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Abstract

Soil microbiomes, as a primary reservoir for plant colonizing fungi and bacteria, play a major

role in determining plant productivity and preventing invasion by pathogenic microorgan-

isms. The use of 16S rRNA and ITS high-throughput amplicon sequencing for analysis of

complex microbial communities have increased dramatically in recent years, establishing

links between wine specificity and, environmental and viticultural factors, which are framed

into the elusive terroir concept. Given the diverse and complex role these factors play on

microbial soil structuring of agricultural crops, the main aim of this study is to evaluate how

external factors, such as vintage, vineyard location, cultivar and soil characteristics, may

affect the diversity of the microbial communities present. Additionally, we aim to compare

the influence these factors have on the structuring of bacterial and fungal populations asso-

ciated with Malbec grapevine rhizosphere with that of the more widespread Cabernet Sauvi-

gnon grapevine cultivar. Samples were taken from Malbec and Cabernet Sauvignon

cultivars from two different vineyards in the San Juan Province of Argentina. Total DNA

extracts from the rhizosphere soil samples were sequenced using Illumina’s Miseq technol-

ogy, targeting the V3-V4 hypervariable 16S rRNA region in prokaryotes and the ITS1 region

in yeasts. The major bacterial taxa identified were Proteobacteria, Bacteroidetes and Firmi-

cutes, while the major fungal taxa were Ascomycetes, Basidiomycetes, Mortierellomycetes

and a low percentage of Glomeromycetes. Significant differences in microbial community

composition were found between vintages and vineyard locations, whose soils showed vari-

ances in pH, organic matter, and content of carbon, nitrogen, and absorbable phosphorus.
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Introduction

Plant-microbe interactions are both dynamic and complex in terms of beneficial and deleteri-

ous associations, which play a key role in plant growth, tolerance against stresses, nutrition,

productivity and product quality [1]. It has been suggested that vineyard soils impart a unique

quality to the grapes and wine due to physiological responses of vines to soil type, topography

and climatic conditions, in addition to the agricultural practices implemented [2, 3]. Plant

roots are colonized by a subset of organisms from the soil microbiome creating rhizosphere

and endosphere communities enriched with specific species [4].

In previous studies, distinct bacterial and fungal communities were found to be associated

with vineyard soils, roots, trunks [5, 6], leaves [7], grapes, flowers and grape musts [1, 3, 8].

However, the effects of these communities on grape metabolism are not yet well known. Dif-

ferences between microbial populations in the grapevine phyllosphere have been attributed to

grapevine genotype [9], which in interaction with the geographical area, climatic factors, vine

and grape health, lead to the concept of microbial terroir [10]. This concept has been rein-

forced at a phenotype-metabolome level by works from Knight et al. [11], Bokulich et al. [12]

and Belda et al. [13]. Zarraonaindia et al. [3] have shown evidence that structure of microbial

communities may be more similar between grapes and must samples, suggesting that commu-

nities present on grapes, prior to fermentation, remains relatively stable. These authors further

showed that soil serves as a key source of grapevine-associated microbes, and that the edaphic

factor plus the particular vineyard characteristics may influence the pre-harvest native root

microbiome.

Vega-Avila et al. [14] found that certain vineyard agricultural practices altering the avail-

ability of organic matter and soil nutrients affected the structure of the soil microbial commu-

nity. Additionally, Marasco et al. [15] showed that changes in the rootstock genotype could

affect the grapevine root systems and its associated microbiome. Grapevine-associated micro-

bial communities may play specific roles in the productivity and disease resistance of their

host plant. Also, microbial communities have the potential to influence the wine organoleptic

properties, contributing to a regional terroir [16, 17]. The knowledge of factors influencing the

structure of these microbiomes may provide insights into vineyard agricultural practices to

shape and craft particular wine properties.

Worldwide, Argentina occupied eighth place in grapevine surface and fifth place in wine

production in 2018 according to the OIV [18]. The main producing areas are Mendoza and

San Juan Provinces [19]. So far, there have been few studies on the diversity of microbial com-

munities associated with Argentine vineyards performed with 16S rRNA gene high-through-

put amplicon sequencing [14]. Previous studies have shown that nutrient availability has an

important effect on soil microbial composition [20, 21]. However, much is still to be revealed

regarding how different soil nutrients affect the composition of microbial communities, plant

health and plant-microbe interactions. Additionally, the constantly changing external condi-

tions, e.g. agricultural practices, topography, climate, etc., have been shown to influence the

restructuring of microbiomes and consequently, soil fertility, plant health and crop quality.

Although the taxonomic diversity analysis by itself is not informative regarding the metabolic

functioning of microbial communities, a shift in its composition is considered a clear sign of

community restructuring [22], which may reflect a functional modification [23] and impact

the overall plant microbiome, producing an effect on the resulting wine [24].

In this study, we characterized the bacterial and fungal communities associated with the

rhizosphere of two different grapevine cultivars, Malbec and Cabernet Sauvignon. Amplicons

of two gene markers, 16S rRNA and ITS1, were used in order to identify if soil, cultivar and/or

different vintages can be strong influential factors in shaping the microbial niches of the
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rhizosphere microbial communities present in vineyards from the Ullum Valley of San Juan,

Argentina. With this purpose, we examined the soil physical and chemical composition of two

Malbec and two Cabernet Sauvignon cultivars located in two different vineyards, seven days

prior to the harvest periods of 2015, 2016 and 2017. To our knowledge, Vega Avila et al. [14] is

the first and only microbial terroir study so far, in any Argentinian wine-region, where bacte-

rial metabarcoding was the only analyzed data. Therefore, this research’s outcome will allow a

better understanding of the bacterial and fungal ecology of vineyards in Argentina, prompting

an improvement of this country’s agricultural practices, health of vines and wine quality.

Materials and methods

Sample collection

The permit to work on site came directly from the Ansilta vineyard and winery owner, H.J.V.

Vignoli. Soil and root samples came from two vineyards located in the Ullum Valley of San

Juan Province, Argentina, 6 km from each other: Finca Norte (FN) (S 31˚ 27.114’W 068˚

42.523’, 780 m above sea level) and Finca Arriba (FA) (S 31˚ 28.407’W 068˚ 45.486’, 800 m

above sea level). Grapevines of Malbec (MA) and Cabernet Sauvignon (CS) cultivars were

grown at both vineyards, in which a total of four plots were sampled. The vines were 26 years

old with 1.5 m distances between vineyard rows, and 1 m distance in between the vines that

were confined to each row. None of the grapevine cultivars were grafted and all where trained

in a pergola system, with the exception of the Malbec vineyard from Finca Norte (FNMA),

which was trained in a vertical shoot position. Also, according to the information provided, all

sampled plots were subjected to similar conventional agricultural practices, e.g. same furrow

irrigation practice, machinery and crop management.

Sampling was done a week before the harvest period in the years 2015, 2016 and 2017. Soil

and root samples were collected in each vineyard at 30 cm depth, and at 20–30 cm distance

from vine trunks. The study included 9 sampled vines per plot, covering a 49 m2 area, placed

at least 7 m away from the plot edge. Samples were kept in sterile containers, transported on

ice, and stored at −20˚C until analysis. The nine samples were pooled in three biological repli-

cates (S1 Fig).

Determination of soil physicochemical characteristics

Soil samples were sent to the Centro Nacional de Investigaciones Agropecuarias

(CNIA-INTA) (Buenos Aires, Argentina) for physicochemical analysis. Soil samples were first

dried at 40˚C, and then dissociated and sieved, according to pre-treatment soil standards (ISO

11464—Soil quality. Pretreatment of samples for physico-chemical analysis) [25].

The pH was measured with the potentiometric method with distilled water at a relationship

of 1: 2.5 (ISO 10694—Soil quality determination of pH norms). The organic carbon was evalu-

ated by a strong oxidizing microscale mixture [26], organic material by a mass loss calcination

method [27], and organic nitrogen through the Kjeldahl method [28]. To determine soil phos-

phorus content, the method by Bray & Kurtz (1945) [29] was applied, and soil texture was ana-

lyzed according to Kilmer et al. (1949) [30]. To establish the soil type in each vineyard,

acquired lime, sand and clay content were determined, using the USDA soil texture diagram.

Rhizosphere sample preparation and DNA extraction

The rhizosphere soil was carefully removed from the roots and collected with a sterile metal

spoon; scalpels were used to carefully rub off the adhering soil. Rhizosphere soil samples were

later sieved to eliminate remaining roots and plant debris (pore size 0.5 mm). DNA extractions
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were performed from 0.4 g of rhizosphere soil, using the FastDNA Spin Kit for Soil (MP Bio-

medicals, LLC, Solon, OH, USA), following the supplier’s instructions. The extracted DNA

was quantified with a Qubit1 2.0 Fluorometer (Thermo Scientific™). DNA purity was assessed

using a Nanodrop spectrophotometer, and determining the absorbance ratios 260/280 nm,

and 260/230 nm.

Library preparation and sequencing

The bacterial diversity was analyzed by amplifying the hypervariable V3-V4 region of the 16S

rRNA gene, with primers 341F and 806R [31, 32]. The fungal diversity was analyzed using the

primers ITS1 and ITS2 according to [5]. Library preparations for Illumina sequencing were

performed with a double PCR-step approach, according to Gobbi et al. [32] for 16S rRNA

gene and Gobbi et al. [7] for ITS. Sequencing was performed on Illumina’s MiSeq platform

using the V2 500 cycles reagent kit.

Bioinformatics and statistical analysis

Illumina reads were demultiplexed using bcl2fastq V.2.17.1.14 (Illumina). Adapters were

trimmed with Trim Galore v0.4 https://github.com/FelixKrueger/TrimGalore.git running

cutadapt v1.8.3 [33] and primer sequences were deleted from the 5’ ends of each read using the

custom script (https://github.com/padbr/asat/blob/master/strip_degen_primer.py). Trimmed

reads were processed according to the Uparse pipeline [34] using Usearch v.10.0.240

i86linux64 with the following differences: i) quality filtering and trimming were performed

using usearch–fastq_filter–maxee 1.0 [35], ii) merged reads for 16S rRNA which are outside of

the range of 373 bp to 453 bp were discarded and iii) Operational Taxonomic Unit (OTU)

clustering was performed using Unoise3. OTU tables were built using the otutab function of

Usearch. Samples with less than 5000 reads mapped onto OTUs were discarded. Taxonomy

assignment was done using the sintax function [36] of Usearch with the Ribosomal Database

Project (RDP) reference 16S Training Set v.16 for prokaryotes and UNITE v7.2 Version

01.12.2017 for fungi. The OTUs assigned to chloroplasts and mitochondria were filtered out,

after which, OTUs having less than 0.5% relative abundance in at least one sample were

rejected. The OTU trees were built using the cluster_agg [37] function of Usearch.

The Rhea pipeline [38] was used to characterize and compare the microbial communities,

and is the source of α-diversity measures, non-metric multidimensional scaling (nMDS) clus-

tering based on generalized UniFrac distances (β-diversity), statistical comparisons of OTU

abundances and diversity, and non-parametric correlation analyses. The generalized UniFrac

distance was preferred to the Bray-Curtis for its consideration of the genetic distance between

the community members (OTUs) in each sample with the members in the other samples.

Additionally, the generalized Unifrac has the power to detect abundance changes in moder-

ately abundant lineages, and detect those which are rare and/or highly abundant. The balanced

Unifrac version, which was proposed by Chen et al., 2012, is helpful in stabilizing distances

between samples as the sampling depth increases, and is thus less likely to miss out important

data than its other more commonly used Unifrac distance counterparts.

Statistical significance was defined as p� 0.05 and only significant p values are shown.

Additionally, the data was analyzed with Qiime 2 2017.9 [39] and PAST v.3 [40]. To determine

the significant presence of structures or groupings in the beta diversity data, the nonparametric

PERMANOVA test [41] was used, with 999 permutations. To relate environmental variables

with the relative abundance of identified species, a Canonical Correspondence Analysis (CCA)

[42] was used. For the analysis of the microbial profile, the α community richness and diversity

(Shannon index) were analyzed using the non-parametric Kruskal-Wallis test for three or
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more group comparisons, and the post hoc pairwise comparisons test using the nonparametric

Mann–Whitney with Bonferroni adjustment to evaluate differences between two groups. To

determine the significance of the division into groups of multivariate analyses, a PERMA-

NOVA analysis was implemented [38, 41] with the VEGAN:: Adonis package in R. Raw

sequencing data associated with this work was uploaded to the SRA under the BioProject

accession number PRJNA640285.

Results

Vineyard climatic and soil physicochemical characteristics

The Ullum Valley is located in the Southern Central region of San Juan Province, Argentina,

at 550 to 1300 m above sea level. This Valley has a desert climate, with remarkable daily and

annual thermal amplitude and low rainfall. Artificial irrigation is a common practice in vine-

yards, mainly by canals. The average temperature for the three months prior to harvest (regis-

tered by the Estación Experimental Agropecuaria–INTA San Juan), showed a slight increase

over the years: 26.2˚C for 2015, 26.3˚C for 2016, and 26.6˚C for 2017. Meanwhile, precipitation

was lower in 2015, increased in 2016 and slightly decreased in 2017 (S2 Fig). The sampled sites

all had loam soils (18–45% sand, 34–59% silt and 18–28% clay). The soil pH was slightly higher

in samples from FN than in those from FA, although all in the range from 7.9 to 8.6, corre-

sponding to mild-moderate alkaline soils. Further details of soil physicochemical characteris-

tics are shown in the S1 Table.

For a better visualization of differences in soil physicochemical characteristics among vin-

tages and vineyards, a principal component analysis (PCA) was performed (S3 Fig). The PCA

analysis showed a clear distinction between FN and FA vineyards in the content of organic

matter, carbon, nitrogen, available phosphorus and clay. FN samples were more affected by

pH and sand content, while available phosphorus, clay, lime and organic nutrients had a

higher influence on FA samples. The phosphorus content was clearly high in FA samples of

2015 (FAMA15) and PCA analysis showed clearly the effects on samples from this site. A

Mann Whitney U test, however, showed no significant differences between the soil physical

and chemical analysis of analyzed vineyards.

OTU data coverage

The results obtained are based on a dataset consisting of 36 samples and two marker genes, the

V3-V4 hypervariable region of the 16S rRNA gene and the fungal ITS1, both sequenced with

Illumina technology. The current dataset was employed to analyze the microbiome associated

with the rhizospheres of MA and CS cultivars, for three consecutive years (vintages 2015, 2016

and 2017). For each gene marker 36 soil samples were initially analysed, out of which only 34

were successfully processed for fungal community and 29 for bacterial community. The fungal

community dataset comprised 2,751,340 quality-filtered reads, with 19,107 to 202,851 reads

per sample, while bacterial community dataset included 537,607 quality-filtered reads, with

5,924 to 64,257 reads per sample (S2 Table). The rarefaction analysis was applied to visualize

each gene marker dataset, showing the saturation depth of samples (S4 Fig). For both prokary-

otic and fungal communities, the rarefaction curves indicated less than expected coverage

since not all samples reached the cut-off value.

Fungal and bacterial rhizospheric diversity

Two estimators of α-diversity, species (OTU) richness and Shannon’s Index, were used. The

average richness per sample ranged from 298 to 447 for fungi, and from 641 to 1,117 for
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bacteria, while the average Shannon Index per sample varied between 2.53 and 4.35 for fungi

and between 3.88 and 6.36 for bacteria (S3 Table). To evaluate the vintage effect on annual rhi-

zosphere microbial composition, the same diversity indexes were plotted by year of sampling

(Fig 1). The highest number of OTUs in the fungal and bacterial communities were found in

2017 and 2016, respectively. The species richness comparison between all three vintages using

the non-parametric Kruskal-Wallis test showed significant differences in both fungal and bac-

terial communities (Kruskal-Wallis p = 0.0024 and p = 0.0142, respectively). The Mann-Whit-

ney Bonferroni adjusted pairwise comparison tests showed that fungal species richness

significantly differed between 2015 and 2017 (p = 0.00543) and between 2016 and 2017

(p = 0.0183), but not between 2015 and 2016 (Fig 1A). The same approach, applied to bacterial

communities, showed differences in species richness only between 2016 and 2017

(p = 0.02733) (Fig 1B). Additionally, the Shannon Index did not show any important variation

for fungal and bacterial communities in the pairwise comparisons between vintages (Fig 1C

and 1D). However, a significant difference was observed in the bacterial communities when all

three year samples were considered (Kruskal-Wallis p = 0.0323). Additional supplementary

material with the data point values used in the statistical analysis of Species Richness and Shan-

non diversity is provided in S4 Table.

To better estimate microbial community differences between different rhizosphere populations

in the sampled vineyards, the beta diversity was assessed using generalized UniFrac distances [43].

Distances were then visualized using (n)MDS plots, which illustrates differences in rhizosphere

Fig 1. Vintage boxplot of microbial species Richness (S) and Shannon Index (H’) values. Boxplots (A) and (B) represent the fungal and

prokaryotic species richness variations, respectively. Correspondingly, figures (C) and (D) represent the fungal and prokaryotic Shannon

Index estimate variations. Pairwise-comparisons between vintages for (S) and (H’) in both communities are also established. The statistical

analysis was done separately for each community that included an initial (S) and (H’) comparison between all three vintages using a Kruskal

Wallis test (Richness: p = 0.0024 for fungi and p = 0.0142 for prokaryotes; Shannon Index: p = 0.0323 for prokaryotes). The identified

pairwise-comparisons results were obtained through a post hoc Mann–Whitney Bonferroni adjusted test.

https://doi.org/10.1371/journal.pone.0243848.g001
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associated microbiomes related to vintage and vineyard location, both in fungal (Fig 2A and 2B)

and bacterial communities (Fig 2E and 2F), but not linked to grapevine cultivars (Fig 2C and 2G).

Differences in the structure of microbial communities in relation to each variable were evaluated

Fig 2. Non-metric Multidimensional Scaling (NMDS) of microbial communities by vintage, location, cultivar and

plots. (A) Fungal communities grouped according to the vintage, (B) location, (C) cultivar and (D) plot. (E)

Prokaryotic communities grouped according to the vintage, (F) location, (G) cultivar and (D) plot. Samples were

grouped at 20% of dissimilarity distance using the generalized Unifrac metric. P values to observe significant difference

between communities were obtained through a PERMANOVA test, and are represented on the left hand corner of

each figure.

https://doi.org/10.1371/journal.pone.0243848.g002
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through a PERMANOVA test. Vintage year (fungal and bacterial communities p<0.001 values)

and vineyard location (fungal community p<0.01, bacterial community p = 0.028) were shown

to significantly affect the community compositions. Whereas no significant effect was found for

the grapevine cultivar (p = 0.226 and p value = 0.729 for the fungal and bacterial communities,

respectively). The Unifrac distance matrix input tables used for the ITS1 and 16s rRNA marker

gene analyses, have been provided in S5–S7 Tables according to vintage, cultivar and site.

Fungal and bacterial taxonomic identification

From taxonomic analyses we observed 12 classified phyla for fungal rhizosphere-associated

communities, where the dominant group of assigned OTUs was Ascomycota, with an abun-

dance of 47% for vintage 2016 (Fig 3A). Other important groups were Basidiomycota (2015:

15.3%; 2016: 6.8%; 2017: 15.0%) and Mortierellomycota (2015: 9.9%; 2016: 5.7%; 2017: 11.6%).

However, surprisingly, Glomeromycota (an arbuscular mycorrhizal fungi), was found at a low

yet noticeable amount (2–3%). The comparison between vineyards (Fig 3B) showed that the

relative abundance of Basidiomycota was higher in FN than in FA rhizosphere (20% in FN and

8% in FA). The relative abundances of the remaining phyla did not show great differences

between vineyards. Fig 3C shows that in the Cabernet Sauvignon cultivar, Ascomycota was the

predominant phylum, with a relative abundance of 48%, compared to 23% in Malbec cultivar.

On the other hand, the relative abundance of Basidiomycota was higher in rhizosphere of Mal-

bec cultivar (16%), compared to Cabernet Sauvignon cultivar (8%). S5A Fig shows differences

in taxonomic analysis classified by sample. Supplementary OTU abundances for both gene

markers are provided in S8 Table.

At the order level, the analysis showed that the abundance of Dothideomycetes Clade (22%) is

coincident with a high proportion of fungi from Pleosporales Order (21%). Members of the Pleos-
porales order showed a significant increase between 2015 (5%) and 2016 (36.8%), largely explaining

Fig 3. Average relative abundance of the most dominant microbial communities according to the vintage,

vineyard location and cultivar. Identified fungal communities classified by (A) vintage year, (B) vineyard location and

by (C) cultivar. Identified prokaryotic communities’ classified by (D) vintage year (E) vineyard location and (F)

cultivar. Only the communities with abundance> 0.1% are represented.

https://doi.org/10.1371/journal.pone.0243848.g003
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the increase of Ascomycota in that same period. Their relative abundance was higher in Cabernet

Sauvignon cultivar (29.8%) and FA location (24%), while in FN location and Malbec cultivar the

values were 15% and 13.6%, respectively. Other orders with minor presence in the fungal commu-

nities were: Hypocreales (7%), Agaricales (7%) and Helotiales (2.1%) from the Ascomycota group,

Mortierellales (9%) from the Mortierellomycota group, and Glomerales (1.9%) from the Glomero-

mycota group. Ascomycota phyla were represented by the genera Fusarium, Lophiostoma, Metarhi-
zium and Mycoarthris (relative abundance> 0.5%). S9 Table provides the additional abundance

and taxonomic classification data of the top 10 fungal genera identified for each cultivar.

With the aim of investigating the presence of taxonomic groups specific to vintage year,

vineyard or grapevine cultivar, the identified taxa were compared at genus level (S6 Fig). The

data revealed that 102 of 206 identified genera were present in all three vintage years (S6A

Fig), 151 of 206 were shared between vineyards (S6B Fig), and 169 of 206 were shared between

grapevine cultivars (S6C Fig). This analysis only considered presence/absence of genera, with-

out accounting for the proportion of these genera in samples. When vintage year and vine-

yards were compared, only the 2015 year and Finca Norte (FN) samples showed a 1% of

exclusive genera in bacterial communities, while in fungal communities the exclusive genera

did not exceed 0.1%, according to wine cultivar.

The dominant phyla in the rhizosphere prokaryotic communities were: Proteobacteria, Bac-
teroidetes, Firmicutes, Actinobacteria, and Acidobacteria, as well as the archaeal group Thau-
marchaeota (Fig 3). The less abundant phyla found included Chloroflexi, Verrucomicrobia,

Parcubacteria, Candidatus division WPS-1, Candidatus_Saccharibacteria, and Nitrospirae. On

the other hand, the groups Armatimonadetes, Deinococcus-Thermus, Gemmatimonadetes,
Planctomycetes, Tenericutes, Latescibacteria, and Parcubacteria were only present in some of

the sampled sites (S5B Fig). Annual variations in bacterial community structure showed a

noticeable decrease in Proteobacteria (55% in 2015 to 36% in 2016) and Firmicutes (13.3% in

2015 to 5.3% in 2016). The archaeal group showed a significant increase in relative abundance

between 2015 and 2016 (3% to 15%). Between 2016 and 2017 the more evident changes were

those corresponding to Bacteroidetes (11.8% in 2016 to 17.3% in 2017) and Firmicutes (5.3% in

2016 to 7.9% in 2017) (Fig 3D).

The Proteobacteria decrease, according to vintage year, was explicable by reductions of Rho-
dospirillales belonging to the α-Proteobacteria, and Enterobacteriales and Pseudomonadales,
belonging to the γ-proteobacteria (S7 Fig). The more abundant bacterial classes found (75% of

OTUs) corresponded to Alphaproteobacteria (25%), Nitrososphaerales (10.9%), Gammaproteo-
bacteria (10.9%), Cytophagia (8.1%), Actinobacteria (7.7%), Bacilli (7.1%) and Sphingobacteria
(6.3%). For Archaea, the most relatively abundant genus was Nitrososphaera.

Regarding the distribution of bacterial phyla in vineyards (Fig 3E), Firmicutes was found in

higher proportion in FN than in FA (15% and 5%, respectively). Conversely, other phyla were

observed in higher relative abundance in FA than in FN: Actinobacteria (10 and 5%, respec-

tively), Acidobacteria (8 and 4%, respectively), and Thaumarchaeota (13 and 4%, respectively).

Additionally, the relative abundance of Firmicutes was three times higher in FN than in FA (15

and 4.8%, respectively). Differences in the community microbial structures, according to

grapevine cultivar, revealed that Firmicutes were found in lower relative abundance in CS (5%)

than in MA (14%). Meanwhile, Candidatus Saccharibacteria showed an inverse pattern, with a

higher abundance in CS (5.2%) than in MA (20.85%) (Fig 3F).

To analyze the presence of bacterial taxonomic groups specific to a vintage year, vineyard

or cultivar, the taxa assigned at the genus level were compared. It was found that of the 214

identified genera, 148 were present in the three vintages, 177 in both vineyards and 182 in

both cultivars (S6D–S6F Fig). In these comparisons, the proportion of exclusive genera among

years, cultivar and vineyard did not exceed 0.3% of the relative abundance of each group.
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To investigate the influence of different soil parameters on the composition of bacterial and

fungal communities, a CCA analyses was performed (Fig 4). These analyses showed a 63.93%

of variability for fungal communities (Fig 4A), and a 61.98% for bacterial communities (Fig

4B). In the figures, a sample separation may be observed according to vintage year. The

Fig 4. Canonical Correspondence Analysis (CCA) of fungal and bacterial communities. (A) Represents the CCA

analysis of the main abundant fungal classes and (B) represents the CCA analysis of the main abundant bacterial

classes classified. The 2015 samples are marked in red, the 2016 in green and the 2017 in blue.

https://doi.org/10.1371/journal.pone.0243848.g004
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position of FAMA15 and FACA15 was strongly influenced by the phosphorus available con-

tent in soil. The same behavior was observed in β- γ- ε-Proteobacteria, an unassigned class of

Firmicutes, and Acidobacteria Gp7. Most bacteria were found in soils with the highest content

of organic matter, nitrogen and carbon, with lower pH samples.

Regarding the distribution of the fungal communities, one group was located in sites with

higher contents of organic matter, carbon, nitrogen, and greater abundances of sand and clay

(Dothideomycetes, Eurotiomycetes, Agaricostilbomycetes, Calcarisporiellomycetes, Geminibasi-
diomycetes, Microbotryomycetes, Wallemiomycetes). The Saccharomycetes, Glomeromycetes,
Rozellomycotina and an unassigned class of Blastocladiomycetes were associated with soils with

higher contents of available phosphorus and silt. In contrast, Geoglossomycetes, Agaricomycetes
and unassigned groups, belonging to Basidiomycota and Mortierellomycota, were associated

with soils with higher pH.

The relative abundance of bacterial genera capable of solubilizing phosphorus reached, for

Pseudomonas, 3.2% in 2015, 0.2% in 2016, and 0.4% in 2017. For Pantoea, values were 0.44% in

2015, 0.022% in 2016, and 0.007% in 2017. A similar observation was done when vineyards were

compared (FA: Pseudomonas 3.7%, Pantoea 0.5%, and FN: Pseudomonas 0.5%, Pantoea 0.02%).

For fungal genera, a noticeable variation in the relative abundance of Glomerales was found

related to vintage year, but not to vineyard (2.9% in 2015, 1.3% in 2016, and 1.5% in 2017).

Discussion

To our knowledge, this work is the first to study the ITS1 marker gene in rhizosphere soil of

Malbec grapevines and the first to study fungal and bacterial grapevine-associated rhizosphere

communities along three different vintages, in vineyards from Argentina. The analysis

included initial evaluation of the α and β diversities, as well as the effects of different soil com-

ponents on microbial community structure and dynamics. In a previous study utilizing the

DGGE technique, Vega-Avila et al. [14] compared the bacterial microbiome associated to rhi-

zosphere of grapevines grown under conventional and organic practices, also in vineyards

from the San Juan Province. They found that differences observed between bacterial commu-

nities were poorly explained by variations in the physicochemical properties of the rhizo-

sphere. Zarraonaindia et al. [3] characterized the bacterial communities associated with

Merlot grapevines, using 16S rRNA amplicon sequencing and shotgun metagenomics, to

unravel the influences of host cultivar, soil edaphic parameters, and grapevine developmental

stage on its composition, structure, and function, analyzing three grapevine parts (roots,

leaves, and grapes or flowers) and the associated soil. They found that microbial communities

of soil and roots (rhizosphere) were significantly influenced by soil pH and C: N ratio. The pH

was previously identified as an important variable in relation to the structure of soil-associated

microbiome [44]. This research confirmed the influence of some soil properties on the struc-

ture of microbial communities. We observe that both, pH and nutrient content of soil (organic

carbon and nitrogen, C/N, phosphorous), are key factors modifying the composition of fungal

and bacterial communities of a vineyard.

On the other hand, we also evaluate the importance of soil available phosphorus. Phospho-

rus is the second most important soil macronutrient, after nitrogen, and it is found mainly in

insoluble form, which makes difficult for plants to absorb it [45–47]. However, fungal and bac-

terial communities associated with vineyard soils are able to transform the insoluble phospho-

rous into a form absorbable by plants [48]. We found that available phosphorous was

particularly high in 2015 vintage for FA vineyard. A possible explanation could be found in the

abundance of some Gammaproteobacteria members, particularly the genera Pseudomonas and

Pantoea. Both genera exhibited an evident phosphate-solubilization activity, capacity
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mentioned by other authors [49–52]. In the case of fungal communities, the AMF Glomerales
showed variations relative to vintage year (higher in 2015), but not to vineyard site. This taxa is

known as an important nutrient transporter in plants, and is particularly good for acquisition

of soil phosphorus [53]. The abundance of other phosphorus-transforming fungal genera,

such as Fusarium, Aspergillus, and Alternaria [47], did not exhibit changes relative to vintage

year or vineyard site.

According to the nMDS analysis, fungal and bacterial communities were shown to be sig-

nificantly different and clustered together according to vintage year and vineyard location, but

not to vine cultivar. Chou et al. [54] showed that the soil-associated bacterial and fungal micro-

biome may undergo shifts according to under-vine management (e.g., herbicide application,

soil cultivation, and natural vegetation). Although the influence of vineyard management was

not evaluated, the similarly implemented agricultural practices on both vineyards, could have

influenced the results achieved by overshadowing the wine cultivar effect on the microbial

composition of the rhizosphere-associated communities.

Regarding the fungal groups, the major identified populations were Ascomycetes, Basidio-
mycetes, and Mortierellomycetes. These results agree with findings by Deacon et al. [55], who

observed that Ascomycetes were typically predominant in agricultural soils while Basidiomy-
cetes were most predominant in pastures. Soil fungi could be classified into functional groups,

including biological controllers, ecosystem regulators, organic matter decomposer, and com-

posite transformers [56]. Ascomycetes play fundamental roles in most soil ecosystems, partici-

pating in the decomposition of organic matter, such as dead leaves, stems, and fallen trees [56].

Despite the important roles played by fungi in maintaining soil fertility diversity studies of

vine-associated fungal communities have been focused on plant aerial organs [9, 57–59]. Phyl-

losphere studies have found that Basidiomycetes can predominate on leaves, while fermentative

Ascomycete genera (Hanseniaspora, Candida, Metschnikowia and spoilage yeasts as Aerobasii-
dium pullulans) can predominate on grape cuticles [16]. Recently, Singh et al. [60] showed that

Aureobasidium, Cladosporium and Alternaria were the predominant fungal groups on differ-

ent grape varieties. Chou et al. [54] found that in soil, more abundant genera were Verticillium,

Nectria, Mortierella, Gibberella, and Fusarium, whose abundances depend on soil manage-

ment. External factors, such as chemical and biological treatments, may also contribute to the

composition of vineyard-associated bacterial and fungal communities. However, as Perazzolli

et al. [61] showed, the indigenous phyllosphere-associated communities are more dependent

upon the effects of vineyard biotic and environmental factors, and can be resilient to various

management practices. This could explain why our results showed many core fungal shared

genera in samples of both cultivars, locations and vintages (S6 Fig). As previously mentioned,

the association of AMF with plants is an important factor for agriculture, since they facilitate

the absorption of different mineral nutrients from soil in exchange for fixed carbon provided

by plants [62]. Their diversity is mainly influenced by type of soil, rather than by characteristics

of plant host or agricultural practices [63–65]. The primers used in this work do not efficiently

amplify Glomeromycetes [66] and as a consequence there is the possibility of an underestima-

tion of this group (abundance value found 4%) that is so relevant to the structure of fungal

communities associated with vineyards [67].

Regarding bacterial communities, taxonomic analyses showed Proteobacteria (41%) as the

dominant phylum. A study of rhizobacteria associated with field-grown lettuce revealed Pro-
teobacteria as the dominant group in different soil types (alluvial loam, diluvial sand and loess

loam), with different clades correlating better with a specific soil type [68]. Proteobacteria has

been commonly identified as the most abundant phylum in crops and could be used as an

indicator of soil nutrient richness [69]. Other less abundant phyla were Bacteroidetes, Actino-
bacteria, Firmicutes, and Acidobacteria, showing notable differences in abundances compared
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to other works. Zarraonaindia et al. [3], analyzing the grapevine rhizosphere associated micro-

biomes, also observed a predominance of sequences attributable to Proteobacteria, followed by

Bacteroidetes, Acidobacteria, Verrucomicrobia, and Actinobacteria. Later, Novello et al. [70] in

a Pinot Noir vineyard of Piedmont (Italy), found higher presence of Actinobacteria, Proteobac-
teria, Gemmatimonadetes, and Bacteroidetes. Vega-Avila et al. [14], studying the diversity of

microorganisms associated with Syrah vines from San Juan Province, found Proteobacteria as

the most abundant phylum, followed by Bacteroidetes in conventionally treated vineyards. The

organic vineyards, however, had a higher presence of Firmicutes, Acidobacteria, Verrucomicro-
bia and Planctomycetes. In our work, the higher abundances of Proteobacteria and Bacteroi-
detes could be related more to the applied agricultural method, while the shifts in their

abundances could be more specific to the particular annual demands of each vineyard condi-

tion and location in which those treatments are applied.

The genera belonging to these phyla were identified at an abundance >0.6%, being Rhizo-
bium genus (2.3%) the most abundant. Although cover crops were not commonly used in the

vineyards sampled, it is important to mention that species belonging to Rhizobium genus have

the capacity to form an endosymbiotic nitrogen-fixing association with legume roots and to

promote growth in non-legume plants [71, 72].

The microbiome is clearly an important factor in viticulture and enology, due to roles played

by microorganisms in chemical and nutritional properties of vineyard soils. In addition, the

microbiome contributes to the grapevine health and yield and also plays a role in the wine fer-

mentation process. Furthermore, several studies indicate that vineyard-associated microbiomes

could be susceptible to change in relation to soil type and agricultural practices [73, 74].

The present study showed that the vintage was a relevant variable in affecting the microbial

community compositions of both sampled locations. In the wine industry the vintage is also

used as a reference, to which the unique annual vineyard conditions influence grape chemistry

and can denote unique wine flavors [75]. According to Bokulich et al., [10] vintage can also play

an important role on the microbial biogeography of wine grapes and possibly wine itself.

Regardless of this effect, the annual variations of the rhizosphere microbiome is still underrated

and further efforts to understand how the varying outcomes can affect the yearly wine produc-

tion quality should be addressed. The impact of soil physicochemical parameters also proved to

have an effect on the structure of the rhizosphere-associated microbiota, as well as the vineyard

environment characteristics and the biological aspect inherent to the wine cultivar.

Conclusion

Our results have shown that bacterial and fungal communities present in rhizosphere soils are

primarily affected by the conditions of the soil composition, which plays a direct role in the

stabilization of the microbial populations. Despite the fact that we did not evaluate all possible

changing environmental and grapevine management effects on the vineyards, we observed sig-

nificant annual shifts in the microbial populations attributed to the changing content of soil

components, especially in absorbable phosphorus. We observed no significant differences

between cultivar microbial communities yet we did observe annual shifts that changed

between locations. This does not indicate that the cultivar has no role in rhizosphere microbial

selection or composition, but instead it infers that other external factors, such as agricultural

management, may be more relevant to this effect. Collectively, our results provide a first over-

view of the microbial abundance patterns present in San Juan vineyards. Additionally, given

the commonly agronomic practices adopted in this province, the outcomes of our study may

open the door to more sustainable vineyard management practices by using alternative agri-

cultural methods.
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Supporting information

S1 Fig. Vineyard sample-taking pattern, field-taking procedures and pooling of biological

replicate samples. (A) Samples were taken at a 7 m distance into the vineyard and away

from the edge of each sampling plot. (B) The sample-taking pattern included 9 plants at a

2.5 m distance between each vine, contained within a 14 m2 quadrant plot. Samples were

pooled and integrated into three composite biological replicates (the marked symbols indi-

cate how biological triplicate samples included rhizosphere soil from each row). (C) Finally,

the rhizosphere was taken from grapevine roots at a 20 cm distance from the vine trunk and

30 cm deep into the soil. � The first layer of surface soil was discarded prior to taking the

actual study root samples.

(PDF)

S2 Fig. San Juan province climatic data records prior to the sample-taking vintages. This

graph includes the average temperatures and precipitation data registered in both San Juan

INTA-Stations (Pocitos and Aero), considering only the three and a half months prior to the

sample-taking of the 2015, 2016 and 2017 vintages.

(PDF)

S3 Fig. Principal Component Analysis (PCA) of the soils’ physical and chemical properties.

Soil samples clearly grouped separately between vineyard locations. The red circle contains the

Finca Arriba (FA) samples that seemed to be mostly influenced by the water pH and sand con-

tent, while the Finca Norte (FN) samples circled in blue, seemed to be mainly influenced by

the sampled organic components, available phosphorus and, lime and sand content.

(PDF)

S4 Fig. Rarefaction curves of rhizosphere ITS1 and 16s rRNA gene markers’ saturation

depth analyses. The rarefaction analysis showed the gene marker dataset saturation depth of

both (A) fungal and (B) prokaryotic rhizosphere soil communities. The curves indicated less

than expected coverage since not all samples reached the cut-off value.

(PDF)

S5 Fig. Average relative abundance of the dominant communities classified according to

each sample. (A) Identified fungal communities classified by sample and (B) identified pro-

karyotic communities classified by sample.

(PDF)

S6 Fig. Venn diagram indicating the assigned shared fungal genera. Shared microbial popu-

lations of identified fungal genera classified according to (A) vintage, (B) vineyard location

and (C) cultivar. Shared microbial populations of identified prokaryote genera classified

according to (D) vintage, (E) vineyard location and (F) cultivar. The overlapping areas indicate

the number of shared genera.

(PDF)

S7 Fig. Proteobacteria relative abundance classified according to sampling year. Only the

orders with a relative abundance >1% are represented.

(PDF)

S1 Table. Physicochemical parameters of vineyard rhizospheric soils. �FN: Finca Norte; FA:

Finca Arriba; MA: Malbec; CA: Cabernet Sauvignon; 15, 16 and 17 stand for the vintages 2015,

2016 and 2017.

(PDF)
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S2 Table. ITS1 and 16s marker gene dataset count summary statistics.

(PDF)

S3 Table. α-diversity analysis including Species (OTU) Richness and Shannon’s Index for

prokaryotic and fungal gene markers, 16s rRNA and ITS1, respectively. Numbers with an

(�) indicate the highest and the lowest average indexes per group of replicates for each sample.

The table contains the average diversity results of all sample triplicates along with their respec-

tive standard deviation.

(PDF)

S4 Table. ITS1 and 16s rRNA gene marker vintage data point values per sample, used for

the Species Richness and Shannon Index α-diversity statistical analyses.

(PDF)

S5 Table. ITS1 and 16s rRNA marker genes Unifrac distance matrixes input table accord-

ing to vintage.

(XLSX)

S6 Table. ITS1 and 16s rRNA marker genes Unifrac distance matrixes input table accord-

ing to cultivar.

(XLSX)

S7 Table. ITS1 and 16s rRNA marker genes Unifrac distance matrixes input table accord-

ing to site or parcel.

(XLSX)

S8 Table. ITS1 and 16s rRNA marker genes’ OTU list and abundance classified by sample.

(XLSX)

S9 Table. Top 10 fungal abundance and taxonomically identified genera.

(PDF)
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