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Abstract

The vineyard soil microbiome plays a pivotal role in agroecosystem health and productivi-
ty, influenced by agricultural management and environmental factors. This study exam-
ined the composition of prokaryotic and fungal communities across three Tannat vine-
yards in Uruguay with the same conventional under-vine soil management (bare soil
maintained with herbicides [BS]). Additionally, within each vineyard, a permanent living
mulch (PLM) was established to explore the effects of this under-vine management on soil
microbiota. The long-term cultivation of Tannat grapevines combined with consistent
under-vine herbicide use may have contributed to a homogenization of soil microbial
community composition across vineyards, despite differences in soil type, altitude, and
management histories. A few differentially abundant taxa were detected: in Vineyard 3
Rubrobacter was less abundant compared to the other vineyards, while in Vineyard 1 the
class Sordariomycetes and the genus Metarhizium were more abundant, and the genus
Boeremia was less. Prokaryotic and fungal communities' composition analyses within
vineyards revealed a significant impact of under-vine management solely in Vineyard 2,
the one with a 10-year implementation of PLM. PLM improved soil properties such as
basal respiration, soil protein, potentially oxidizable carbon and bulk density. Also, the
family Latescibacteraceae, and the genera Cladophialophora, Nigrospora, and Pseudopi-
thomyces were more abundant in PLM. Our findings emphasize the need for long-term
studies to capture microbial responses to soil management. Future studies involving more
sites and managements could identify deeper differences, aiding in the identification of
viticultural zones based on microbial patterns.
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Influencia del manejo del suelo bajo la vid sobre la microbiota y las
propiedades del suelo en tres vinedos uruguayos de Tannat

Resumen

El microbioma del suelo cumple un rol esencial en la salud y productividad de los agroecosistemas, influenciado por el
manejo agrondmico y factores ambientales. Este estudio evalud la composicién de comunidades procariotas y flngicas
en tres vifiedos de Tannat en Uruguay, todos bajo el mismo manejo convencional del suelo (suelo desnudo mantenido
con herbicidas, BS). Ademas, dentro de cada vifiedo se establecié una cobertura vegetal viva permanente (PLM) para
analizar sus efectos sobre la microbiota del suelo. El uso continuado de Tannat y el manejo uniforme durante al menos
10 afios podrian haber homogeneizado la composicion microbiana entre los viiedos, pese a diferencias en suelos,
altitud e historia de manejo. Sin embargo, se identificaron taxones diferencialmente abundantes: en el vifiedo 3, Rubro-
bacter fue menos abundante, mientras que en el vifiedo 1 Sordariomycetes y Metarhizium fueron mas abundantes y
Boeremia menos. El analisis intravifiedo mostr6 un efecto significativo del manejo solo en el Vifiedo 2, donde el PLM
llevaba 10 afios de implementacion. Este tratamiento mejord propiedades del suelo como la respiracién basal, el conte-
nido de proteina, el carbono potencialmente oxidable y la densidad aparente. Ademas, se detecté mayor abundancia de
Latescibacteraceae y de los géneros Cladophialophora, Nigrospora y Pseudopithomyces en el PLM. Los resultados
resaltan la necesidad de estudios a largo plazo que permitan comprender mejor las respuestas microbianas al manejo
del suelo. Investigaciones futuras con mas sitios y estrategias podrian revelar diferencias mas profundas, contribuyendo
a identificar zonas viticolas basadas en patrones microbianos.

Palabras clave: vid, mulch vivo permanente, herbicida, secuenciacién de amplicones, microbioma del suelo, 16S rRNA,
ITS2

Influéncia do manejo do solo sob a videira sobre a microbiota e as
propriedades do solo em trés vinhedos uruguaios de Tannat

Resumo

O microbioma do solo desempenha um papel essencial na satde e produtividade dos agroecossistemas, sendo influen-
ciado pelo manejo agrondmico e por fatores ambientais. Este estudo avaliou a composigao das comunidades procarioti-
cas e fungicas em trés vinhedos de Tannat no Uruguai, todos sob 0 mesmo manejo convencional do solo (solo nu man-
tido com herbicidas, BS). Além disso, dentro de cada vinhedo foi estabelecida uma cobertura vegetal viva permanente
(PLM) para analisar seus efeitos sobre a microbiota do solo. O uso continuo de Tannat e o manejo uniforme durante
pelo menos 10 anos podem ter homogeneizado a composi¢do microbiana entre os vinhedos, apesar das diferengas de
solo, altitude e histérico de manejo. No entanto, foram identificados taxons diferencialmente abundantes: no vinhedo 3,
Rubrobacter foi menos abundante, enquanto no vinhedo 1 Sordariomycetes e Metarhizium foram mais abundantes e
Boeremia menos. A analise intravinhedo mostrou efeito significativo do manejo apenas no Vinhedo 2, onde o PLM esta-
va implementado ha 10 anos. Esse tratamento melhorou propriedades do solo como respiragdo basal, teor de proteina,
carbono potencialmente oxidavel e densidade aparente. Além disso, observou-se maior abundéncia de Latescibactera-
ceae e dos géneros Cladophialophora, Nigrospora e Pseudopithomyces no PLM. Os resultados destacam a necessida-
de de estudos de longo prazo para compreender melhor as respostas microbianas ao manejo do solo. Pesquisas futu-
ras que abranjam mais locais e estratégias poderdo revelar diferengas mais profundas, contribuindo para a identificagéo
de zonas viticolas com base em padrdes microbianos.

Palavras-chave: videira, mulch vivo permanente, herbicida, sequenciacio de amplicbes, microbioma do solo,
16S rRNA, ITS2

1. Introduction

Soil microbiota (bacteria, archaea, fungi, protists, and viruses) associated with vineyards are essential for
agroecosystem health and productivity(). Bulk soil microbiota is a major reservoir of microorganisms for the
rhizosphere(@ and aerial organs as leaves, flowers and grapes(®. It is widely recognized that the sensory quali-
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ties of a wine from a specific region are defined by abiotic (climate, soil) and biotic (grape variety and rootstock
and soil biology) factors along with anthropogenic ones (viticultural management and winemaking techniques),
defining the concept of terroir). In addition to these influences, recent studies emphasize the role of native
vine microbiota in the winemaking process, imparting a unique character to the wines of each region®). As
well, the potential influence of soil microbiota on grape and wine quality has also been suggested((®. With the
advances and increasing accessibility of high-throughput sequencing technology, more information is available
worldwide about the microbial communities associated with vineyard soils and the key factors that drive their
diversity and structure. Spatial distance or geographic location(®®), climate®), and agricultural manage-
ment(10(1)(12) are factors that have a determinant role in vineyard soil microbiota.

With regard to agricultural management, previous studies have shown that the use of cover crops and different
soil management strategies under vines in vineyards influenced the composition and diversity of soil microbial
communities. For example, Chou and others(1% found that soil management under vines in vineyards altered
the composition of soil microbial communities, although the microbiome of grapefruit was not affected. Similar-
ly, Hendgen and others(1!) showed that different management regimes (integrated, organic, and biodynamic)
shaped the composition of fungal community in vineyard soils, and that vegetation under vines increased the
richness and activity of soil-borne fungi. In contrast, bacterial communities were more uniform across all treat-
ments, although richness was reduced under integrated management. Longa and others(2) also observed that
green manure was the greatest source of soil microbial biodiversity and significantly changed microbial rich-
ness and community composition compared with other soils. Taken together, these studies support the idea
that under-vine vegetation and cover crop strategies can modulate the microbial community dynamics in vine-
yard soils. Under-vine cover crops or living mulches in sustainable agricultural management are a promising
strategy for simultaneously enhancing many ecosystem processes('?). The use of cover crops or living mulch-
es in vineyards serves multiples purposes, among them: 1) reducing plant vigour in regions with excessive
precipitation, 2) diminishing cluster rot development through modifications in canopy microclimate,
3) minimizing herbicide use, and 4) fostering improvements in soil organic carbon (SOC), aggregate stability,
soil respiration, and microbial diversity(14). Despite these well-documented benefits, Uruguayan winegrowers
primarily rely on herbicide application to maintain bare soil under the vine, particularly within non-irrigated
vineyards(1),

The rhizosphere microbiota is the result of complex interactions in which both plant and soil characteristics
play a key role in shaping its structure, stability, and succession(16). Previous studies conducted in a Tan-
nat/SO4 vineyard in Uruguay showed that under-vine soil management can influence both the sensory attrib-
utes of wine('”) and the composition of prokaryotic and fungal communities in the grapevine rhizosphere(*8). In
particular, the use of an under-vine cover crop was associated with improved soil and vine health(17)('8) and
promoted the recruitment of microbial taxa with known beneficial traits('®). However, the study by Bernaschina
and others('8) focused on a single vineyard and specifically on the rhizosphere compartment. In contrast, little
is known about the diversity and composition of bulk soil microbiota —the broader reservoir from which rhizo-
sphere communities are assembled- in Uruguayan soils, particularly those associated with vineyards.

To address this gap, the present study investigates whether there are significant differences in the composition
of soil prokaryotic and fungal communities across three Tannat vineyards managed with herbicides under the
vines (conventional soil management), and evaluates, within each site, the effect of permanent living mulch
(PLM) as an alternative management strategy. Amplicon sequencing of the 16S rRNA gene and ITS2 region
was used to analyze bulk soil microbial diversity, as well as the shared and differentially abundant taxa among
vineyards and under-vine soil management practices.
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2. Materials and Methods

2.1 Site Characteristics

The study was conducted in Southern Uruguay, which accounts for 92% of the vineyards area in the
country(¥®. The three vineyards of Tannat cultivar were located in Cuatro Piedras-V1 (34° 62' S, 56° 28' W),
Rincon del Colorado-V2 (34°44' S, 56°13' W) and Garzén-V3 (34.57' S, 54.63 W), geographically separated
as follows: V1-V2 9 km, V1-V3 152 km and V2-V3 158 km (Figure $1, in Supplementary material). The vine-
yards exhibit differences in soil type, land use history and plant age (Table 1). According to the viticultural
zoning of Uruguay based on bioclimatic indices (Heliothermal, Dryness, and Cool Night)@%), the three vine-
yards belong to the same climatic type IHA3 IFA2 ISA1, all of them influenced by the Atlantic Ocean and the
estuary of Rio de la Plata. The climatic type IHA3 IFA2 stands for temperate climate, moderate drought from
bud break to harvest, and mild nights (14-18 °C) from veraison to harvest.

Table 1. Characterization of the three Uruguayan vineyards studied

Vineyard
. Rincén del ,
Cuatro Piedras - V1 Colorado - V2 Garzén - V3
Viticulture region’ RVR RVR RVSU

Soil type?

Thermic Pachic

Thermic Pachic

Thermic Entic

Argiudoll Argiudoll Hapludoll
Texture? Silt loam Silt loam Sandy loam
Proximity to large water bodies (km) 21 14 26
Elevation (m.a.s.l.) 38 29 136
g;ﬂg]f}ﬁ/‘fﬁ)re(m‘;tion by phenological phase 96/111/148 136/144/175 104/131/335
Potentially net available water (mm)# 129 110 57
Previous land use Agriculture Peaches Grasslands
Vineyard age 20 19 12
Rootstock 3309 S04 SO4
Irrigation system No Yes Yes
Years with under-vine PLM5 1 10 1

Note: " Uruguayan viticulture region (RVR: Rioplatense, RVSU: Sierras del Uruguay). 2 According to USDA Soil Taxonomy(56), 3 BB-F
(from bud breaking to flowering), F-V (from flowering to veraison), V-H (from veraison to harvest). 4V/1 and V3 according to Molfino@!), V2
estimated by Coniberti and others(!?). 5 PLM: permanent living mulch.

Vines were trained to a vertical shoot positioning system with a planting density of approximately 1 m within
rows and 2.5, 2.8 and 2 m between rows in V1, V2 and V3, respectively. Vineyard V1 was not irrigated, while
in V2 and V3, the irrigation strategy aimed to avoid severe water stress until berries pea-sized stage (stage
31(22)), From then on, deficit irrigation (70% ETc) was applied for all treatments once the plants reached -0.7
MPa mid-day stem water potential (Wstem). To prevent Wstem from becoming more negative than -1.1 MPa
after a prolonged period of deficit irrigation, the amount of water the vines had consumed the previous week
was occasionally applied at 100% ETc.
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2.2 Under-Vine Soil Management

The three vineyards implemented two under-vine soil managements (U-VSM): bare sail by herbicide use (BS)
and permanent living mulch (PLM). The treatments were imposed in alternating rows in each vineyard. Within
each row with homogeneous management (BS or PLM), four plots with eight consecutive plants with similar
plant vigour were defined. In vineyards V1 and V3, PLM and BS were implemented in March 2020, while in V2
in2011.

The BS management consists of a 1.0 m-wide weed-free strip under the vine with a combination of herbicides:
3 applications of glyphosate (1L/ha) and one application of glufosinate-ammonium (3 L/ha) during grapevine
growing season. Herbicide sprays were separated by at least one and a half months before the soil sampling
date. PLM in vineyards V1 and V3 consisted of spontaneous vegetation characterized mainly by a mixture of
gramineous species, while in V2 it corresponds to a Festuca arundinacea (Schreb.) crop (“tall fescue”) estab-
lished in 2011 with a seeding rate of 60 kg/ha. In all cases, the alleys between the rows consisted of perma-
nent spontaneous vegetation mowed when necessary.

2.3 Soil Sampling

Soil samples were collected at harvest in March 2021 (phenological stage 38(22)). Eight composite bulk soil
samples were collected per vineyard, four from PLM plots and four from BS plots, totaling 24 samples. Each
composite sample consisted of 20 soil cores randomly collected with a soil core auger (2 cm diameter) at 0-
15 cm depth, mixed and homogenized by sieving with a 2 mm mesh (roots and stones previously removed by
hand) immediately after sampling. Then, the soil sample was split into subsamples for the different analyses.

2.4 Soil Biological and Physicochemical Property Analyses

Soil basal respiration (SR), autoclaved citrate-extractable soil protein (SP), and potentially oxidizable carbon
(PoxC) were assessed in bulk soil samples (0-15 cm depth)23). SR and SP were determined in air-dried soil,
while PoxC was measured in fresh soil stored at 4 °C until analysis. SR, used as a proxy for microbial activity,
was measured by incubating 20 g of sieved soil for 4 days at 21 °C in sealed jars containing a 0.5 M KOH CO,,
trap, with CO,, release estimated based on conductivity changes. SP, reflecting labile organic nitrogen, was ex-
tracted from 3 g of soil using sodium citrate buffer, autoclaved, and quantified via the BCA assay. PoxC, repre-
senting readily available organic carbon, was determined by oxidation with 0.2 M KMnO,, and absorbance was
measured at 550 nm to estimate carbon content. Air-dried bulk soil samples were analyzed at the Laboratorio de
Suelos y Plantas — INIA La Estanzuela (http.//www.inia.uy/productos-y-servicios/laboratorios/Laboratorio-de-
Suelos-Plantas-y-Agua) for electrical conductivity (EC, mmhos/cm 25 °C), pH (H20), Total N (%), soil organic
carbon - SOC (%), P Bray 1 (ug P/g), Ca (meqg/100g), Mg (meq/100g), K (meq/100g), and Na (meq/100g). Soil
bulk density (SBD) (2-7 cm depth) was determined by weighing the dry soil contained in a metal ring of known
volume(24),

Soil under-vine management effects on soil physicochemical and biological properties were analyzed using
linear models. In the case of the significance for Fisher test (Type Ill ANOVA), mean separation was per-
formed by computing the estimated marginal means. Statistical analyses were performed using R v4.0.4, with
the package’s stats, Ime4(), ImerTest8), performance(?”), emmeans(28), multcomp and multcompView(2),

2.5 Soil Microbial Community Analysis

Total community-DNA (TC-DNA) was extracted from 500 mg of frozen bulk soil (wet weight) stored at -20°C
with the Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, USA), using a Fast Prep-24-bead-
beating system, following the manufacturer's instructions. The integrity and concentration of TC-DNA were
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assessed by agarose gel electrophoresis and Nanodrop 2000 spectrophotometer (Invitrogen, USA), respec-
tively.

From 24 bulk soil samples, the microbiota was determined by amplicon sequencing using lllumina MiSeq (2 x
300 bp, paired/end) at Macrogen Inc. (Korea). For the prokaryotic communities, the 16S rRNA gene (V3-V4
region) was selected and amplified with primers 341F 5'-CCTACGGGNGGCWGCAG-3' and 805R 5'-
GACTACHVGGGTATCTAATCC-3'0), For the fungal communities, the ITS2 region was selected and ampli-
fied with primers 3F: 5'-GCATCGATGAAGAACGCAGC-3' and 4R: 5'-TCCTCCGCTTATTGATATGC-3'?1),

Raw sequence reads quality was evaluated using FastQC (https//www.bioinformatics.babraham.
ac.uk/projects/ffastqc/), and the subsequent analyses were performed in R v4.0.4 environment. The DADA2
v1.24.0 package(®? was used to filter and trim the reads, correct by error leaming, merge pairs and identify am-
plicon sequence variants (ASVs). Prokaryotic reads (16S) were trimmed after 250 bp while fungal (ITS2) reads
were trimmed after 280 bp and 250 bp for forward and reverse, respectively. Also, 16S and ITS2 reads with ex-
pected errors higher than 3 for forward and reverse reads were discarded. The remaining filters were used by
default. Reads were merged with a minimum overlap of 20 bp and a maxMismatch of 0. Chimeric sequences
were identified and removed. For the quality control, we focused on filtering rare ASVs based on prevalence.
First, we calculated the prevalence of each ASV across samples, added taxonomic information, and identified
low-represented phyla that could be false positives, which were subsequently removed. Non-microbial taxa, such
as chloroplasts and mitochondria, were also excluded. Taxa with a mean read count below a set threshold (1e-5)
or observed in fewer than 10% of samples were filtered out. Samples with fewer than 1000 reads were also dis-
carded, although no samples were removed in this case. Finally, a prevalence threshold of 5% was applied,
keeping only ASVs present in at least 5% of the samples. ASVs taxonomic assignment was realized against
reference training dataset SILVA v138.1 database®®) for prokaryotes and UNITE reference database
(sh_general_release_dynamic_s_10.05.2021) for fungi®®4). Classification and subsequent analyses were done
with Phyloseq v1.34.063),

Alpha diversity indexes (Shannon, Pielou's evenness, Species Richness) were estimated using Microbiome
v1.12.066), Permutational multivariate analysis of variance (Permanova) based on Bray-Curtis’s distance was
run with 10,000 permutations using Vegan v2.5.7(7) to test the effect of the vineyards with conventional man-
agement and the effect of U-VSM within each vineyard on the prokaryotic and fungal communities. Within the
same package, a pairwise multilevel comparison using adonis2 was performed to test for differences among
vineyards, and the analysis of multivariate homogeneity of group dispersions (variances) was done using be-
tadisper. A principal coordinate analysis (PCoA) based on Bray-curtis dissimilarity as the distance method was
performed to illustrate differences between the community's composition for prokaryotic and fungi separately.
All data visualizations were produced using the ggplot2 package v3.4.4(38),

To determine the core community across different vineyards for prokaryotes and fungi, the amp_venn function
from the ampvis2 package was employed®?). The analysis was grouped by the factor “vineyard” to investigate
shared and unique prokaryotic and fungal taxa among vineyards. A minimum relative abundance threshold
(cut_a) of 0.01% was set to ensure that only amplicon sequence variants (ASVs) present above this threshold
were considered in the analysis. Additionally, a frequency cutoff (cut_f) of 50% was applied, meaning that an
ASV must be present in at least 80% of the samples within each vineyard group to be included in the core
microbiota.

Differential abundance (DA) analysis was performed using the analysis of Compositions of Microbiomes with
Bias Correction (ANCOM-BC2) among vineyards and between U-VSM within V2 from package ANCOM-
BC(40),
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2.6 Accession Numbers

Unassembled raw amplicon data were submitted to the NCBI Sequence Read Archive (SRA,
https://www.ncbi.nlm.nih.gov/sra) and can be retrieved under BioProject accession number PRINA1032922.

3. Results

3.1 Diversity and Composition of Vineyard Microbiota Managed with Under-Vine Herbicide

A total of 1,487,685 and 1,547,636 reads were processed for the 16S and ITS2 datasets, respectively. Follow-
ing quality filtering, 6,722 prokaryotic ASVs and 3,661 fungal ASVs were identified. The sequencing depth was
enough to cover the microbial diversity, as a plateau was reached in the rarefaction curves (Figure S2 and
Figure S3, in Supplementary material).

The relative abundance profiling of prokaryotic communities was similar among vineyards, with Actinobacteriota
and Proteobacteria as the most abundant phyla (Figure S4 A, in Supplementary material). The relative abun-
dance profile of prokaryotic and fungal communities was similar among vineyards. The phyla Actinobacteriota
and Proteobacteria were the most abundant prokaryotes (Figure S4 A, in Supplementary material), and As-
comycota, followed by Basidiomycota and Mortierellomycota were the most abundant fungal phyla (Figure S4
B, in Supplementary material).

Alpha diversity indices (Observed ASVs and Shannon) revealed statistically significant differences among
vineyards, but only for prokaryotic communities (Figure 1 A and C). Vineyard V1 exhibited higher Observed
ASVs and Shannon diversity values compared to V3, while V2 did not differ significantly from either V1 or V3.
Vineyard identity accounted for 23% and 40% of the variation in beta diversity for prokaryotic (R? = 0.23, p =
0.001) and fungal communities (R? = 0.40, p = 0.001), respectively. However, no significant differences were
found between the three vineyards for either prokaryotic or fungal communities in the multilevel pairwise com-
parisons (Table 2, Pr (>F) > 0.05). Variances for both prokaryotic and fungal communities were homogenous
(Pr (>F) for prokaryotes = 0.609; Pr (>F) for fungi = 0.154). PCoA visualizations showed that, for both commu-
nities, V1 and V2 clustered together and separated from V3 (Figure 1 B and D).

The core microbiota —shared taxa— among vineyard soils was composed of 72 prokaryotic and 64 fungal ASVs
(Figure S5 A and B, in Supplementary material). The most represented taxa for prokaryotes were Xanthobac-
teraceae family (30 ASVs), from which the genus Bradyrhizobium accounted for 14 ASVs, while 16 ASVs
could not be identified at genus level. The most represented families in the fungal core include Nectriaceae (8
ASVs), Mortierellaceae (6 ASVs), Trichomeriaceae (3 ASVs), Didymellaceae (3 ASVs), Cucurbitariaceae (2
ASVs), Phaeosphaeriaceae (2 ASVs), Helotiales_fam_Incertae_sedis (2 ASVs), and Aspergillaceae (2 ASVs).
Additionally, 36 families were represented by a single ASV each. Several prokaryotic unique ASVs were identi-
fied for each vineyard (Figure S5 and Table $1, in Supplementary material). The most represented phylum for
V1 were Actinobacteriota (132 ASVs), followed by Proteobacteria (39 ASVs) and Acidobacteriota (23 ASVs);
for V2, Verrucomicrobiota (41 ASVs), followed by Actinobacteriota (36 ASVs), Proteobacteria (26 ASVs) and
Firmicutes (11 ASVs); and for V3, Proteobacteria (40 ASVs), Actinobacteriota (30 ASVs) and Firmicutes (22
ASVs). Regarding unique fungal ASVs (Figure S5 and Table S2, in Supplementary material), the most repre-
sented phylum for V1 were: Ascomycota (113 ASVs), followed by Basidiomycota (35 ASVs), Chytridiomycota
(11 ASVs) and Mortierellomycota (10 ASV); for V2, Ascomycota (132 ASVs), Basidiomycota (22 ASVs); and
for V3, Ascomycota (223 ASVs), Basidiomycota (53 ASVs), Chytridiomycota (15 ASVs), Mortierellomycota (14
ASVs) and Rozellomycota (13 ASVs).

Agrociencia Uruguay 2025;29:e1698 7
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Table 2. Permutational multivariate analysis of variance (Permanova), pairwise multilevel comparison among vineyards
and multivariate analysis of homogeneity of groups dispersion based on Bray-Curtis distance for prokaryotic and fungal

communities
Dataset Analysis Factor F. Model R? Pr(>F)
Permanova Vineyard 1.35 0.23 0.002*
pairs F. Model R2 p. adjusted
Pairwise multilevel V2 Vs V3 1.28 0.17 0.075
Prokaryotic comparison V2 vs V1 1.23 0.17 0.117
V3 vs V1 1.53 0.20 0.084
Homogeneity of groups F value Pr(>F)
groups dispersion  v/ineyards 0.52 0.6085
Dataset Analysis Factor F. Model R? Pr(>F)
Permanova Vineyard 3.05 0.40 0.002**
pairs F. Model R2 p. adjusted
Pairwise multilevel V2 Vs V3 2.95 0.33 0.06
Fungal comparison V2 vs V1 2.61 0.30 0.06
V3vs V1 3.79 0.38 0.09
Homogeneity of groups F value Pr(>F)
groups dispersion  v/ingyargs 2.32 0.154
Vineyards: V1 (Cuatro Piedras), V2 (Rincon del Colorado) and V3 (Garzon), Uruguay
A 000 a ° o —— B Prokaryotes Bray PCoA
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Figure 1. Alpha diversity indexes (Observed ASVs, Shannon) and Principal Coordinates Analysis based on Bray-Curtis

distance of prokaryotic (A-B) and fungal communities (C-D), respectively

Vineyards: V1 (Cuatro Piedras), V2 (Rincdn del Colorado) and V3 (Garzon), Uruguay.
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A few differentially abundant taxa, named responders, were detected for prokaryotic and fungal communities.
Rubrobacter was the only prokaryotic genus identified as differentially abundant among vineyards for prokary-
otic communities (Figure 2 A). The vineyard V3 had a lower abundance of Rubrobacter in comparison to V2
(g-value = 0.01), whilst among V1 and V2 no differences were found.

For fungal communities, 2 genera and 1 class were identified as differentially abundant between vineyards V3
and V1 and V2 (Figure 2 B). The vineyard V3 showed a higher abundance of genus Boeremia (g-value =
0.01) and a lower abundance of class Sordariomycetes (q-value = 0.02) and the genus Metarhizium (q-value =

0.03) in comparison to V2 (intercept).

A Differentially abundant prokaryotic taxa B Differentially abundant fungal taxa
among vineyards among vineyards
1 Vineyards Vineyards
Ifc_intercept (V2) 4 - [Jifc_intercept (V2)
) i Ifc_vineyard V1 Hifc_\v!neyard \'4
J_ Ifc_vineyard V3 ! Ifc_vineyard V3
0 2 . J_
g .
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c ]
] < :
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< o
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g o
L2 o2 2 l
- T 1
[ L]
-3 - . ‘ Genus:g_Boeremia
Genus:g_Rubrobacter Class: c_Sordariomycetes Genus:g_Metarhizium

Taxon Taxon

Figure 2. Differentially abundant taxa among vineyards: prokaryotic (A) and fungal (B)

Vineyards: V1 (Cuatro Piedras), V2 (Rincdn del Colorado) and V3 (Garzon), Uruguay.

3.2 Impact of Under-Vine Soil Management on Soil Microbiota and Properties in Vineyards

Analyses of the composition analyses of prokaryotic and fungal communities within vineyards revealed a sig-
nificant impact of U-VSM solely in V2, the vineyard with a 10-year implementation of PLM (Figure 3). Per-
manova demonstrated a significant effect of U-VSM on both prokaryotic (F = 1.23, R* = 0.15, Pr (>F) =
0.006***) and fungal communities (F = 2.7, R# = 0.27, Pr (>F) = 0.001***). The homogeneity of dispersion tests
ensured comparable variances within the prokaryotic (F = 0.7, Pr (>F) = 0.444) and fungal communities (F =
3.5, Pr (>F) = 0.112) across different U-VSM. PCoA visualization further supported these findings with more
pronounced separation for fungal communities (Figure 3 B and E).

In V2, three taxa were identified as key responders to soil management practices, for both prokaryotes and
fungi. Among the prokaryotic responders, the class Alphaproteobacteria and the family Micropepsaceae were
more abundant in BS, whereas the family Latescibacteraceae was prevalent in PLM. For fungi, the genera
Cladophialophora, Nigrospora, and Pseudopithomyces were more abundantin PLM (Figure 4).
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Figure 3. Principal Coordinates Analysis based on Bray-Curtis distance of prokaryotic (A-C) and fungal communities (D-
F) from vineyard soils with two under-vine soil management: Bare soil (BS) and PLM (permanent living mulch)

Vineyards: V1 (Cuatro Piedras), V2 (Rincon del Colorado) and V3 (Garzon), Uruguay.
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Vool

Regarding soil properties, soil respiration (SR), soil protein (SP), potentially oxidizable Carbon (PoxC) and soil
bulk density (SBD) were significantly different only for U-VSM in V2. Mean values for SR, SP, PoxC were 47%,
63% and 36% higher and SBD 20% lower in PLM than in BS (Table 3). P Bray, Mg, and Na content were also
affected by U-VSM, showing higher values under PLM in comparison to BS (Table 4), while texture variables
were not affected (Table S3, in Supplementary material).

Table 3. Soil biological and physical properties from vineyard soils with two under-vine soil management: bare soil (BS)
and permanent living mulch (PLM)

. — . . Potentially
. Under-vine soil  >0il Respiration — Soil Protein (ACE ;i1 carhon — Soil Bulk Density
Vineyard management (mg CO:/g dry Protein mg/g dry (mol MnO4 reduced (g/lcm?)
weight/day) weight) k! soi
g soil)
BS 0464 +0.05a 6.16+1.31a 0.05+0.01a 1.19+0.05a
V1
PLM 0.556 £ 0.05a 6.24+1.31a 0.05+0.01a 1.25+0.05a
BS 0.374+0.05a 6.29+1.31a 0.07+0.01a 1.17+0.05b
V2
PLM 0.701+£0.05b 16.73+1.31b 0.11+£0.01b 0.94+0.05a
BS 0.526 £ 0.05a 15.73+1.31a 0.07+0.01a 1.29+0.05a
V3
PLM 0.533+£0.05a 16.43+131a 0.08+0.01a 1.24+0.05a

Lower case letters in the columns indicate statistically significant differences (ANOVA, p < 0.05) between under-vine soil manage-
ment within vineyards. V1 (Cuatro Piedras), V2 (Rincdn del Colorado) and V3 (Garzon), Uruguay.

Table 4. Soil chemical properties from vineyard soils with two under-vine soil management: bare soil (BS) and perma-

nent living mulch (PLM)

Under-vine Soil

. . . P Bray Ca Mg K Na
Vineyard soil Organic pH N (%)
management  Carbon (%) (mgPlg) (meq/100g) (meq/100g) (meq/100g) (meq/100g)
BS 153+031 703+ 012+ 336+ 1485+264 262+032 039+0.07 0.10+0.06
a 017a 002a 666a a a a a
V1
PLM 1.71+031 695+ 014+ 352+ 1650+264 3.08+0.32 041+0.07 0.14+0.06
a 0.17a 0.02a 6.66 a a a a a
BS 213+£031 788+ 016+ 216+ 23.73+264 310+ 0.34+£0.07 0.87+0.06
a 0.17a 0.02a 6.66 a a 0.32a a a
V2
LM 26+ 7TA7T+ 021+ 444+ 20 + 415+ 048+0.07 1.07+0.06
0.31a 017a 002a 6.66b 2.64 a 0.32b a b
BS 245+031 695+ 017+ 265+ 6.08+264 198+0.32 0.34+0.07 0.06+0.06
a 017a 002a 666a a a a a
V3
PLM 264+031 68+ 021+ 209+ 483+264 175+032 0.39+0.07 0.03+£0.06
a 0.17a 0.02a 6.66 a a a a a

Lower case letters in the columns indicate statistically significant differences (ANOVA, p < 0.05) between under-vine soil

management within vineyards. V1 (Cuatro Piedras), V2 (Rincon del Colorado) and V3 (Garzén), Uruguay.
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4. Discussion

4.1 Soil Microbial Community Composition Shows Moderate Differences among Tannat Vineyards
under Conventional Herbicide Management

This work provides information on the impact of vineyard under-vine soil management on bulk soil microbiota.
The composition of the bulk soil prokaryotic and fungal communities did not exhibit significant differences be-
tween the studied vineyards, despite notable variations in cropping history, irrigation practices, altitude and soil
types (V3 vs V1 and V2). Although pairwise Permanova comparisons between vineyards did not remain signif-
icant after FDR correction, the global analysis indicated a significant effect of vineyard for both prokaryotic and
fungal communities. Furthermore, the Bray-Curtis PCoA visualization suggests that V3 is distinct from V1, and
especially from V2, which could reflect the differences mentioned above. These observations highlight that,
even with similar herbicide management under the vines, site-specific factors may contribute to shaping the
composition of the microbial community. Although our study was conducted in a limited geographical area with
vineyards sharing the same climatic classification (IHAS IFA2 ISA1)(20), previous research indicated that bio-
geographical soil patterns exert a strong influence on microbial diversity, which can vary between regions and
between vineyards“(1), The same land-use (Tannat vines) and uniform soil management (bare soil with herb-
icides) over at least ten years is likely to have resulted in the homogenization of soil microbial communities.
This phenomenon has been observed at global and regional scales, where monoculture-dominated land-
scapes reduce environmental heterogeneity, leading to homogenization of soil microbiome composition(“2),
The differential abundance analysis confirms these findings, with only a few taxa being differentially abundant
among vineyards. Despite some differences were observed, such as lower relative abundance of Rubrobacter
in V3 and higher abundance of Sordariomycetes and Metarhizium in V1, the ecological relevance of these taxa
remains uncertain. These groups are commonly found in soil, and their differential abundance may reflect mul-
tiple factors beyond soil composition alone, such as microclimatic conditions or historical land use. While V3
differs in certain soil properties (e.g. texture) compared to V1 and V2, no direct correlation analysis was per-
formed. Therefore, further research would be needed to clarify whether these taxa respond consistently to soil
characteristics or hold functional importance in vineyard ecosystems.

Beta diversity revealed only subtle differences among vineyards; a small core of prokaryotic taxa was found,
while fungal communities exhibited a larger core microbiota in terms of mean relative abundance. The relative-
ly small core suggests a high microbial diversity among less abundant taxa, which may be attributed to sub-
stantial intra-vineyard variability. The intra-vineyard variability of soil properties has been observed in other
Uruguayan vineyards within the same viticultural region as V1 and V2 (viticulture region: RVR). Particularly
those variables related to soil moisture (e.g. electrical conductivity and clay content), nutrient availability (e.g.
pH, calcium, magnesium, and potassium), and root development (e.g. sand content, sodium, and soil penetra-
tion resistance) have been identified as playing a critical role in the spatial differentiation of zones within a
vineyard“3).

In the present study, bulk soil microbiota or some differentially abundant taxa may not yet be considered a
reliable indicator to differentiate among vineyards. Nevertheless, further research involving a higher number of
vineyards may reveal more profound distinctions and contribute to the definition of viticultural zones including
information about microbial patterns. The potential of using microbiome data to differentiate vineyards has
recently been the subject of considerable interest, given the pivotal role played by the microbiota in shaping
the terroir and influencing grape and wine quality®)“).

4.2 Lasting Permanent Living Mulch Shaped the Soil Microbial Composition within the Vineyard

The most substantial effect of U-VSM on bulk soil microbiota and properties was observed in vineyard V2,
where PLM has been implemented for at least ten years. No differences in community composition and soil
properties were observed between soil managements in either V1 or V3 vineyards, which had undergone a
12 Agrociencia Uruguay 2025;29:e1698
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single year of implementation of PLM management. Our results suggest that soil microbiota and soil physical,
chemical and biological properties need time to evolve in order to detect differences between managements.

The use of permanent living mulches or cover crops in vineyard soils (under the vine and between rows) is an
alternative to the conventional management of spraying herbicides to avoid competition for water and nutrition(15).
Permanent living mulches provide several benefits, such as weed suppression, carbon sequestration, avoiding
erosion and nutrient leaching and soil health promotion('4), Little is known about how soil microbiota is impact-
ed by PLM in vineyards and how many years are needed to observe significant changes, besides these
changes may be different for prokaryotic and fungal communities. Soil microbiome is intricately linked with soil
structure®4), A stronger effect of geography has been suggested for bacterial community composition, while
fungi seem more responsive to soil management or land use(*%), especially when implementing tillage practic-
es, probably due to the mechanical disruption of hyphal networks(46). But also soil coverage strongly influences
soil temperature and water dynamics®?), and soil porosity and pore connectivity determine water availability
and oxygen flux, modulating soil microbiota“6)8). Furthermore, cover crops can influence microbial communi-
ties through diverse carbon inputs9), which microorganisms then degrade or employ as substrate for produc-
tion of soil-binding agents4). In our study, soil health indicators like SR, PoxC, SP and SBD suggested these
potential impacts on soil microbiota.

PLM showed a major abundance of family Latescibacteraceae, while BS was characterized by a major abun-
dance of Alphaproteobacteria and the family Micropepsaceae. In a previous study carried out in the same
vineyard (V2) at three different phenological stages, U-VSM also affected grapevine rhizosphere microbiota,
with several Alphaproteobacteria also identified as responders to herbicide use(8). The prevalence of Alphap-
roteobacteria in soils managed with herbicides can be attributed to a multitude of ecological and environmental
variables. The application of herbicides has the potential to disrupt plant-microbe interactions, reducing the
availability of plant-derived carbon sources(®?) and creating an environment conducive to the proliferation of
microorganisms adapted to survive in low-nutrient environments®'), like Alphaproteobacteria. This class is
renowned for a multitude of members with a pivotal role in nitrogen cycling®2, which can be vital in soils where
plant derived inputs, like root exudates or plant debris, are minimal.

The increased abundance of Cladophialophora, Nigrospora, and Pseudopithomyces in soil with PLM can be
attributed to several factors. Vines managed with PLM, as opposed to bare soil, support more complex eco-
system-level interactions where soil microbiota are influenced not only by root exudates from the vines but
also by the plant species that integrate the PLM®3). In our study, root exudates from tall fescue, a perennial
grass, provide a continuous and additional source of carbon and nutrients, promoting microbial growth and
creating favorable conditions for saprophytic fungi(®3(54). In addition to root exudates, the presence of plant
residues offers a substrate for fungal species involved in decomposition processes(®). Moreover, the en-
hanced soil structure (estimated by SBD) resulting from PLM is likely to provide a more conducive environment
for fungal growth than the more compact and nutrient-poor conditions observed in bare soil.

Given the variability of factors that influence the composition of soil microbiota, it is crucial to determine
whether the differentially abundant group for each management is consistent at different times (years of im-
plementation, seasons, phenological stages) and soil/rhizosphere and plant compartments (roots, leaves,
flowers and grapes) for the same vineyard and between vineyards with similar history of soil management
implementation. Once the genera or groups that are consistently promoted by a particular management have
been identified, further studies about their functional significance can be undertaken. By understanding the
unique or differentially abundant microbial taxa associated with specific soils and managements, we may gain
insights into how the soil microbiome contributes to the terroir concept, potentially impacting grape and wine
quality, enriching our understanding of terroir beyond traditional climatic and geographic parameters.
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5. Conclusions

Despite differences in crop history, irrigation practices, and soil types, continued herbicides use and bare soil
maintenance might have contributed to reducing variability in bulk soil microbiota composition across vine-
yards. Vineyards with more than ten years of PLM exhibited distinct microbial communities and improved soil
properties compared to BS, reinforcing the role of sustained management in shaping soil microbiota. Our find-
ings emphasize the need for long-term studies to capture microbial responses to soil management practices.
Additional research incorporating a wider range of vineyards could refine microbial-based indicators for viticul-
tural zoning, providing valuable insights into the microbial dimension of terroir and its implications for sustaina-
ble vineyard management.
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Figure $1. Geographical location of the three vineyards: V1- Cuatro Piedras (34° 62' S, 56° 28' W), V2- Rincén del Colo-
rado (34°44' S, 56°13' W) and V3- Garzon (34.57' S, 54.63 W), geographically separated as follows: V1-V2 9 km, V1-V3
152 km and V2-V3 158 km

Based on bioclimatic indices (Heliothermal, Dryness, and Cool Night), the three vineyards belong to the same climatic type: IHA3
IFA2 ISA1, all of them influenced by the Atlantic Ocean and the estuary of Rio de la Plata.
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Figure S2. Rarefaction curves of 16S rRNA (V3-V4) samples facet by Vineyard. Under-vine soil management in colors:
bare soil (BS): yellow, permanent living mulch (PLM): violet
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Figure S3. Rarefaction curves of ITS2 rRNA samples facet by Vineyard. Under-vine soil management in colors: bare soil
(BS): yellow, permanent living mulch (PLM): violet
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Figure S4. Relative abundance (%) of most abundant phyla per vineyard: A- prokaryotic, B- Fungal

Vineyards: V1- Cuatro Piedras, V2- Rincon del Colorado and V3- Garzén, Uruguay.
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A B
Prokaryotic core Vi v2 Fungal core vi v2
174
(6.6%)
30
(1.1%)
128 339
(3.7%) (9.1%)
Non-core: Non-core:
V3 6196 (74.6%) V3 2746 (15.1%)
CORE ASVs: CORE ASVs:

Family Xanthobacteraceae includes the genera Bradyrhizobium (14 ASVs)
and unidentified genera (16 ASVs).

Family Micrococcaceae includes the genus Pseudarthrobacter (16 ASVs).
Family Nitrospiraceae includes the genus Nitrospira (6 ASVs).

Family Bacillaceae includes the genus Bacillus (8 ASVs)

and unidentified genera (1 ASV).

Unidentified at the genus level: class Bacilli (2 ASVs), class KD4-96 (3 ASVs),
and class Thermoleophilia (6 ASVs)."

The most abundant families include Nectriaceae (8 ASVs),
Mortierellaceae (6 ASVs), Trichomeriaceae (3 ASVs), Didymellaceae (3
ASVs), Cucurbitariaceae (2 ASVs), Phacosphaeriaceae (2
ASVs),Helotiales_fam_Incertae_sedis (2 ASVs), and Aspergillaceae (2
ASVs). Additionally, 36 families are represented by a single ASV each.

Core microbiata: number of ASWs shared by vineyards with a minimum relative abundance of 0.01% and present in at least 50% of samples per vineyard,
The average abundance of the ASVs in a particular group are shown in brackets.

Figure S5. Venn diagram showing the core microbiota and unique ASVs of soil prokaryotic (A) and fungal communities (B)

Average abundance of the ASVs in a particular group is shown in brackets. Vineyards: V1 (Cuatro Piedras), V2 (Rincén del
Colorado) and V3 (Garzon), Uruguay.
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Table S1. Unique prokaryotic ASVs classified by genus (maximum level reached in the taxonomic assignment) and

phylum by vineyard
Vineyard Species Phylum
NA, Microlunatus, Lapillicoccus, Kribbella, llumatobacter, Haliangium,
Pseudonocardia, Gaiella, RB41, Knoellia, Skermanella, Microvirga, Actinobacteriota
Ellin6067, Rubrobacter, Nocardioides, Bacillus, Dongia, Streptomyces, . ’
; , o ! Gemmatimonadota,
Povalibacter, Archangium, Phaselicystis, Mycobacterium, - .
, . Methylomirabilota, Chloroflexi,
Sphingomonas, Reyranella, Steroidobacter, Pseudolabrys, ; :
-y ) L Acidobacteriota, Myxococcota,
Virgisporangium, Aeromicrobium, Tychonema CCAP 1459-11B, S
V1 ; ) . Proteobacteria, Firmicutes,
Psychroglaciecola, Dactylosporangium, Labrys, Methylosinus, Cvanobacteria
Geodermatophilus, Microcoleus SAG 1449-1a, Aridibacter, Candidatus Ver?ucomicrobio”[a
Udaeobacter, Flavisolibacter, Blastococcus, Actinocorallia, Latescibacterota Bacteré)i dota
Rhodanobacter, Marmoricola, Solirubrobacter, Parafilimonas, PIanctom, cetota '
Gemmatimonas, Methylobacterium-Methylorubrum, Trichocoleus SAG y
26,92, Umezawaea, Ellin6055, Lysobacter, mle1-7, Bryobacter
NA, Bryobacter, Sphingomonas, Pseudolabrys, Gaiella, Reyranella, thoroflex!, Actmobacterlota.,
L ; " ! ) ; Acidobacteriota, Proteobacteria,
Virgisporangium, Acidibacter, Kribbella, Pirellula, Dongia, Lysobacter, o
: . . . Methylomirabilota,
Acidothermus, Pseudaminobacter, Bacillus, Candidatus Udaeobacter, .
V2 Planctomycetota, Bacteroidota,

Nocardioides, MND1, Mycobacterium, Novosphingobium,
Steroidobacter, Rhodomicrobium, Pedomicrobium, Candidatus
Protochlamydia

Firmicutes, Verrucomicrobiota,
Entotheonellaeota,
Latescibacterota

V3

NA, llumatobacter, Nocardioides, Streptomyces, Steroidobacter, Gaiella,
Dongia, Sphingomonas, Mycobacterium, Pedomicrobium, Blastococcus,

Pir4 lineage, Candidatus Udaeobacter, Bacillus, Candidatus
Xiphinematobacter, Nitrospira, Pseudarthrobacter

Chloroflexi, Actinobacteriota,
RCP2-54, Bacteroidota,
Acidobacteriota, Proteobacteria,
Firmicutes, Planctomycetota,
Verrucomicrobiota, Nitrospirota

Vineyards: V1- Cuatro Piedras, V2- Rincon del Colorado and V3- Garzén, Uruguay, South America. NA means not classified at

22

genus level.
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Table S2. Unique fungal ASVs classified by genus, species (maximum level reached in the taxonomic assignment) and

phylum by vineyard
Vineyard Species Phylum
g__ Calyptella s__capula, g__Mucor s__genevensis, g__Coniella, NA, g__lodophanus,
g__Articulospora s__proliferata, g__Thanatephorus s__cucumeris, g__Mycenella,

g__Vishniacozyma s__victoriae, g__Talaromyces, g__Gibberella s__tricincta, g__Cadophora
s__luteo-olivacea, g__Mortierella s__elongata, g__Flagelloscypha, g__Fusarium s__asiaticum,
g__Clitopilus, g__Schizothecium, g__Neodevriesia s__capensis, g__Arxiella, g__Penicillium,
g__Knufia s__tsunedae, g__Leohumicola, g__Alternaria, g__Tetracladium s__marchalianum,
g__Penicillium s__miczynskii, g__Setophoma s__terrestris, g__Lophiotrema s__rubi,
g__Gibberella s__nygamai, g__Terfezia, g__Paraphaeosphaeria s__angularis, g__Calvatia,
g__Podospora s__decidua, g__Schizothecium s__glutinans, g__Diplodia, g__Sclerostagonospora,
g__Byssonectria s__fusispora, g__Trichoderma s__brevicompactum, g__Lycoperdon s__pratense,
g__Neosetophoma, g__Mortierella s__gamsii, g__Metarhizium s__marquandii, g__Efibulobasidium
s__albescens, g__Rhizophlyctis s__rosea, g__Pyrenochaetopsis s__leptospora, g__Trichoderma
s__virens, g__Vishniacozyma s__foliicola, g__Pseudallescheria s__fusoidea, g__Phaeosphaeria
VA S__acaciae, g__Mortierella, g__Lipomyces s__tetrasporus, g__Leucoagaricus s__leucothites, o Mortierellomycota
g__Coprinellus s__domesticus, g__Ceratobasidium, g__Arthrocladium, g__Fusarium s__poae, S Chvtridiom }éota ’
g__Exophiala, g__Phaeosphaeria, g__Peniophora, g__Atractiella s__solani, g__Knufia, P— R y I y i ’
g__Scedosporium s__dehoogii, g__Hydropisphaera s__bambusicola, g__Ciliophora, p_K.OE)? lcl)myco ?’
g__Setosphaeria s__pedicellata, g__Spizellomyces s__dolichospermus, g__Ochroconis, p_fickxeliomycota
g__Pyrenochaeta s__inflorescentiae, g__Cystofilobasidium s__macerans, g__Ascobolus,
g__Triscelophorus, g__Nigrospora s__musae, g__Chaetomium s__afropilosum,
g__Cyphellophora, g__Pseudallescheria s__boydii, g__Ochroconis s__robusta, g__Monographella
s__nivalis, g__Aspergillus s__muricatus, g__Gibberella, g__Udeniomyces s__pyricola,
g__Mortierella s__alpina, g__Keissleriella s__rosarum, g__Ascobolus s__crenulatus,
9__Plenodomus s__biglobosus, g__Neoascochyta s__paspali, g__Curvularia, g__Tetracladium
s__furcatum, g__Niesslia s__indica, g__Chaetomium, g__Entoloma s__calongei, g__Vermispora
s__spermatophaga, g__Oliveonia, g__Spizellomyces, g__Lamprospora, g__Occultifur,
g__Dactylella, g__Preussia s__terricola, g__Ramicandelaber, g__ltersonilia s__perplexans,
g__Vishniacozyma s__tephrensis, g__Thelonectria s__mammoidea, g__Metarhizium s__carneum
g__Alternaria s__betae-kenyensis, g__Fusarium s__oxysporum, g__Arthroderma s__curreyi, NA,
g__Schizothecium s__dakotense, g__Ruhlandiella, g__Fusarium, g__Aspergillus,
g__Trichocladium s__pyriforme, g__Clitopilus, g__Oedocephalum, g__Dendrosporium
s__lobatum, g__Arthrobotrys, g__Descomyces, g__Staphylotrichum s__boninense, g__Lipomyces
s__tetrasporus, g__Chaetomium s__angustispirale, g__Sigarispora s__scrophulariae,
g__Bartalinia, g__Crocicreas, g__Coniochaeta, g__Acrophialophora, g__Tomentella s__pilosa,
g__Clohesyomyces s__aquaticus, g__Phialophora s__livistonae, g__Aspergillus s__terreus,
g__Chaetomium, g__Clavaria, g__Fusarium s__solani, g__Periconia, g__Idriella,
g__Schizothecium, g__Rhizophlyctis s__rosea, g__Paraphoma s__radicina, g__Leptodiscella
s__africana, g__Paracladophialophora s__carceris, g__Mortierella s__capitata, g__Clonostachys,
g__Mucor s__gigasporus, g__Veronaea, g__Neophaeosphaeria, g__Spiromastix, g__Acremonium
s__persicinum, g__Aspergillus s__carneus, g__Oliveonia s__pauxilla, g__Ochroconis,
g__Devriesia s__pseudoamericana, g__Phaeoacremonium s__iranianum, g__Dichotomopilus,
g__Dactylellina, g__Daldinia, g__Glomus s__microcarpum, g__Delitschia s__chaetomioides,
V2 g__Poaceascoma s__helicoides, g__Didymosphaeria, g__Phylliscum, g__Psathyrella
s__candolleana, g__Mortierella, g__Pseudogymnoascus s__appendiculatus, g__Lecanicillium
S__saksenae, g__Talaromyces s__yelensis, g__Tomentella, g__Glutinoagger s__fibulatus, Glomeromveota
g__Ustilago s__xerochloae, g__Talaromyces s__ucrainicus, g__Terfezia, g__Geniculospora p_BI tocladi y t,
s__grandis, g__Circinella s__lacrymispora, g__Magnaporthiopsis, g__Exophiala s__cancerae, p_Bastociadiomycota,
g__Fusidium s__griseum, g__Trichoderma s__lixii, g__Aspergillus s__sparsus, g__Hanseniaspora

p__Kickxellomycota
S__uvarum, g__Botryosphaeria, g__Ciliophora, g__Devriesia s__americana, g__Fusarium

s__algeriense, g__Cladosporium s__sphaerospermum, g__Neobulgaria s__pura,
g__Microdochiella s__fusarioides, g__Septoglomus, g__Achroiostachys s__betulicola,
9__Lophiostoma, g__Entoloma, g__Exserohilum s__rostratum, g__Magnaporthe,
g__Neodactylaria, g__Metarhizium, g__Phaeodothis, g__Spiromastix s__warcupii, g__Agaricus
s__deserticola, g__Mortierella s__beljakovae, g__Abortiporus s__biennis, g__Nectria s__diminuta,
g__Schizothecium s__fimbriatum, g__Tetrapisispora s__fleetii, g__Spizellomyces
s__dolichospermus, g__Sclerogaster, g__Curvularia, g__Ustilago s__nunavutica, g__Orbilia,
g__Kochiomyces, g__Cunninghamella s__blakesleeana, g__Vaginatispora s__nypae,
g__Aspergillus s__heterocaryoticus

p__Basidiomycota,
p__Mucoromycota,
p__Ascomycota,

p__Ascomycota,
p__Basidiomycota,
p__Rozellomycota,
p__Chytridiomycota,
p__Mortierellomycota,
p__Mucoromycota,
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g__Truncatella s__angustata, NA, g__Talaromyces s__flavus, g__Papiliotrema s__terrestris,
g__Fibulochlamys s__chilensis, g__Knufia s__perforans, g__Articulospora s__proliferata,
g__Fusarium s__biseptatum, g__Paracladophialophora, g__Bartalinia, g__Mortierella,
g__Setophaeosphaeria s__hemerocallidis, g__Dactylonectria s__ecuadoriensis,
g__Keissleriella, g__Antennariella s__placitae, g__Trichoderma, g__Mortierella s__minutissima,
g__Ramophialophora s__humicola, g__Chloridium s__aseptatum, g__Minimedusa
s__polyspora, g__Pichia s__terricola, g__Agrocybe, g__Entoloma, g__Cylindrocarpon,
g__Lectera s__longa, g__Geastrum s__lageniforme, g__Saitozyma s__podzolica,
g__Gongronella, g__Mortierella s__elongata, g__Stachybotrys s__limonispora, g__Gongronella
s__butleri, g__Acremonium s__spinosum, g__Thanatephorus s__cucumeris, g__Torula
s__hollandica, g__Tulostoma, g__Coniochaeta, g__Teichospora s__thailandica, g__Mortierella
s__fluviae, g__Aspergillus s__awamori, g__Fusicolla s__violacea, g__Alternaria,
g__Chaetosphaeria, g__Pyxidiophora s__microspora, g__Pyrenochaeta, g__Pseudeurotium,
g__Serendipita, g__Mortierella s__amoeboidea, g__Apseudocercosporella s__trigonotidis,
g__Preussia, g__Trichoderma s__brevicompactum, g__Polyschema, g__Rhizophlyctis
S__rosea, g__Pestalotiopsis s__trachicarpicola, g__Fusarium, g__Diaporthe, g__Tetracladium,
g__Samsoniella s__hepiali, g__Dichotomopilus, g__Absidia s__koreana, g__llyonectria
s__mors-panacis, g__Cercophora s__coronata, g__Leucosporidium s__fragarium,
g__Myrothecium s__cinctum, g__Clarireedia s__bennettii, g__Holocotylon s__brandegeeanum,
g__Knufia, g__Cunninghamella, g__Ochroconis s__tshawytschae, g__Psathyrella
s__luteopallida, g__Pyrenochaeta s__inflorescentiae, g__Chaetomium, g__Clitopilus,
g__Lepiota s__helveola, g__Polyschema s__sclerotigenum, g__Tetracladium s__marchalianum,
g__Veronaeopsis s__simplex, g__Calycina s__vulgaris, g__Ramophialophora s__vesiculosa,
g__Acrocalymma s__fici, g__Pseudocoleophoma s__bauhiniae, g__Dendryphion
s__fluminicola, g__Curvularia, g__Diplodia s__pseudoseriata, g__Acremonium s__furcatum,
g__Absidia, g__Gliomastix s__roseogrisea, g__Chrysosporium s__lobatum, g__Preussia
s__persica, g__Solicoccozyma, g__Mortierella s__alpina, g__Fusarium s__delphinoides,
g__Schizothecium, g__Oidiodendron, g__Talaromyces s__luteus, g__Coniochaeta
V3 s__verticillata, g__Cyphellophora s__oxyspora, g__Xylaria, g__Penicillium s__sacculum,
g__Preussia s__tenerifae, g__Angustimassarina s__premilcurensis, g__Cyphellophora
s__fusarioides, g__Periconia s__lateralis, g__Tomentella, g__Pteridiospora, g__Colletotrichum
s__circinans, g__Monocillium s__mucidum, g__Lecanicillium s__saksenae, g__Humicola
s__sardiniae, __Melanoleuca s__griseobrunnea, g__Mortierella s__beljakovae, g__Lipomyces
s__starkeyi, g__Exophiala, g__Thysanorea, g__Entrophospora s__infrequens,
g__Heterophoma, g__Mariannaea, g__Aspergillus s__inflatus, g__Chaetomium s__strumarium,
g__Leucoagaricus s__rubroconfusus, g__Scolecobasidium s__constrictum,
g__Phialemoniopsis, g__Olpidium s__brassicae, g__Talaromyces, g__Metarhizium
s__carneum, g__Rhizoctonia s__bicornis, g__Trichocladium s__pyriforme, g__Scytalidium
s__aurantiacum, g__Papiliotrema s__laurentii, g__Bullera s__unica, g__Ganoderma,
g__Bovista, g__Pithomyces s__valparadisiacus, g__Mycoleptodiscus, g__Byssonectria,
g__Clathrus s__archeri, g__Pyxidiophora s__arvernensis, g__Entorrhiza, g__Phaeomoniella,
g__Claroideoglomus s__claroideum, g__Xylaria s__oligotoma, g__Spizellomyces,
g__Penicillium s__osmophilum, g__Cercophora s__thailandica, g__Scytalidium,
g__Paracladophialophora s__carceris, g__Geastrum, g__Kalmusia s__variispora,
g__Allophaeosphaeria s__cytisi, g__Coniochaeta s__canina, g__Sakaguchia s__meli,
g__Cladophialophora, g__Paracylindrocarpon s__aloicola, g__Corynascus s__citrinus,
g__Hannaella s__oryzae, g__Myrothecium s__inundatum, g__Ramicandelaber, g__Veronaea,
g__Metapochonia s__goniodes, g__Eutypella s__citricola, g__Exophiala s__brunnea,
g__Operculomyces s__laminatus, g__Epicoccum, g__Pyrenophora s__chaetomioides,
g__Lasiobolidium s__spirale, g__Fusicolla s__acetilerea, g__Thermomyces s__lanuginosus,
g__Clonostachys, g__Cistella, g__Nigrospora, g__Paracremonium, g__Vishniacozyma
s__dimennae, g__Hirsutella, g__Helicosporium s__aquaticum, g__Arcuadendron s__ovatum,
g__Conocybe s__fuscimarginata, g__Ciliophora, g__Ochroconis s__bacilliformis,
g__Holtermanniella s__takashimae, g__Phaeomoniella s__chlamydospora, g__Hypholoma
s__fasciculare, g__Myrmecridium, g__Dictyosporella, g__Pezicula s__melanigena,
g__Metarhizium s__marquandii, g__Spizellomyces s__dolichospermus, g__Acrocalymma,
g__Conlarium, g__Trichoderma s__aurantioeffusum, g__Parasola s__lilatincta

p__Ascomycota,
p__Basidiomycota,
p__Mortierellomycota,
p__Rozellomycota,
p__Mucoromycota,
p__Chytridiomycota,
p__Kickxellomycota,
p__Glomeromycota,
p__Olpidiomycota,
p__Entorrhizomycota

Vineyards: V1- Cuatro Piedras, V2- Rincon del Colorado and V3- Garzon, Uruguay, South America. NA means not classified at
genus level.
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Table S3. Soil physical properties for the two under-vine soil management within vineyards. Soil under-vine manage-

ment: bare soil (BS) and permanent living mulch (PLM)

Vineyard  Under-vine soil management Clay (%) Silt (%) Sand-coarse (%) Sand-fine (%)
BS 16.13+42a 67.1+548a 398+1.7a 128+1.09a
v PLM 21.39+4.2a 62.5+548a 531+1.7a 10.8+1.09a
BS 9.06 +2.14 a* 64.2+55a* 8.61+4.24 a* 18.1+£0.9a*
V2 PLM 124+ 1.66a 60.7+4.26a 6.74+3.28a 202+0.7a
BS 3+1.09a 241+175a 5846+ 14a 144+0.35a
v PLM 153+1.09a 271+1.75a 55.7+14a 15.7+£0.35a

Lower case letters in the columns indicate statistically significant differences (ANOVA, p < 0.05) between under-vine soil

management within vineyards. V1 (Cuatro Piedras), V2 (Rincon del Colorado) and V3 (Garzén). *The values for clay, silt, and sand
fractions for BS in V2 are based on measurements from three samples instead of four, as one sample showed significantly divergent
values, likely due to an analytical error.
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