yield. Using differential abundance analyses and supervised machine learning algorithms, we 
identified microbial biomarkers of high versus low yield in the root compartment. We identified 58 fungal and 
oomycete biomarkers, among which there were several AMFs. These AMFs were all biomarkers of high-yielding 
plots, suggesting a direct role in vine growth and productivity. These microbial biomarkers of stable and high 
yields will enable the development of diagnostic programs for the functioning of viticultural ecosystems. 

1. Introduction  

Cropping systems worldwide are increasingly exposed 
to various disturbances from local to global scales, that can 
negatively affect yields, particularly within the current 
context of global climate change [1]. Grape production, in 
particular, faces challenges related to the development of 
resistant varieties within protected designations of origin 
(PDOs) [2]. It relies heavily on pesticides to control 
pathogens [3], [4], despite the growing political  and 
societal demand to reduce the use of chemical pesticide 
and fertilizers because of their detrimental effects on 
human health and the environment [5]. These combined 
challenges have led to issues such as lower yields, 
uprooting of plants (dieback) [6], [7], and reshaping 
landscape of viticulture. The year 2022 marks a new 
threshold, with the lowest global production since 1961 
according to an analysis based on twenty-nine countries 
accounting for 94% of global production in 2022 [8]. This 

situation highlights the need for innovative strategies to 
sustain and revitalize viticultural landscapes. 

The study of vineyard microbiota is an emerging field 
with the potential to improve vine adaptation to climate 
change and prevent pathogenic infections [9]. In 
particular, harnessing the functional microbiota could 
contribute to this transition. Plants and their associated 
microorganisms form a holobiont - a co-evolved 
community that includes bacterial, archaeal, and various 
eukaryotic species such as fungi. The health of the 
holobiont relies on beneficial interactions between the host 
and its microbiota, while microbial dysbioses are often 
associated with disease [10]. Plants are colonized by a 
multitude of microorganisms mainly through roots. The 
enrichment of bacterial and fungal endophytic and 
rhizospheric microorganisms through plant roots is not a 
random process, but rather a targeted one. Current models 
suggest that soil microorganisms serve as a reservoir [11], 
with microbes being attracted to roots by nutrients such as 
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carbohydrates and amino acids, in addition to specific 
plant secondary metabolites [12], [13]. Furthermore, plant 
defense-signaling also influences this selective 
recruitment process. 

The grapevine microbiota are implicated in a variety of 
functional roles in viticultural agrosystems [14]. Some 
have a negative effect on the plant, such as the pathogens 
Plasmopara viticola and Erysiphe necator, which are 
responsible for two major diseases, downy and powdery 
mildew respectively. These pathogens cause significant 
yield losses depending on the severity of the attacks [15], 
[16], [17]. Conversely, other microorganisms have 
beneficial effects on the plant [18], particularly 
microorganisms antagonistic to pathogens, such as 
Bacillus subtilis or Pythium oligandrum. These 
microorganisms act either directly—through mechanisms 
like antibiosis, parasitism, or niche competition—or 
indirectly by inducing resistance, thereby limiting the 
development of bio-aggressors and enhancing the plant's 
resistance to biotic stress factors [19], [20], [21]. Plant 
growth promoter also colonize grapevines and are 
primarly localized in the roots, such as arbuscular 
mycorrhizal fungi (AMF, ex: Rhizophagus irregularis). 
These symbiotic organisms improve the grapevine hydric 
and mineral nutrition, resistance against abiotic stresses, 
and promote general plant fitness [22], [23]. Overall, the 
beneficial properties of these various microorganisms may 
even overlap and consequently contribute to increasing 
crop yield [24], [25], [26], [27].  

The ability of complex microbial communities to resist 
pathogen invasion and enhance plant growth and 
productivity is closely linked to their diversity [28], [29]. 
A loss of key microbial species within these communities 
can engender disease outbreaks or result in sub-optimal 
plant yields [30]. Microbial communities with higher 
phylogenetic and taxonomic diversity not only produce a 
broader range of molecules that promote plant growth and 
health (such as biocontrol substances, phytohormones, and 
soil structuring compounds), but also support beneficial 
ecological processes such as microbial redundancy, 
complementarity and synergy [31]. In addition to these 
functional roles, microbiota respond rapidly to 
environmental changes (climate, cultivation practices), 
making them promising candidate biomarkers for 
assessing the performance of viticultural agrosystems [32], 
[33]. 

The aim of this study is to (i) determine whether a 
positive relationship exists between microbial diversity 
and vineyard plot yield, (ii) identify microorganisms that 
are root biomarkers of long-time high and stable yields 
over time, and (iii) assess whether arbuscular mycorrhizal 
fungi (AMF) are over-represented among these 
biomarkers. To test these hypotheses, we sampled vine 
roots from 20 plots in the Epernay region (Champagne, 
France) in June 2022. These plots, selected based on yield 
data collected over the last ten years, comprised 10 pairs 
with contrasted yields.  We specifically sampled the roots, 
which serve as the entry point for microorganisms 
colonizing the vine and the preferred habitat for growth 
stimulators. This approach allowed us to capture the 

microbiota potentially involved in vine physiology and 
yield development, particularly those present in the most 
productive plot of each pair. 

2. Material and methods  

2.1. Selection of study sites based on annual 
yield database 

The vineyard plots were selected from a database 
maintained and provided by the Centre de recherche 
Robert-Jean de Vogüé (Moët-Hennessy, Oiry, FRANCE). 
This database contains records of approximately 2000 
vineyard plots in the Grand Est region of France, including 
details of plot characteristics, vine characteristics, 
vineyard management practices and yield history from 
2009 to 2020. Based on this yield survey, we identified 
pairs of vineyard plots with contrasted yields (defined by 
the ability of the plot to produce above-average yields 
consistently over monitored years). To ensure fair 
comparisons, the plots were grouped into homogeneous 
categories based on geographical area, grape variety, 
rootstock, age range (production state, between 20 and 40 
years), management and pruning method. Within these 
homogeneous groups, plots were each considered as good 
or bad yielding if their annual yield was either higher (high 
yield plot)  or lower (low yield plot) than the homogeneous 
group's average annual yield for at least 80% of the years 
monitored. If several plots met these criteria, the plot pair 
was formed by combining the high yield and low yield 
plots separated by the shortest geographical distance. This 
selection process resulted in the selection of 10 pairs of 
plots. 

2.2. Sampling design and sample processing 

All biological samples were harvested in a single 
campaign spread over 9 days (June 28 to July 6 2022), 
corresponding to phenological stage of grapevine BBCH 
73-75 (beginning of grape bunch formation). In every 
selected plot, a grid consisting of 6 sampling points 
distributed over two rows in the center of the plot were 
identified. In each of these six areas, we collected root 
composite samples from three adjacent visually healthy 
vines which were representative of the plot's general 
condition. At the base of vine trunk, the top 5-10 cm of soil 
was removed and the undersoil was carefully excavated to 
a depth of 25 cm to expose the roots of the vines. About 5 
growing root fragments were harvested with disinfected 
tools from each vine plant. Samples were maintained on 
ice until arrival at the laboratory and were stored at -80°C.  

Roots samples were taken one by one from -80°C 
freezer, and crushed by hand into their sampling bag to 
fragment the tissues. In a microbiological safety cabinet, 
the samples were cut into 1cm pieces, following which 
they were transferred to sterile tubes and freeze-dried, 
before grinding with steel beads in TissueLyser II 
(QIAGEN) : 4 rounds of 2 min 30 sec at 25 Hz interspersed 
with a 30 sec pause. 
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2.3. DNA extraction and metabarcoding 

DNA from root samples were extracted with a CTAB 
chloroform/isoamyl alcohol protocol (250 mg of grounded 
and freeze-dried sample input) [34]. Amplification, library 
preparation and sequencing were carried out at the 
Genome Transcriptome Platform of Bordeaux 
(https://pgtb.fr/). First PCRs were performed with 5 μl of 
template DNA, 2 μl of each primer concentrated to 3µM, 
4 μl of HOT FIREPol® MultiPlex Mix 10mM MgCl2 
concentrated to 5X, and ultrapure water to 20 μl. The 
primer pair: 799F (5'-AACMGGATTAGATACCCKG-3') 
/ 1115r (5'-AGGGTTGCGCTCGTTG-3') [35] was 
specifically chosen for the amplification of bacterial 
sequences because it excludes chloroplast DNA. The PCR 
conditions comprised an initial denaturation step at 95°C 
for 15 min, 30 cycles of denaturation at 95°C for 30 sec, 
annealing at 47°C for 30 sec, and elongation at 72°C for 
30 min, followed by a final extension step at 72°C for 5 
min. Oomycete and fungal sequences were amplified using 
the primer pair : ITS1catta (5′-
ACCWGCGGARGGATCATTA-3′) / ITS2ngs (5′-
TTYRCKRCGTTCTTCATCG-3′) specific for the ITS 
regions of fungi and oomycetes [36]. The PCR conditions 
comprised an initial denaturation step at 95°C for 15 min, 
35 cycles of denaturation at 95°C for 30 sec, annealing at 
48°C for 30 s, and elongation at 72°C for 30 min, followed 
by a final extension step at 72°C for 5 min. DNA amplicon 
size and purity were evaluated with 1% agarose gel 
electrophoresis. Amplicons were purified to eliminate 
primer and primer dimers and then submitted to a second 
PCR for the Illumina specific sequence adaptator ligation 
and index (Nextera-XT combinatorial index). Sequencing 
was performed on a NextSeq 2000 system (Illumina) using 
P1 reagents and 301:10:10:301 cycles.  

2.4. Sequencing data processing 

Sequencing data processing was carried out with 
FROGS pipeline v4.1.0 [37] on the Galaxy France server 
(https://metabarcoding.usegalaxy.fr/) with separate 
analyses for each barcode region (16S, ITS). Sequencing 
data processing included dereplication, sequences 
clustering, removing chimera and filtration step, which 
results in the clustering of sequences into ASV, Amplicon 
Sequence Variant. Taxonomic assignments of 16S and ITS 
short reads were conducted using SILVA 138.1 [38] and 
UNITE Fungi 8.3 [39] reference databases, respectively. 
The assignments were performed with both the 
RDPClassifier [40] and BLASTn+ algorithms [41]. 
Finally, we used the metabaR v1.0.0 R package to 
decontaminate the datasets [42]. 

2.5. Statistics 

All statistical analyses were performed using R v4.2.3 
(R Core Team, 2023). Microbial community analyses were 
conducted using the R phyloseq package v1.42.0 [43] and 
figures were generated using the ggplot2 package v3.5.1 
[44]. To investigate whether the diversity of soil, root 
microbial assemblages was higher in vineyard plots with a 

high yield (H1), the α-diversity of microbial population 
was assessed through Inverse Simpson Index for each 
sample. To investigate if the yield levels were associated 
with a higher abundance of specific taxa, as biomarker taxa 
of high and low yield, we used a set of three 
complementary methods. First, we performed a 
differential abundance analysis with the Maaslin 2 
package v1.12.0 [45]. Second, we conducted an indicator 
species analysis using the IndicSpecies package v1.7.14 
[46].  Finally, a Random Forest (RF) analysis was 
performed to identify the most important predictor ASVs 
of vineyard yield as biomarkers ASVs. To this end, we 
used the microranger package [47], which incorporates RF 
classification functions derived from the ranger package 
[48], specifically designed for microbial community 
classification. 

3. Results and discussion 

3.1. Ten pairs of vineyard plots (with low vs high 
yield) were selected according to the annual 
yield database  

Following the plot selection process, a total of twenty 
plots forming ten pairs of plots with contrasted yields (each 
pair comprising one high-yield plot and one low-yield 
plot) were selected to establish the experimental design.  
This specific experimental set-up was developed to study 
the effect of plot yield while minimizing potential 
confounding factors (Fournier and Pellan et al. 2022). Plot 
yield levels were determined by a long-term study over 
several years (2009-2019), and we selected pairs of plots 
with contrasted yields that were otherwise as similar as 
possible. Samples were collected at the start of grape 
cluster formation to highlight the microbiota present and 
potentially involved in this yield-forming phase. For each 
pair, the annual yield of the high-yield plot was always 
higher than that of the low-yield plot. These pairs of plots 
covered 9 geographical areas of the Champagne region, 
spread over three production zones (Vallée de la Marne, 
Montagne de Reims and Côte des blancs): Avize, Aÿ, 
Bouzy, Cramant, Hautvillers, Le Mesnil sur Oger, Oger, 
Romont and Vertus, with 1 pair per zone, except in Aÿ 
where two pairs were selected. The ten pairs of plots were 
planted with the same rootstock (41B), they were all in full 
production stage (between 20 and 40 years since 
plantation) and their management style was similar 
(conventional viticulture, HVE/Sustainable Viticulture 
certification) alongside minimized intra-pair plot distance. 
Six pairs out of ten were planted with Chardonnay variety 
(Chablis pruning method), while the remaining four were 
planted with Pinot Noir variety (Cordon pruning method).  

3.2. Microbial diversity is not higher in grapevine 
plots with high yield 

After sequencing and processing data of samples 
collected from the pairs of plots with contrasted yields, the 
final fungal dataset comprised 9,331,270 reads grouped 
into 473 ASVs, while the final bacterial dataset comprised 
25,598,44 reads grouped into 1,097 ASVs.  For bacteria, 
19 phyla were identified in the root tissues. The bacterial 
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community was dominated by Actinobacteria (38.7%), 
Proteobacteria (35.4%), and Chloroflexi (10.5%) (Figure 
1), a composition similar to that reported in other studies 
characterizing the bacterial communities in grapevine 
roots [49], [50], [51]. In terms of fungal diversity, 10 phyla 
were detected in the root habitat, with Ascomycota 
representing the predominant phylum (92.4%), followed 
by Basidiomycota with 4% of the identified sequences. 
This is also consistent with previous studies on the fungal 
microbiota of grapevine roots [49], [52]. Interestingly, 
Glomeromycota ranked third, accounting for 2.6% of the 
sequences, and included arbuscular mycorrhizal fungi, 
which play a crucial role in water and nutrient absorption 
in grapevines [23]. We also detected the presence of 
oomycetes represented by the phylum Stramenopila and 
accounting for 0.35% of the relative abundance. 

 
Figure 1. Microbial community profiles of grapevine roots. Each part of 
circular diagram represents the average proportion of sequences assigned 
to each phylum for all plots, based on the analysis of ITS and 16S 
metabarcoding for fungi and bacteria respectively. Figure displays only 
phyla that account for more than 1% of sequences; all other phyla are 
grouped in the "Others" category (Aphelidiomycota, Basidiobolomycota, 
Blastocladiomycota, Mucoromycota, Olpidiomycota, Rozellomycota for 
fungal phyla and Bdellovibrionota, Desulfobacterota, Entotheonellaeota, 
Gemmatimonadota, Halanaerobiaeota Methylomirabilota, Myxococcota, 
Nitrospirota, Patescibacteria, Planctomycetota, Spirochaetota for 
bacterial phyla).  

In contrast with our hypothesis, we did not find any 
differences in diversity between the microbial assemblages 
associated with high-yield plots and those associated with 
low-yield plots for both bacterial and fungal communities 
(Figure 2). These findings suggest that strengthening 
specific key microbial taxa have a more significant impact 
on grapevine health and yield performance than the 
broader microbial diversity. 

 
Figure 2. Diversity of microbial communities as a function of vineyard 
yield. Fungal (A) and bacterial (B) diversity index (Inverse Simpson 
Index) from high or low yield plot are presented. Pairwise Wilcoxon test 
was performed to identify statistical differences between diversity index 
from high or low yield plots (p-value > 0.05 : n.s.). 

3.3. Some root fungal species are biomarkers of 
vineyard yield.  

Our analyses identified 58 fungal ASVs that were 
significantly more abundant in plots with either low or 
high yields, as determined by at least one of three different 
analytical methods. The use of combined integrated 
approaches, which included differential abundance 
analysis, indicator species analysis, and machine learning 
methods, enabled a more precise identification of 
biomarkers from metabarcoding data [53]. 

In grapevine roots, some fungal ASVs were consistently 
more abundant in plots with high yield, including fungi 
belonging to the Didymella genus and the Glomeraceae 
family (Figure 3). Glomeraceae are a family of arbuscular 
mycorrhizal fungi that play a crucial role in water and 
nutrient absorption in grapevines [23]. Conversely, some 
ASVs were significantly more abundant in plots with low 
yield, such as the plant pathogenic oomycete Pythium 
ultimum and fungi from the Laburnicola genus and 
Helotiales order. Pythium ultimum is associated with 
damping-off and root rot diseases in hundreds of diverse 
plant hosts, including corn, soybean, wheat, potato, 
tomato, and perennial plants such as apple trees [54], [55], 
[56]. This pathogen has also been identified in the root 
microbiota of grapevines, particularly in studies focusing 
on vines in decline [57] or those affected by root rot [58], 
[59]. Its preferential presence in low-yield plots may lead 
to root system damage, reducing nutrient absorption 
capacity and partially explaining the decreased yield 
potential. 

 
Figure 3. Root fungal and oomycete biomarkers of vineyard yield. A. 
Root fungal and oomycete ASV biomarkers were selected using three 
complementary methods: indicator species (Association coefficient with 
p < 0.05), differential abundance (Maaslin2 coefficient with q < 0.1) and 
random forest (Gini index with p < 0.1) analyses. This resulted in a final 
set of 58 ASVs. B. Root fungal and oomycete ASV biomarkers identified 
with the three different methods and associated ASV score. 

3.4. Among fungal biomarkers of yield, 
arbuscular mycorrhizal fungi are associated 
with high yield.  

Among the 58 fungal biomarkers associated with yield, 
39 were associated to high yield and 19 to low yield 
(Figure 4). Within the high-yield biomarkers, arbuscular 
mycorrhizal fungi (Glomeraceae family) accounted for 8 
of the 25 ASVs with an identified lifestyle (taxonomic 
affiliation sufficient to find a match in the FugalTraits 
database if the lifestyle of these fungi are known). By 
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contrast, AMFs were not found among the fungal 
biomarkers of low-yield plots (Figure 4). 

AMFs that were biomarkers of high yields primarily 
belonged to the genus Glomus, with two ASVs identified 
as Rhizophagus irregularis. The AMF group are the most 
prevalent mycorrhizae associated with grapevine roots, 
with Glomus and Rhizophagus being among the most 
frequently recovered genera in grapevine root studies [60], 
[61]. These symbiotic fungi are actively recruited by 
grapevine roots during water and nutrient stress and are 
well-known for their plant growth-promoting capabilities 
[62]. Indeed, these fungi enhance soil exploration by 
proliferating extra-radicular hyphae, which play a crucial 
role in improving the uptake and transport of water from 
the bulk soil to the vine [63]. This mycelial network also 
provides phosphorus and nitrogen to plant root cells [64] 
and improves overall soil structure, reducing erosion [65]. 
In a study using non-targeted metabolomics and targeted 
transcriptomics, AMFs demonstrated their ability to 
reprogram primary metabolism, in line with the concept of 
nutrient exchanges between plants and mycorrhizal fungi. 
This includes a strong induction of Pathogenesis Related 
(PR) protein expression in roots and slight increased 
defense hormone levels in leaves [66]. Another study 
showed that pre-mycorrhizal inoculation of grapevines 
alters the expression of several Plasmopara viticola 
effectors, thus reducing downy mildew symptoms [67]. 
These findings suggest that, in addition to promoting vine 
growth and resistance to abiotic stress, AMFs may also 
confer enhanced resistance to grapevine pathogens and 
could play a significant role in the yield differences 
observed in the study plots. 

Among the biomarkers associated with high yield, we 
also identified a higher number of saprotrophic fungi, 
particularly those from soil and litter environments. 
Saprotrophic fungi play a crucial role in ecosystem 
functions, including carbon and nitrogen cycling [68], 
[69], metal complexation, and the release of organic acids 
and solubilizing enzymes. These processes can alter soil 
minerals and make nutrients such as potassium, phosphate, 
magnesium, calcium, and iron bio-available to plants. 
Additionally, they contribute to soil particle 
rearrangement, which can improve water retention [70] 
and resistance to soil erosion [71]. The enhanced 
availability of water and nutrients may influence soil 
fertility and, consequently, the elaboration of yield. In a 
study by Ning et al. (2021) [72], the saprotrophic fungal 
communities were found to be strongly associated with a 
multifactorial soil fertility index, which is central to soil 
health and quality in agroecosystems. 

 
Figure 4. Primary lifestyle of all significant root fungi identified as 
biomarkers of high and low yield plots. The primary lifestyle of fungal 
biomarkers were inferred based on the FungalTraits database. Lifestyles 
associated with beneficial functions for the plant are in greens colors, 
lifestyles associated with indirect functions are in browns and lifestyles 
associated to nefast functions for the plant are in red.  

4. Perspectives 

After establishing a relationship between the presence of 
AMFs (among others) in the grapevine root compartment 
and improved long-term yield, we plan to sequence the 
extracted DNA using AMF-specific primers to better 
identify the AMF species associated with high yield. The 
choice of primer set is known to introduce taxonomic 
biases, particularly for Glomeromycota strains [49]. 
Therefore, we hypothesize that some species in this family 
may not have been detected due to primer limitations. To 
enhance taxonomic affiliation, we will re-sequence the 
root DNA using long-read technology to cover the entire 
16S RNA sequence, which will enhance taxonomic 
resolution [73]. Additionally, we will conduct microbial 
community analyses of the soil compartment as a reservoir 
in the same plots, combined with soil physicochemical 
analyses, to determine the influence of soil type on 
microbiota distribution and better control of confounding 
factors [70], [74]. Finally, we will assess the predictive 
power of these microbial biomarkers using random forest 
algorithms [47], [53], [75]. Ultimately, we aim to develop 
a high-throughput detection tool for these biomarkers in 
vineyards using a microfluidic chip [76]. 
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