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When grapevine decline, characterized by a premature decrease in vigor and yield and sometimes plant death, cannot be explained by pathological or physiological diseases, one may inquire whether the microbiological status of the soil is responsible. Previous studies have shown that the composition and structure of bacterial and fungal microbial communities in inter-row soil are affected in areas displaying vine decline, compared to areas with non-declining vines within the same plot. A more comprehensive analysis was conducted in one such plot. Although soil chemical parameters could not directly explain these differences, the declining vines presented lower vigor, yield, berry quality, and petiole mineral content than those in non-declining vines. The bacterial and fungal microbiome of the root endosphere, rhizosphere, and different horizons of the bulk soil were explored through enzymatic, metabolic diversity, and metabarcoding analysis in both areas. Despite the lower microbial diversity and richness in symptomatic roots and soil, higher microbial activity and enrichment of potentially both beneficial bacteria and pathogenic fungi were found in the declining area. Path modeling analysis linked the root microbial activity to berry quality, suggesting a determinant role of root microbiome in the berry mineral content. Furthermore, certain fungal and bacterial taxa were correlated with predicted metabolic pathways and metabolic processes assessed with Eco-Plates. These results unexpectedly revealed active microbial profiles in the belowground compartments associated with stressed vines, highlighting the interest of exploring the functional microbiota of plants, and more specifically roots and rhizosphere, under stressed conditions.
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1 Introduction

Plant decline is defined as the decrease in physiological processes of the plant, leading to the loss of vigor and sometimes death. In perennial crops, this decline corresponds to an economic loss related to productivity downsizing and is mainly linked to pathogenic causes (Cox et al., 2005; Chuche et al., 2018). Pathogen predisposition to invade crops is facilitated by climate change phenomenon and undoubtedly by the loss of soil resilience (Chakraborty et al., 2008; Cienciala et al., 2017). Temperature variations, salinity level, and water deficiency disturb the ecosystem processes and lead to optimal growth conditions for opportunistic and sometimes pathogenic microorganisms (Marçais and Bréda, 2006; Fraser and Brown, 2017; Pandey and Senthil-Kumar, 2019).

Fungi and bacteria are the most dominant telluric microorganisms, and numerous descriptive analyses have been conducted in diverse habitats and on a variety of crops (Karimi et al., 2020). Soil microorganisms trigger all ecosystem processes, including nutrient cycling, litter decomposition, soil remediation, and phytopathogen biocontrol (Fierer, 2017). Optimal soil biogeochemical services are therefore dependent on a state of equilibrium among keystone taxa (Banerjee et al., 2018). Agricultural practices, in addition to pedoclimatic conditions, are one of the most important drivers for microbial communities and can easily lead to a dysregulation of those services and result in decline features (Banerjee et al., 2019; Lin et al., 2019). This decline can be associated with microbial dysbiosis within the host, wherein the host’s ability to regulate its microbiome is compromised, consequently diminishing host fitness by undermining functional stability (Arnault et al., 2023). Microbial dysbiosis has already been proven to be linked to the fitness of various crops such as tomato (Lee et al., 2021), banana (Köberl et al., 2017), and citrus (Ginnan et al., 2020). For instance, the incidence of grapevine trunk diseases (GTDs), which are the most studied fungal pathogens related to grapevine decline, are mainly influenced by soil management practices and edaphic parameters (Gramaje et al., 2018). On a global level, vineyards are believed to contain some of the poorest soils in terms of biodiversity across agricultural systems due to the intensive use of chemical treatments (Karimi et al., 2019).

Soil microbiome shapes the plant-associated microbiome and has a strong influence on its fitness (Wei et al., 2019). There is evidence showing the impacts of taxonomic and functional diversity on plant health and productivity (Chen et al., 2020; Trivedi et al., 2020). The composition of fungal and/or bacterial communities has been extensively investigated in vineyards through the soil, rhizosphere, and/or root compartments under various spatial, temporal, and rootstock-genotype dynamics (ZarraonaIndia et al., 2015; D’Amico et al., 2018; Marasco et al., 2022; Nanetti et al., 2023). The assembly of endophytic communities was also explored under different types of pedoclimatic conditions (Deyett and Rolshausen, 2019; Pacifico et al., 2019; Bekris et al., 2021; Liu and Howell, 2021). Much research has been performed on GTD issues (Cobos et al., 2022), highlighting the evidence that soil acts as an important source of pathogen inoculum for grapevines (Nerva et al., 2019). However, besides GTDs, few authors have analyzed the relationship between grapevine decline and the plant-associated microbiome in dysbiosis (Bettenfeld et al., 2022). Different authors have shed light on rhizosphere and root microbiome of grapevine subjected to drought (Carbone et al., 2021) and salt stress (Wang et al., 2023). However, no research has been conducted on the microbiome in the case of grapevine decline with symptoms unrelated to pathogen infection or known abiotic stress.

A first study was conducted at four French vineyards showing vine decline symptoms in areas located in the middle of a plot [i.e., low vigor and high mortality, described as symptomatic (S) areas], in which no clear mineral deficiency or specific disease was detected (Darriaut et al., 2021). Among the studied plots, bulk soils in the S areas showed different bacterial and fungal profiles with increased metabolic activities (Darriaut et al., 2021) combined with higher abundances of putative pathogenic fungi and potentially beneficial bacteria compared to asymptomatic (AS) areas (Darriaut et al., 2023). The effect of the microbial composition of both soils harvested from one of these plots on young grapevine plant growth and rhizosphere and roots was investigated in a greenhouse experiment (Darriaut et al., 2022a), confirming the microbial dysbiosis inherent to the observed decline. However, the microbiome associated with grapevine roots in situ (i.e., within the plot) has not been analyzed to date, and one can wonder if the microbial dysregulation would occur in this belowground compartment.

The aim of the present study was to investigate the influence of the soil microbiome on the rhizosphere and root microbial composition, as well as plant responses, in a deeper and holistic analysis of soil and vine plants in both S and AS areas located within a same vineyard plot. The working hypothesis put forward is that root microbial communities, like those in the rhizosphere, are subject to both bacterial and fungal imbalance.

This work was carried out on a plot in which dysbiosis was detected in the inter-row soil taken from the declining zone in 2018 and 2019 (Darriaut et al., 2021: Darriaut et al., 2023). For the present study, new samples were collected in 2020 and 2021, as well as more in-depth phenotypic analyses. Microbiological analyses were performed in the different soil horizons, as well as in the rhizosphere and the root endosphere of the grapevines in the two areas. Microbial communities were studied using a cultivable approach and amplicon-based sequencing for fungal ITS and the bacterial 16S rRNA gene.




2 Materials and methods



2.1 Studied site

The studied vineyard located in the Graves appellation near Bordeaux (France) was depicted in Darriaut et al. (2021) as plot number 2. Vitis vinifera Cabernet-Sauvignon scion grafted on V. riparia Gloire de Montpellier rootstock (CS/RGM) vines was planted in sandy soil in 2010. The vineyard is located in a sub-humid temperate climate subtyped as Cfb in Köppen climate classification and characterized by cool nights and few extreme temperatures. Delimited areas displaying grapevine decline, referred to as the symptomatic area (S), and the healthy, asymptomatic area (AS), located 10 m apart from each other (around 60 m² each, with 4 rows having 15 vines per row), were identified in the same plot (Supplementary Figure S1). Both S and AS areas were cover cropped with oats and crimson clover and treated with organic amendments. The amendments used were 0.8 t/ha of Bochevo® [3% total nitrogen (N), 2.5% Norganic, 2.5% phosphate (P2O5), 2.8% potassium oxide (K2O), 6.5% lime (CaO), and 1% magnesia (MgO)] and Touban® (0.9% total nitrogen, 0.88% Norganic, 0.6% K2O, 0.2% P2O5, 0.2% MgO, and 2.3% CaO, pH ~ 7.5). The S area was characterized by high mortality rate (57% dead or vines recently planted to replace dead ones in the S area compared to 1% in the AS area) and low vigor of the established vines (2.2 times less pruning weight per vine in the S area compared to the AS area, p < 0.01), which were not linked to disease symptoms related to the main viruses (GFLV or ArMV) or mineral deficiencies.




2.2 Plant phenotyping, must quality evaluation, vine water status, and mineral content of the leaves

In both areas, the oldest vines (approximately 10 years old) were phenotyped and sampled in 2020. Primary and secondary bunches of grapes from 28 vines spread over four rows for both AS and S areas were collected and weighed. The average bunch weight was calculated as the weight of the bunches divided by the number of bunches for each vine.

Approximately 10 berries of the same size were collected per vine from all over the bunches for a total of 100 berries in triplicate for each of the S and AS areas. The sampling was done in bags with a vertical filter (BagFilter® 400 mL, Interscience). These 100 berries were weighed, and the average berry mass was calculated. The juice was extracted from the berries using a crusher (BagMixer® 400 W, Interscience), collected in 50-mL tubes, and then centrifuged for 10 min at 20,089g. The juice components were then analyzed using a WineScanTM Auto based on Fourier Transform Infrared Spectroscopy (FTIR; FOSS Analytical, Hillerød) (Destrac et al., 2015; Suter et al., 2021). Sugar content represented by total soluble solids (°Bx) was measured with a digital refractometer.

Vine water status was determined from the juice extracted from the berries by measuring the δ13C, which refers to the ratio of carbon isotopes 13C/12C. The δ13C (in ‰) varies between −20‰, considered as severe water stress, and −28‰, considered as no water stress (Van Leeuwen et al., 2009).

Approximately 20 leaves were sampled in triplicate for each area and dried at 40°C for 48 h. Blades and petioles were separated and sent to Auréa Agrosciences (Blanquefort, France) to measure the Mg, Ca, K, C, P, and N content.




2.3 Soil, rhizosphere and root sampling

A schematic summary of the samplings and measurements conducted during this study is depicted in Supplementary Figure S2. All soil and root samples were taken in May 2020. In each area, five mature grapevine plants (>10 years old) were randomly selected for further analyses. Approximately 500 g of bulk soil samples per area were collected at depths of 10 to 30 cm from the inter-row close to these five selected vines using an auger (10 cm × 25 cm).

Approximately 5 g of whitish juvenile roots with soil attached to them were collected in tubes containing sterile 0.85% NaCl solution. Soil aggregates were removed from the roots by manual shaking, and the proximal soil attached to the roots was considered as rhizosphere soil. The rhizosphere was separated from roots using centrifugation at 2,000g subsequently to 10 s of vortex and repeated twice. At this stage, the roots were treated separately and subdivided into two groups: one for the estimation of mycorrhizal colonization, and the other for microbial endosphere analysis by amplicon sequencing. The roots in this latter group were surface sterilized by adding 3% sodium hypochlorite for 1 min, followed by 3% H2O2 for 1 min. The roots were washed three times with sterile water and stored at −80°C until DNA extraction.

Each rhizosphere and bulk soil sample was subdivided into two groups: one for cultivable microbial analysis and the other for quantitative PCR (q-PCR) and amplicon sequencing. The latter group was lyophilized for 48 h using Christ Alpha® 1–4 (Bioblock Scientific) and stored at −80°C prior to DNA extraction.

In addition, pedological profiles were performed in spring 2021 in both S and AS areas using a mini excavator, distinguishing three horizons in the S area and four horizons in the AS area (Supplementary Figure S2B). Samples for each horizon were taken in triplicate for analysis, consisting in physicochemical parameter assessment, enzymatic assays, DNA extraction, cultivable bacteria and fungi coupled to Eco-Plates measurements, and q-PCR.




2.4 Physicochemical parameters and enzymatic assays of bulk compartment and deep soil horizons

Enzymatic assays (arylamidase, β-glucosidase, and phosphatase) were carried out as described in Darriaut et al. (2021), with fresh, homogenized, and sieved samples of the five bulk soil samples from each area. One gram of fresh soil from each site was dried and weighed for the final enzymatic activity calculation. Approximately 450 g of each of the five bulk samples were used to create a pool (the remaining bulk samples were treated individually for the rest of the analysis), and 500 g of this pooled soil were sampled in triplicate, dried at 40°C for 72 h, sieved (<2 mm), and sent to INRAe LAS (62000, Arras) for physicochemical measurements including basic soil properties (i.e., grain size, pH, CEC, C, and N content), micro and macronutrients (i.e., organic matter, P, Ca, Mg, K, Na, NO3−, and NH3-N), and trace elements (i.e., Cu, Fe, Mn, and Zn).




2.5 Potential metabolic diversity, quantification of cultivable microorganisms in rhizosphere and bulk soil, and mycorrhizal root colonization analysis

Potential metabolic diversity (PMD) and quantification of cultivable bacteria and fungi from fresh rhizosphere and bulk soils were carried out as described in Darriaut et al. (2021). This involved plating soil dilutions on R2A medium amended with 25 mg L−1 of nystatin to quantify the cultivable bacterial population while quantifying the fungal populations on PDA medium supplemented with 500 mg L−1 of gentamicin and 50 mg L−1 of chloramphenicol.

In parallel, PMD was evaluated on three individuals chosen randomly using the Biolog Eco-Plates™ system (Biolog Inc., CA), by measuring 31 different substrates (i.e., amines, amino acids, carbohydrates, carboxylic acids, phenolic compounds, and polymers) consumed by microorganisms present, every 24 h for 4 days.

From the subgroup of fresh root samples that were not surface sterilized, 30 subsamples of fresh roots were used to evaluate their colonization by mycorrhizal fungi. These roots were stained using the modified ink-KOH-H2O2 method (Phillips and Hayman, 1970), and arbuscular mycorrhizal colonization was estimated as described in Darriaut et al. (2022a). Briefly, the samples were rinsed in sterile water, incubated in 10% KOH for 30 min at 95°C, and depigmented with 3% H2O2. After three successive washes with sterile water, the samples were colored by incubation at 90°C for 5 min using a mixture of 5% India ink (Super Black™) and 8% acetic acid solution. Samples were finally destained with 8% acetic acid for 15 min at room temperature before being observed (n = 30, 1 cm). The arbuscular mycorrhizal colonization was estimated with the Trouvelot et al. (1986) method and Mycocalc (https://www2.dijon.inrae.fr/mychintec/Mycocalc-prg/download.html).




2.6 DNA extraction

DNA was extracted from 250 mg of the lyophilized soils using the DNeasy PowerSoil Pro kit (Qiagen) according to the manufacturer recommendations with an additional C5 washing step. Soil DNA extraction was initiated using a FastPrep device set at power level 4 m s−1 for 30 s and performed twice with a vortex step between each run.

Surface-sterilized root samples stored at −80°C were ground by bead beating in steel containers using Retsch MM400 with liquid nitrogen. DNA was extracted from 100 mg of root powder using the DNeasy® Plant Mini kit, following the manufacturer’s instructions.

DNA samples were quantified on a Qubit® 3.0 fluorometer (Thermo Fisher Scientific) using the Qubit™ dsDNA HS Assay kit, and their quality was checked with a NanoDrop™ 2000/2000c spectrophotometer (Thermo Fisher Scientific).




2.7 Quantitative PCR amplification of bacterial, archaeal, and fungal genes

q-PCR analyses were performed on the DNA extracted from the soil samples using three primers pairs to quantify bacterial and archaeal 16S rRNA genes as well as the fungal and mycorrhizal 18S rRNA genes (Supplementary Table S1), according to Darriaut et al. (2021). Briefly, q-PCR based on absolute quantification was performed on archaeal (Arch967F/Arch1060R), bacterial (341F/515R), and fungal (FF390/FR1) communities. The genes used as standards were subcloned using the pGEM®-T easy vector system (Promega). The q-PCR analyses were performed in three replicates per samples using the GoTaq® q-PCR Master Mix (Promega).




2.8 Pre-processing of 16S gene and ITS sequencing and bioinformatic analysis

The DNA samples were randomized across plates and amplified using the universal primers, including the specific overhang Illumina adapters listed in Supplementary Table S1, specific to either the bacterial and archaeal 16S rRNA gene (785R/341F), or the fungal ITS1 region (ITS1F/ITS2).

Each of the 25-μL reaction contained 5 μL of 5X GoTaq® Reaction Buffers (Promega, France), 15.875 μL of Nuclease-free water, 0.5 µL of mixed dNTPs (10 mM), 0.5 μL of each primer (10 μM), 2.5 μL of DNA template (5 ng/μL), and 0.125 µL of GoTaq® G2 DNA Polymerase (5 U/µL) (Promega, France).

PCR amplifications were performed in five replicates for each gene. The cycling conditions of 16S rRNA gene differed from the ITS amplification, which were initiated with denaturation at 95°C for 5 min, followed by 25 and 30 cycles, respectively, with denaturation at 95°C for 30 s, an annealing step at 55°C for 30 s, followed by an extension step at 72°C for 30 s and 45 s, respectively. Further steps were carried out at the PGTB sequencing facility (Genome Transcriptome Facility of Bordeaux, Pierroton, France) using a V2 with 2 × 250 nucleotide paired reads protocol. The PCR products were purified with platform-specific SPRI magnetic beads (1× ratio) and quantified using the Quant-iT™ dsDNA Assay kit (ThermoFisher, France). MID and Illumina sequencing adapters were added. Libraries were pooled in equimolar amounts using a Hamilton Microlab STAR robot and sequenced on an Illumina MiSeq platform using the MiSeq Reagent Kit V2 (2 × 250 bp). Obtained sequences were demultiplexed with index search at the PGTB facility.

The quality of the obtained sequences were first checked with FastQC v.0.11.8 (Andrews, 2010). Sequences were quality filtered, trimmed, denoised, and clustered into Operational Taxonomy Units (OTUs) using the FROGS pipeline from Galaxy instance (Escudié et al., 2018). This involved assembling raw forward and reverse reads for each sample into paired-end reads with a minimum overlapping of 50 nucleotides and 0.1 mismatch using the VSEARCH tool (Rognes et al., 2016). Primers were removed using Cutadapt (Martin, 2011), chimeras were detected and removed with UCHIME (Edgar et al., 2011), and clustering was performed using SWARM (Mahé et al., 2014) in the FROGS pipeline. The minimum sequence abundance proportion was set at 5e−5 to keep OTUs. Taxonomic assignments of 16S rRNA and ITS-based OTUs were performed against silva138.1 (16S pintail100) and Unite8.2, respectively, using Blast from Galaxy. Datasets were gathered and analyzed via phyloseq (1.38.0). Taxa related to mitochondrial and chloroplast OTUs were removed using the Arabido_TAIR10_Chl_Mito databank.




2.9 Functional inferences of bacterial and fungal communities

Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was used to predict the functional composition of the bacterial 16S rRNA marker (Douglas et al., 2020). PICRUSt2, which relies on OTUs, was run on the pipeline integrated within the Galaxy instance. SEPP placement tool was used to insert the sequences into the reference tree with a minimum alignment length setting of 0.8. The hidden-state prediction with maximum parsimony method was used to predict the function abundances with the KO (KEGG pathway) database The Nearest Sequenced Taxon Index (NSTI) cutoff was set to 0.5, excluding 976 clusters and keeping 1,412 clusters. Only the classifications related to “Metabolism” and “Environmental Information Processing” were kept for statistical analyses, with their relative abundances assessed as a percentage of the total abundances.

The “funguild_assign” function from the FUNGuildR (0.2.0.9000) package was used with the FUNGuild database to taxonomically parse trophic modes and guilds of functional traits among fungal communities, based on OTUs. Only the guild confidences classified as “Highly probable” and “Probable” were selected for statistical analyses. OTUs assigned to more than two trophic modes (i.e., pathotroph, saprotroph, and symbiotroph) or more than two guilds (i.e., wood saprotroph, undefined saprotroph, plant saprotroph, orchid mycorrhizal, lichenized, epiphyte, plant pathogen, fungal parasite, endophyte, ectomycorrhizal, arbuscular mycorrhizal, and animal pathogen) were classified as “Multi-affiliated”.




2.10 Statistical analyses

All analyses and graphs were performed on R (R-4.2.1) using RStudio (2021.9.1.372). The figures were generated with ggplot2 (3.4.0) and ggthemes (4.2.4) packages and arranged using ggpubr (0.5.0). Two-way analysis of variance (ANOVA) with soil status (AS or S) and depth of horizons in the pit (four horizons in AS and three horizons in S areas) factors were performed on enzymatic activities, cultivable, q-PCR, Eco-Plates measurements, and abundances of functional OTUs. Residuals were checked for independence, normality, and variance homogeneity using Durbin–Watson, Shapiro–Wilk, and Bartlett tests, respectively. When assumptions for parametric tests were not respected, a multiple pairwise comparison was performed using a Wilcoxon test subsequently to a Kruskal–Wallis test using the multcomp (1.4-20) package. Principal component analysis (PCA) was performed using FactoMineR (2.7) and missMDA (1.18). Area under the curve (AUC) of average color well development (AWCD), which gives better insights for curve dynamics, was calculated with the trapezoidal method for each soil using caTools (1.18.2).

For amplicon analyses, shared OTUs were visualized with Venn diagrams generated with VennDiagram (1.7.3). Richness and α-diversity metrics, represented by Chao1, Simpson’s diversity, and Bray–Curtis dissimilarity, respectively, were calculated via phyloseq (1.38.0) using “estimate_richness” and “distance” functions. Pairwise comparisons were performed to test for significant differences between the means of alpha diversity metrics by conditions, based on either t-tests or Wilcoxon tests, subsequently to homogeneity and normalization verifications using Levene and Shapiro tests. Nonmetric multidimensional scaling (NMDS) was used to “ordinate” samples in two-dimensional space based on Bray–Curtis distance using ordinate function from phyloseq with the NMDS method. Permutation multivariate analysis of dispersion was conducted with the “betadisper” function from vegan (2.6-4) to test the homogeneity of multivariate dispersions among soil status (i.e., S and AS) or compartments (i.e., bulk, rhizosphere, and roots). Linear models and permutational multivariate analysis of variance (PERMANOVA) were demonstrated for richness and diversities metrics, using the following formula: variable ~ Soil status × Compartment. Type II ANOVAs were performed using car (3.0-12) on Chao1 and Simpson’s diversity metrics while PERMANOVAs were assessed on Bray–Curtis dissimilarity using the “adonis2” function from vegan with 999 permutations. The “ggeffectsize” and “ggdiffbox” functions from MicrobiotaProcess (1.6.2) were used to discriminate significantly different taxa across conditions. This process was set with a Kruskal (α = 0.05) test based on linear discriminant analysis (LDA), effect size (LEfSe), and Wilcox (α = 0.05), corrected with false discovery rate (FDR). MicrobiomeMarker (version 1.1.1) was used for Limma-Voom method, using “run_limma_voom” function (α = 0.05) corrected with the FDR to discriminate significantly enriched taxa above genus level in either the symptomatic or asymptomatic conditions in root and rhizosphere compartments. Pearson’s correlation analysis was performed, using “cor.test” from stats, between the utilization of the families of carbon sources from Eco-Plates measurements and functional KEGG pathways for microbial communities, as well as the top 10 bacterial and fungal genera.

Partial least squares path modeling (PLS-PM) was elaborated using plspm (0.5.0) to integrate the convoluted interrelationships between 13 latent variables based on soil status, bulk, rhizosphere, and root microbial communities, as well as leaf and berry composition. After a first run of the model, variables with loadings less than 0.7 (i.e., correlations between the latent variable and its indicators) were removed. The model reliability was evaluated using the goodness of fit (GoF) and the determination coefficient (R²), which are used to conclude that the structural model is valid and of good quality when R² > 0.6 and GoF > 0.7. The exhaustive understanding of the direct and cross-loading effects of these latent variables was also evaluated to further explain the PLS-PM.





3 Results



3.1 Declining vines showed altered biochemical composition of berries and petioles compared to healthy vines

The biplot analysis of petiole (Figure 1A) and must (Figure 1C) compositions revealed distinct profiles across symptomatic S and asymptomatic AS areas, with dimensions accounting for 83.6% and 94.5% of total variance, respectively.




Figure 1 | Ordination biplot PCA for (A) petiole, (B) leaf blade, and (C) must compositions across symptomatic (orange, S) and asymptomatic (green, AS) areas. The size of the arrows indicates the contribution strength of the variables. Standard error ellipses show 95% confidence areas. (D) Yield is presented as the mean mass of primary and secondary bunches per plant (n = 28) and the average berry mass over 100 berries (n = 3). p-values were calculated using t-tests or Wilcoxon tests depending on the parametric assumption.



The leaf blade composition profile of the AS area overlapped that of the S leaf blade profile (Figure 1B), with dimensions accounting for 97.4%. In the biplot PCA of petiole biochemical parameters, AS samples appear on the positive side of Dim1, which correlated with phosphorus (P), magnesium (Mg), calcium (Ca), potassium (K), and sodium (Na), while nitrogen (N) is found on the negative side of Dim1, where all the S samples are represented. Even if a significantly lower amount of P, Ca, and Mg and a higher content of N was found in petioles from S area, the nutritional status seems correct for both areas (Supplementary Table S2).

In the must, the content of alpha-amino N (NOPA), assimilable N, ammoniacal N (N-NH3), total acidity, malic acid, tartaric acid, and δ13C correlated with the positive side of Dim1, where the asymptomatic samples were found. The K, pH, volatile acidity, reducing sugars, brix content, and degree were in correlation with the negative side of Dim1, which displayed all the symptomatic samples (Figure 1C). The results highlighted significantly less malic acid, tartaric acid, and content in assimilable N, NOPA, and N-NH3 and significantly higher pH and potassium in must composition from the S area compared to the AS area (Supplementary Table S2). The vine water status represented here by δ13C was not significantly different between S and AS areas and did not reflect a severe water deficit.

During harvest time in autumn, as expected, the berry mass and yield, represented here by the total biomass of primary and secondary bunches and number of harvested grapes, were significantly higher in the AS area compared to the S area (Figure 1D).




3.2 Microbial activity in deep horizons does not appear to be correlated with grapevine decline

Two pits were dug, one in the S area and the other in the AS are, with a depth of 120 and 140 cm, respectively (Supplementary Figure S2B). In the S area, macroscopic visual observation such as root structure and soil compactness could not explain the low vigor (Darriaut et al., 2021) and yield of the plants (Supplementary Table S3). Each of the detected soil horizons displayed distinct physicochemical features and were classified as sand, except for latter depths, which were classified as loamy sand and sandy clay loam in S and AS pits, respectively. The physicochemical parameters were measured for each horizon of the two areas and are reported in Supplementary Table S3, with higher CEC, N, C, C/N, OM, and nitrate content in the first two horizons of the AS area compared to the S area.

Various measurements were taken to assess the microbiological state of the different soil horizons (Table 1).


Table 1 | Measurements made at different depths across the pits in both S and AS areas.



Microbial counts, DNA indicators, and enzymatic activities decreased with soil depth in both areas surveyed, with the exception of alkaline phosphatase activity in the soil in the S area, which presents an inverted profile.

Significant differences were detected between the horizons of the two areas, mainly in the first two horizons below the surface, with higher values in the AS area for all parameters except alkaline phosphatase activity (Table 1; Supplementary Figure S3).

The biplot PCA also revealed a distinct profile for both S and AS (Supplementary Figure S3A), with symptomatic features explained by alkaline phosphatase activity. As described above, the deeper the horizon in the S pit, the higher the phosphatase activity, whereas other enzymatic activities, arylamidase and β-glucosidase, drastically drop off after the second horizon in both areas (Supplementary Figure S3B).




3.3 Bulk soils showed similar physicochemical properties but had contrasting enzymatic and microbial profiles

As the most significant differences were found in the superficial horizon, we focused further analyses on bulk soils (10–30 cm depth) harvested near the five selected vines for each area. The biplot PCA for physicochemical parameters in bulk soils revealed an overlap of confidence intervals in the S and AS profiles, with dimensions accounting for 87.2% of total variance (Figure 2A). Although CEC, nitrogen, calcium, NO3−, and manganese content were significantly higher, whereas carbon/nitrogen ratio was significantly lower in AS compared to S bulk soil, the observed differences did not fall within a range that will likely explain differential vine growth (Supplementary Table S4).




Figure 2 | Bulk soil profile in symptomatic (orange, S) and asymptomatic (green, AS) areas. Biplot PCA of (A) physicochemical parameters (n = 3) and (B) Eco-Plates measurements represented by Simpson’s index, AWCD, AUC, functional richness, and family compounds consumed (i.e., amines, amino acids, carbohydrates, carboxylic acids, phenolic compounds, and polymers) coupled to bacterial and fungal level of cultivable populations. Standard error ellipses show 95% confidence areas. (C) Enzymatic activities represented by arylamidase, β-glucosidase, and phosphatase alkaline, and (D) q-PCR measurements for archaeal and bacterial 16S and 18S rRNA genes (n = 5). (E) Shared OTUs represented by Venn diagram with significant overlaps detected using hyper-geometric tests, and (F) α-diversity metrics (richness = Chao1, diversity = Simpson), as well as (G) relative abundance of phyla. Significant differences, except for shared OTUs, were calculated with t or Wilcoxon tests, depending on the normality hypothesis.



The biplot analysis related to Eco-Plates measurements, with Dim1 and Dim 2 accounting for 86.8% of total variance, also revealed an overlap with most of the variables explaining the symptomatic feature (Figure 2B). The level of cultivable bacterial populations was significantly higher and the fungal level was significantly lower in AS compared to S bulk soil (Supplementary Table S5), while no significant differences were found in Eco-Plates measurements except for AUC, which was significantly higher in the S area than in the AS area. However, enzymatic activities involved in nitrogen, carbon, and phosphorus cycling (i.e., arylamidase, β-glucosidase, and alkaline phosphatase, respectively) were significantly higher in AS compared to S bulk soil (Figure 2C). Similarly, total molecular biomass, copies of fungal 18S rRNA genes, and bacterial and archaeal 16S rRNA genes were significantly higher in AS compared to S bulk soils (Figure 2D).

A total of 1,111,642 raw sequences were generated for the amplicon-based sequencing, irrespective of the compartment. After chimera removal, paired-end sequences of 16S rRNA gene and ITS were clustered into 1,566 and 961 operational taxonomic units (OTUs), respectively. The OTU accumulation curves tended toward saturation as the number of samples increased, indicating that the sequencing depth was sufficient to provide an overview of the taxonomic distribution of each microbial community in the samples (Supplementary Figure S4).

Approximately 62% and 53% of the bacterial 16S rRNA and fungal ITS OTUs, respectively, were shared between S and AS bulk soils (Figure 2E). Richness, represented here by the Chao1 metrics, was similar for fungal communities but significantly higher in AS compared to S bulk soil for the bacterial OTUs (Figure 2F). On other hand, diversity, represented here by Simpson’s index, was similar for bacterial communities, while the asymptomatic bulk soil presented higher fungal diversity than the symptomatic one.

Actinobacteriota (29%), Proteobacteria (22%), Acidobacteria (15%), Firmicutes (11%), Chloforexi (9%), Verrucomicrobiota (5%), Plancomycetota (3%), Gemmatimonodata (2%), Bacteroidota (1%), Myxococcota (1%), and Nitrospirota (1%) were the most abundant bacterial phyla of bacterial communities (Figure 2G), while the “Others” (<1%) group was composed of Dependentiae, Desulfobacterota, GAL 15, Latescibacterota, Methylomirabilota, and RCP2-25, WPS-2 phyla. Regarding the ITS-based sequences, Ascomycota (65%), Basidiomycota (17%), Mortierellomycota (14%), Rozellomycota (5%), and Chytridiomycota (1%) were the predominant phyla, while Blastocladiomycota, Calcarisporiellomycota, Entorrhizomycota, Glomeromycota, Kickxellomycota, Olpidiomycota, and Zoopagomycota were grouped to “Others” (<1%).




3.4 Rhizosphere and root-associated microorganisms differed between symptomatic and asymptomatic conditions

The biplot PCA of Eco-Plates measurements and the level of cultivable bacteria and fungi from rhizosphere samples accounted for 97.4% of total variance. This analysis revealed overlapping profiles between S and AS areas, with Eco-Plates measurements explaining the symptomatic features (Supplementary Figure S5A). Interestingly, the global AWCD represented by AUC was significantly higher in S rhizosphere than AS, specifically with significantly more carbohydrates, carboxylic acids, phenolic compounds, and polymers consumed after 96 h of Eco-Plates incubation (Supplementary Table S5). Regarding the q-PCR assays, only bacterial 16S rRNA gene was significantly more important in AS rhizosphere compared to the S rhizosphere (Supplementary Figure S5B).

For amplicon-based sequencing, 11.2% of the total bacterial OTUs were shared between the four conditions (i.e., symptomatic and asymptomatic root, and rhizosphere) (Supplementary Figure S6A). In the rhizosphere, 82% of the assigned bacterial sequences and 67.3% of the assigned fungal sequences were common to S and AS, regardless of the root compartment. Similarly, in the roots, regardless of the rhizosphere compartment, 55.1% of the bacterial OTUs and 37.3% of the fungal OTUs were shared between S and AS conditions. Both bacterial and fungal richness were similar between AS and S conditions in the root endosphere samples, while significantly higher richness was found in the asymptomatic area in the rhizosphere compartment (Supplementary Figure S6B). There was no significant difference in terms of diversity between the S and AS conditions across the root and rhizosphere samples. The observed phyla in roots and rhizosphere were the same as those observed in bulk soil (Figure 2G; Supplementary Figure S6B).

ITS-based sequencing did not detect any significant difference [Student t (7.801) = 0.596, p < 0.568] in Glomeromycota phylum between AS (0.19 ± 0.06) and S (0.13 ± 0.07) roots (Supplementary Figure S6B). However, root staining and microscopy revealed significantly higher mycorrhizal intensity in the AS roots compared to S roots (Supplementary Figure S7).

Limma-Voom differential analysis was performed to get a better overview of the differences occurring between the symptomatic and asymptomatic conditions among the bacterial and fungal communities from the root endosphere and rhizosphere compartments (Figure 3). This analysis detected 21 enriched bacterial groups in symptomatic rhizosphere (0.63 to 5.68 log2 fold change), mainly composed of Proteobacteria (Legionella, Methylosinus, Burkholderia, Roseiarcus, and Rhizobium) while asymptomatic rhizosphere was enriched with 10 groups (−1.47 to −3.56 log2 fold change) with a majority of Actinobacteriota (Cellulomonas, Pseudonocardia, CL500-29, and Solirubrobacter). In terms of fungi, nine enriched genera were found in symptomatic rhizosphere (2.20 to 4.13 log2 fold change), representing a majority of Ascomycota (Ilyonectria, Dictyochaeta, Curvularia, Clonostachys, and Helgardia), while 15 enriched taxa above the genus level were detected in AS soil (−1.50 to −7.76 log2 fold change) also belonging largely to Ascomycota (Aspergillus, Verticillium, Stachybotrys, Scytalidium, Tetracladium, Lipomyces, Cercophora, Pseudaleuria, and Chalara).




Figure 3 | Enriched bacterial and fungal genera in symptomatic and asymptomatic root and rhizosphere compartments. Enriched bacterial and fungal genera using Limma-Voom differential analysis (p < 0.05) corrected with FDR are shown.



Regarding the root endosphere compartment, eight enriched genera were discriminated in the symptomatic condition (1.23 to 4.59 log2 fold change), mainly composed of Desulfobacterota (Citrifermentans and Geobacter) while seven taxa were found on the asymptomatic condition (−1.70 to −3.58 log2 fold change), predominantly consisting of Proteobacteria (Steroidobacter, Devosia, Aquicella, and Leptothrix). Similarly to the rhizosphere, the root endosphere conditions were differentially made up with Ascomycota with 9 genera significantly enriched in the symptomatic status (2.22 to 5.63 log2 fold change) such as Articulospora, Mollisia, Botrytis, and Cylindrocarpon, while 14 genera were enriched in the asymptomatic root (−1.60 to −7.02) including, for instance, Diaporthe, Aspergillus, Dactylonectria, Hymenoscyphus, Penicillium, and Roussoella.




3.5 Effect of compartmentalization on the taxonomy and the predicted functionality of microbial communities

A higher number of 16S rRNA and 18S rRNA gene copies were found in rhizosphere compared to bulk soil (Supplementary Figure S8A), with the same trend observed for the level of cultivable bacteria and fungi and Eco-Plates metrics (Supplementary Figure S8B).

Regarding amplicon sequencing, compartmentalization and soil status had a significant effect on both α- and β-diversities (Supplementary Table S6). Soil bacterial and fungal richness and diversity were significantly higher than that of root endosphere (Supplementary Table S7). In addition, NMDS based on Bray–Curtis dissimilarities demonstrated that the compartment was the main factor of difference in β-diversity for both bacterial (stress = 0.042) and fungal communities (stress = 0.044) (Supplementary Table S6; Figures 4A, B).




Figure 4 | Compartmentalization effect on microbial communities. NMDS plot ordination of (A) bacterial and (B) fungal communities among the bulk (cross), rhizosphere (triangle), and root endosphere (square) across symptomatic S (orange) and asymptomatic AS (light green) soils. Dashed lines represent 95% confidence ellipses. The stress value and the results from betadisper analyses are included. LEfSe analysis (p < 0.05, FDR, LDA > 4) of enriched genera among the soil status × compartment conditions for (C) bacterial and (D) fungal communities with p_: phylum, c_: class, o_: order, f_: family.



Despite the lack of homogeneity in dispersion due to compartmentalization, the NMDS plot still showed compartment-related clustering. The beta-dispersion analysis displayed non-significant differences for the soil status factor across the microbial communities, with evident clustering linked to the soil status. The strongest relationship between the factors and bacterial or fungal communities was reported for compartment (R² = 0.9495 and R² = 0.8325, respectively) (Figures 4A, B).

The LEfSe (p < 0.05, FDR, LDA > 4) revealed nine enriched bacterial genera in bulk and rhizosphere soils mainly belonging to Actinobacteriota (i.e., unidentified genera from Gaiellales, Micrococcaceae, and Nocardioides) and Acidobacteriota (i.e., unidentified genera from Acidobacteriales and Candidadus solibacter) phyla, while four enriched bacterial genera found in root endosphere belonged to the Proteobacteria (i.e., Rhizobium, Bradyrhizobium, and Steroidobacter) and Bacteroidota (i.e., Niastella) phyla (Figure 4C). Twelve fungal genera were enriched in soil compartments belonging primarily to the Ascomycota (i.e., Fusarium, Pseudaleuria, Penicillium, Curvularia, Humicola, Pseudeurotium, and Aspergillus) and Basidiomycota (i.e., Saitozyma, Naganishia, and Solicoccozyma) phyla (Figure 4D). No taxa were enriched in the rhizosphere in the S area.

Moreover, fungal pathogens affiliated to grapevine diseases listed in Darriaut et al. (2023), such as gray mold, Petri disease, black foot, Phomopsis dieback, or grapevine canker, were detected in each compartment but with different abundance (Supplementary Figure S9). Among the 209 genera identified in the studied vineyard, Botrytis, Cadophora, Curvularia, Diaporthe, Diplodia, Ilyonectria, Neonectria, Phaeoacremonium, and Phaeomoniella were detected in both symptomatic and asymptomatic conditions, accounting for 1.63% of the total OTUs. A significantly higher percentage of sequences affiliated with these 10 pathogenic fungal genera, relative to the total number of sequences, was found in symptomatic compared to asymptomatic conditions in bulk (p < 0.001) and rhizosphere (p = 0.008) but not for root endosphere (p = 0.292). More precisely, Botrytis, Cadophora, Curvularia, and Ilyonectria were more abundant in symptomatic conditions than asymptomatic ones (Supplementary Table S8). Among these genera, Botrytis caroliniana, Curvularia lunata, Curvularia spicifera, Curvularia portulacae, Curvularia inaequalis, Diaporthe columnaris, Ilyonectria destructans, Cadophora luteo-olivacea, Diplodia intermedia, Neonectria lugdunensis, and Phaeomoniella chlamydospora were detected.

In addition, functional prediction analysis on fungal communities was performed using FUNGuild, which displayed four trophic modes (i.e., multi-affiliation, pathotroph, saprotroph, and symbiotroph) and 13 guilds (i.e., multi-affiliation, wood saprotroph, undefined saprotroph, plant saprotroph, orchid mycorrhizal, lichenized, epiphyte, plant pathogen, fungal parasite, endophyte, ectomycorrhizal, arbuscular mycorrhizal, and animal pathogen) (Figure 5A). Saprotrophs were significantly enriched in S compared to AS areas for bulk, rhizosphere, and root compartments (Figure 5A), with increased specific abundances of wood, plant, and undefined saprotrophs (Supplementary Figure S10). Pathotrophs were enriched in symptomatic roots, while bulk and rhizosphere compartments were predominantly composed of pathotrophs in asymptomatic conditions. No differences were detected regarding the symbiotrophs, except in the bulk soil.




Figure 5 | Functional inference of (A) fungal community using the FUNGuild database represented by the relative abundances of the trophic modes (i.e., multi-function, pathotroph, saprotroph, and symbiotroph) and the total abundances of associated guilds. Predicted (B) pathways and (C) functions of bacterial communities using PICRUSt2. Barplots are represented with means ± standard error. p-values were calculated using Student t or Wilcoxon tests. Biplot analysis represents only the functions in which pathways were significantly different between S and AS roots, represented by 1 to 6 in (B).



Furthermore, potential metabolic pathways of bacterial communities were estimated using PICRUSt2. The 1,412 predicted clusters formed 14 selected pathways among the “Metabolism” and “Environmental Information Processing” classifications (Figure 5B). No significant differences were detected between S and AS bulk soils, while enriched abundances of taxa linked to carbohydrates and amino acids pathways were upregulated in AS rhizosphere. Most of the significant differences were detected in roots, with enriched abundances for pathways in the S condition compared to AS, such as metabolism of xenobiotics, carbohydrates, and other amino acids whereas the metabolism of nucleotides, glycans, cofactors, and vitamins were upregulated in asymptomatic roots. Considering these six differential pathways in roots, 58 predicted functions were established and represented in a biplot analysis, which revealed distinct profiles across symptomatic and asymptomatic areas, with dimensions accounting for 71.4% of total variance (Figure 5C). The positive side of Dim1 was exclusively composed of root samples, divided between symptomatic conditions for the upper side of Dim2 and asymptomatic samples for the negative side of Dim2. In addition, correlation analysis demonstrated that Mycobacterium (r = −0.987; p = 0.002), Niastella (r = −0.894; p = 0.040), and Dictyochaeta (r = −0.958; p = 0.010) in symptomatic roots were significantly correlated with carbohydrate consumptions in Eco-Plates from symptomatic rhizosphere, which was also significantly correlated with carbohydrate metabolism (r = 0.999; p = 0.025) and energy metabolism (r = 0.871; p = 0.043) in symptomatic roots (Figure 6).




Figure 6 | Correlation analyses between consumption of the grouped carbon sources from Eco-Plates measurements (gray) and the dominant bacterial (green) and fungal (yellow) genera, and the PICRUSt2 inferences from the microbial communities (pink) present in symptomatic (left) and asymptomatic (right) bulk (top), rhizosphere (middle), and root (bottom) compartments. For root analyses, the Eco-Plates measurements were the ones from the rhizosphere samples since no Eco-Plates assays were performed on root samples. The color intensity shows the R-value of correlation in each panel, and the asterisk represents significant correlations (* indicate p<0.05; ** p<0.01; *** p<0.001). Significantly correlated variables were presented in bold.



Analogously, in asymptomatic roots, no significant correlation was detected between fungal or bacterial genera with Eco-Plates measurements. Regarding the symptomatic bulk soil, Acidibacter (r = 0.999; p = 0.034) and Humicola (r = 0.998; p = 0.043) were significantly correlated with amines consumption from Eco-Plates, while Bacillus (r = −0.999; p ≤ 0.001) and Fusarium (r = 0.999; p = 0.016) were significantly correlated with amines substrate in asymptomatic bulk soil. Interestingly, in symptomatic roots, the predicted functions related to energy (r = 0.999; p = 0.022) and carbohydrate (r = 0.992; p = 0.019) metabolism were significantly and positively correlated with the carbohydrate substrates used in Eco-Plates. Similarly, the amino acid metabolism (r = 0.992; p = 0.039 and r = 0.993; p = 0.033) and biosynthesis of other secondary metabolites (r = 0.991; p = 0.011 and r = 0.999; p = 0.019) were positively correlated with amines and amino acids consumed in Eco-Plates, respectively.




3.6 Relationships between soil status, berries, leaves, and microbial composition and functioning of the root, rhizosphere, and bulk soil compartments

A PLS-PM was done to further unravel the direct and indirect interactions between 13 latent variables (i.e., soil status, soil physicochemical properties, bulk soil functionality, bulk soil bacterial communities, bulk soil fungal communities, rhizosphere functionality, rhizosphere bacterial communities, rhizosphere fungal communities, root functionality, root bacterial communities, root fungal communities, leaves composition, and berry composition). Of the 182 variables used to construct the first PLS-PM model, 73 variables had an absolute loading value below 0.7 and were removed from the model. The variables associated with each latent variable used for the first testing model and the presented model are listed in Supplementary Table S9. The model, considered to be valid for expressing the complex interrelationships among the 13 latent variables (GoF ≥ 0.7; R² ≥ 0.6), showed that the higher positive and negative pathway coefficients were for the physicochemical parameters to communities of root bacteria pathway (R² = 1.65) and soil status to root microbial functionality pathway (R² = −3.32), respectively (Figure 7A).




Figure 7 | Partial Least Squares Path Modeling (PLS-PM) showing the effects of soil status on berry must, leaf composition, and microbial communities and functioning in roots, bulk soil, and rhizosphere. (A) PLS-PM diagram showing the positive and negative relationships, respectively represented with blue and red arrows. Asterisks indicate significant paths, *p < 0.05 and ***p < 0.001. Numbers associated with the arrows indicate standardized path coefficients. R² values indicate the variance of latent variables explained by the model. (B) Direct and indirect effects between the different latent variables tested.



From this PLS-PM test, it was also demonstrated that soil status was positively correlated to bulk soil functionality (direct; R² = 1.15; p = 0.006) and negatively correlated to bulk physicochemical parameters (direct; R² = −0.99; p < 0.001), bulk fungal communities (direct; R² = −2.16; p = 0.015), and berry must (direct; R² = −0.99; p = 0.002) (Figures 7A, B). In addition, the results indicate that soil status has a direct significant effect on root functionality (R² = −3.32; p = 0.016), based here on PICRUSt2 pathways of amino acids, carbohydrates, glycans, lipids, vitamins, and nucleotide metabolism, which then directly affected the berry must (R² = −0.07; p = 0.020).





4 Discussion



4.1 Soil profiles did not identify clear causes of the decline

The pedological analysis of agricultural soils, also known as crop profiles, enables farmers to identify strategies for improving soil quality depending on the type of crop (Peigné et al., 2013). The objective here was to identify, on the one hand, any specific problems in the declining area that could explain the poor growth or even death of plants. Analysis of the soil profile in the S area did not distinguish any physical characteristics such as soil incident that could cause difficulty of rooting or possible water stress such as water retention. A few inconsequential brown spots were observed. Vine roots were present in the various deep horizons with variable sizes, both vertically and obliquely (Supplementary Table S3). Regarding chemical composition, overall, the observed values do not account for the very low vigor and yield of plants in the S area. The physicochemical values across the different horizons fell within the nutritional range established by Proffitt and Campbell-Clause (2012).

In both areas, all physicochemical parameter values decreased with depth, with the exception of CEC and alkaline phosphatase activity. The higher clay content in deep horizons compared to topsoil can explain the greater CEC found, which correlated with the higher amount of nutrient known to be available in their cationic form (Ca, Na, and K). Surprisingly, alkaline phosphatase activity was higher in deeper horizons, specifically in the S area, and was even significantly higher compared to the topsoil of the asymptomatic area. Phosphatase catalyzes the release of inorganic phosphorus from organic-bound phosphorus, which plays a crucial role in the P cycling. However, this activity was not correlated with P content, which was less than 2 mg g−1 below 25 cm deep. Tarafdar et al. (1989) reported an increase of acid phosphatase activity in deeper horizons (45–60 cm) of arid soil profiles in crop and tree lands and suggested that the root exudates were causing this increase of enzymatic activity in profound horizons. It has been suggested for acid phosphatase that stressed plants increase their activity under stress (Tadano and Sakai, 1991; Miller et al., 2001). In this case, symptomatic grapevines may increase the alkaline phosphatase enzymatic activity through root exudates as a “cry-for-help” strategy (Rolli et al., 2021).

Since the pits were dug at the end of the row close to the two S and AS areas, but not directly in the middle of these two areas, bulk soil samples from the inter-row were also analyzed. The observed values confirm those found in a previous sampling campaign in this plot (Darriaut et al., 2021). The slightly lower N concentration, consistent with a lower rate of nitrates in the soil of the S area compared to the AS area, is not reflected in the petiole nitrogen content. However, we can observe a concentration of assimilable nitrogen in the berries that is two times lower. Therefore, it seems more probable that this low concentration in the berries is more a consequence of the lower growth of the plants than a response to a low availability of N in the soil.




4.2 Microbial community structure was influenced by compartmentalization more than by soil status

Soil serves as the primary reservoir of the endophytic microbiota of grapevines (ZarraonaIndia et al., 2015; Marasco et al., 2018; Swift et al., 2021). Here, it is observed that 99.1% of bacterial OTUs and 94.4% of fungal OTUs of the root endosphere were also found in the rhizosphere, suggesting that less than 1% and 6% of root bacteria and fungi, respectively, are likely either obligate endophytes or endophytes transmitted by grafting or by the aerial parts of the plant. Across all compartments and soil conditions, the major bacterial phyla belonged to Proteobacteria, Actinobacteriota, Acidobacteriota, and Firmicutes, while the predominant fungal phyla were Ascomycota and Basidiomycota. These findings were consistent with previous works made in grapevine belowground compartments (Wei et al., 2018; Carbone et al., 2021; Marasco et al., 2022; Wang et al., 2023).

The structures of the fungal and bacterial communities from root endosphere were distinct from those found in soil. Consistent with previous research on grapevines, reduced bacterial and fungal richness as well as diversity were found in the root endosphere compared to soil samples (D’Amico et al., 2018; Marasco et al., 2018; Carbone et al., 2021; Swift et al., 2021; Darriaut et al., 2022a). The fungal root microbiome was influenced by soil status, revealing its sensitivity to soil composition. In the rhizosphere and bulk soil, α-diversity metrics were lower in the symptomatic condition compared to the asymptomatic condition, suggesting a dysregulation of the microbiome surrounding the declining grapevines. It has been proposed that higher diversity provided greater ecosystem processes, such as organic matter degradation (Maron et al., 2018). However, the α-diversity metrics of the bacterial and fungal root endosphere microbiome did not significantly differ between the conditions. It was not unexpected, given that endophytes often harbor more stable microbial communities compared to those found in the surrounding soil (Noman et al., 2021; Sun et al., 2021).




4.3 Latent fungi associated with grapevine diseases cohabited with potentially beneficial bacteria in the symptomatic area

These differences in microbiome structure might be linked to disease development, as a dysregulated root endosphere microbiome could facilitate pathogen colonization (Balbín-Suárez et al., 2021). Although symptoms of grapevine diseases were not observed in this plot, some fungal pathogens were detected in the different compartments, with higher abundance in symptomatic conditions. As reported in several studies, healthy plants may harbor potential latent endophytic fungal pathogens (Yang et al., 2018; Martínez-Diz et al., 2019; Manzotti et al., 2020), which can induce disease incidence under environmental constraints or during plant growth (Sosnowski et al., 2021). For instance, black foot and Petri diseases occur in vineyards supporting young grapevines (<5 years), whereas Esca complex and Botryosphaeria and Eutypa diebacks are usually observed in mature vineyards (Gramaje et al., 2018; Hrycan et al., 2020). In this specific case, the vineyard contained grapevines that were at least 10 years old, suggesting that the soil was the source of these detected fungi, which was supported by the higher abundance found in symptomatic samples. These findings were all in accordance with the previous results from bulk soil samples described in Darriaut et al. (2021) and Darriaut et al. (2023), confirming the microbial activity promotion and microbiome dysregulation in symptomatic soils. In an interesting way, Clonostachys was enriched in symptomatic rhizosphere, which is considered an efficient biocontrol agent for several grapevine trunk pathogens (Silva-Valderrama et al., 2021).

Additionally, using Limma-Voom differential analysis, it was found that Legionella was the most enriched bacterial taxa in both symptomatic rhizosphere and root endosphere, some species of which are known to cause Legionnaire’s disease in humans but no known pathological cases in grapevine (Casati et al., 2009). Another notable finding was the enriched Methylosinus in symptomatic rhizosphere, a diazotrophic methanotroph genus, known to be more abundant in soil and root environment with reduced nitrogen content (Ikeda et al., 2014), which is in line with our finding.

LEfSe analysis revealed enriched bacterial genera in symptomatic conditions belonging to Rhizobium, Bradyrhizobium, Bacillus, Candidatus solibacter, and Niastella. Through a metaproteome approach on the grapevine rhizosphere, Bona et al. (2019) demonstrated the involvement of several bacterial genera in protein and nitrogen metabolism, including Bacillus and Bradyrhizobium, here enriched in the symptomatic rhizosphere and root endosphere, respectively. The plant growth-promoting properties of Rhizobium and Bradyrhizobium, commonly found in in grapevine roots, are related to siderophore and phytohormone production, as well as nitrogen fixation and phosphate solubilization (Wright et al., 2022). The Niastella genus, enriched in symptomatic root samples, is known to produce indole acetic acid (IAA), which is the most common phytohormone with growth-promoting ability (Visioli et al., 2018). Interestingly, C. solibacter genus was predominant in soil contaminated by acid mine drainage or mudflat with long-term rice cultivation and was correlated with sulfur metabolism (Wang et al., 2018) and carbohydrate degradation (Zhang et al., 2019).




4.4 The functional diversity of the root and rhizosphere microbiomes is influenced by grapevine decline and affects the quality of the berry

Several microbe-recruiting compounds, including carbohydrates, amino acids, and organic acids, are transferred into the rhizosphere by roots through diffusion, ion channels, and vesicular transport (Vives-Peris et al., 2020). Eco-Plates measurements revealed greater degradation of amines, amino acids, carbohydrates, carboxylic acids, phenolic compounds, and polymers, in the symptomatic rhizosphere and bulk soils compared to asymptomatic samples. A decrease in these physiological profiles of microbial communities in soils with lower organic matter content was reported in a multisite study (Rutgers et al., 2016), which is not consistent with our findings, as no significant difference in organic matter was found between S and AS areas in the topsoil.

Eco-Plates do not provide in-depth analysis, and further investigation would be required to identify the taxa responsible for this high microbial activity in the symptomatic condition, especially in the rhizosphere compartment, which displayed increased degradation of substrates. In parallel, the metabolic functions of bacterial communities were predicted using PICRUSt2, which has been widely used to explain bacterial functioning diversity in plants, but remains rare for grapevine studies (ZarraonaIndia et al., 2015; Rosado et al., 2022). In this specific case, carbohydrates and amino acid pathways were upregulated in asymptomatic rhizosphere samples using PICRUSt2. In addition, higher functional diversity with lower microbial richness and reduced fungal diversity in symptomatic bulk soil were reported. These findings suggest a metabolic redundancy in the symptomatic soils, since functions like the biogeochemical processes in the vineyard might be related to distinct taxonomic composition but with similar metabolic functions (Griggs et al., 2021). While few studies have compared the functional inference and metabolic processes, the predicted functions of roots in this case, using PICRUSt2, were concordant with some Eco-Plates measurements from rhizosphere compartment, such as the upregulation of the metabolism of carbohydrates and amino acid pathways. This finding has led to the hypothesis that the high capacity to degrade carbohydrates and amino acids in the symptomatic rhizosphere is linked to the proximal bacterial endophytic communities. Zhao et al. (2022) reported that some predicted microbial functionalities were correlated to metabolic processes assessed with Biolog™ technology, particularly those related to amino acids and carbohydrates. Furthermore, some fungal and bacterial genera, such as Mycobacterium, Niastella, and Dictyochaeta, were negatively correlated to these assessed metabolic processes, which are even considered as microorganisms involved in numerous carbon- and nitrogen-based degradation (Bill et al., 2021; Mauran et al., 2021). However, the need for culture-dependent approaches to validate the effects of specific microbial taxa and functions on vine fitness should be further developed, as suggested by Fournier et al. (2022).

According to the PLS-PM, soil status and microbial root functionality based on various metabolism pathways (e.g., carbohydrates and amino acids) potentially affected the composition and the quality of the berry must in a synergistic manner. Although these findings are only assumptions, the contribution of the roots and soil microbiome to the berry composition should be further explored, since very few studies have investigated these interactions (Darriaut et al., 2022b). Since wine quality is linked to the quality of berries, the must composition is one of the most concerning components for the winegrowers. Must composition is known to correlate with water deficit and soil composition (Brillante et al., 2018), and its microbiota, mainly composed of yeast, has been studied for its effects on the wine making process (Martins et al., 2012; Morgan et al., 2017). Sugars, nitrogen content (assimilable N, NOPA, and ammoniacal), and acidity in must composition are considered as quality indicators of grapes (Downey et al., 2006; Cagnasso et al., 2008). In addition, inadequate assimilable nitrogen content in must composition may cause problems in yeast functioning and, therefore, wine fermentation, which can be alleviated by adding nitrogen (Paolini et al., 2016). Here, we found less malic and tartaric acids in symptomatic samples compared to asymptomatic ones, showing a potential incidence in wine quality. Similarly, assimilable N and NOPA, which are essential compounds in yeast nutrition and therefore of primary importance in must fermentation (Vilanova et al., 2007), were lower in the symptomatic area but higher than previously reported nitrogen deficiencies values of 140 mg N/L (Bely et al., 1990).

This study revealed microbiome dysbiosis in the root endosphere, rhizosphere, and bulk soils of a vineyard experiencing unexplained decline. Transplanting bulk soil or even rhizosphere microbiome from asymptomatic areas to symptomatic ones would be an interesting process to set up in order to explore whether this dysbiosis might be alleviated. This type of experiment was already investigated in tomato experiencing wilt disease, highlighting the importance of the rhizosphere microbiome toward the host fitness (Kwak et al., 2018; Zhou et al., 2023). Similarly, transplanting healthy soil microbiome into a symptomatic environment would be another way to assess the belowground microbiome ability to influence the berry composition. Characteristics of the deep soil horizons could not explain the declining symptoms affiliated with low vigor and yield and poor quality of the berries. Symptomatic samples showed enriched taxa of potentially beneficial bacteria that might be explained by the presence of latent fungal genera associated with grapevine diseases. Conversely, the frequency of mycorrhization with arbuscular mycorrhizal fungi and the abundance in Rhizophagus sequences were higher in roots of vines grown in asymptomatic areas. The berry composition appeared to be synergistically linked to the functional diversity in roots and to the symptomatic trait of the area, highlighting the crucial role of root microbiome. To gain a comprehensive overview of stressed vineyards, holistic approaches including microbiome taxonomic and functional diversity should be explored. This diagnosis could facilitate the implementation of cultural strategies, such as the addition of bacterial and fungal biocontrol consortia or biostimulants, in order to correct this dysbiosis.
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